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AVANT-PROPOS 

La XVI I I eme Rencont r e  de Mor iond a eu l i e u  a la Plagne -
Savoie ( F r ance ) . 

Le but pr inc i pal des Rencon t r e s  de Mor iond e s t  de f a i r e  le 
po i n t  s u r  les recents developpements d e  l a  phys ique contempo r aine 
et aus s i  d e  promouvo i r  u ne collabo r at ion e f fect ive e n t r e  
e xpe r imentateurs e t  t heor ic iens d ans le domaine d e  l a  phys ique 
des par t icules e lementai r e s . B i en qu'i l so i t  de plus en plus 
d i f f i c i le - e tan t donne les d imens ions des equ ipes - de mainten i r  
u n  e f fec t i f  r el at ivement redu i t  af i n  d e  pe rme t t r e  d e  nombr eux 
echanges informe l s , tous les par t i c i pan ts ont con t r i bu e  a Cr e e r  
u n e  atmosphere de d i alogue e t  d 'echange s i  prop ice a une 
m e i l l e u r e  commun ication humaine et sc ient i f i que . Ce succes , nous 
le devons a tous les par t i c i pan ts que nous r eme r c ions v i vemen t .  

Ce souci d e  r eche r c he d e  nouve l l e s  formes d e  commun i cat ion , 
de nouveaux ter r ains d 'e c hange e t  de d ialog ue qu i depu i s  
l 'or i g i ne , an ime l e s  Rencon t r e s  de Mor iond , nous a amenes a 
s u s c i ter la c r e at i on des Rencon t r e s  de Mer i be l  pour les 
b i olog i s te s  e t  les Rencontres de Mor iond-As t r ophys ique . 

Des semi nai r e s  i n te r d i sc i p l i n ai r e s  ont e t e  o r g an i se s  af in d e  
s u sc i t e r  des r e f le x i ons commu nes s u r  les r e c e n t s  deve loppemen t s  
d ans cer tains domaines e t  s u r  l e u r s  r epe r cuss ions sur les aut r e s  
d i sc i pl i nes . 

Nous tenons a ad r e s s e r  nos r eme r c iemen t s  a tous ceux qu i ont 
c on t r i bue a la reuss i t e  d e  ces Rencon t r e s , ai n s i  qu'au Cent r e  
Nat i onal d e  l a  Reche r che Sc i en t i f ique , a u  Comm i ssar i at a 
l 'Ene r g i e  Atomique , e t  a l 'OTAN q u i  nous ont appor te leur  ai d e  
e f f i c ace . 

J .  TRAN THANH VAN 





FOREWORD 

The XVI I I th Rencont r e  de Mor iond was held at La P l agne , S avo i e  
( F r ance ) .  

The f i r s t  such mee t ing was at Mor iond in the F r ench Alps in 
196 6 . Th e r e  exper ime ntal as we l l  as theor e t ical phys ic i s t s , not 
only shared the i r  sc ient i f i c preoc cupat ions but al so the household 
chor e s . The par t ic i pants at the f i r st meet ing we r e  mainly Fr ench 
phys i c i s t s  intere sted i n  e le c t r omag n e t i c  i n t e r ac t i ons . I n  
s ubsequen t  year s, a s e s s i on o n  h ig h  ene r g y  s t rong interac t ions was 
also added . 

The mai n purpose of these meet i ng s  i s  to d i sc u s s  r ecent 
developments in contempo r ar y  phy s i c s  and al so to promo te e f fect ive 
collabor at ion be tween exper imental i s t s  and theo r i s ts in the f i e ld 
of elementary par t i cle phys ics . By br ing ing tog e ther a r elatively 
smal l number of par t ic i pants,  the mee t i ng helps to d eve lop better 
human relat i ons as well as a more thorough and d e tai led d i scuss i on 
of the contr i bu t ions . 

Th i s  conce r n  for r e sear c h  and e xper imen tat ion of new channels 
of commun i c at i on and d i alog ue wh ich f r om the s tar t an imated the 
Mor iond Mee t ings, inspi red us to o r g an i ze a s imultaneous mee t i ng of 
b i olog i s t s  on Cell D i f fe r en t i at i on and to c r eate the Mor iond 
Ast rophys ics mee t ing . Common mee t i ng s  be tween b iolog i s t s , 
as tr ophys i c i s t s  and h ig h  energy phys i c i s t s  ar e o r g an i zed to s tudy 
the impl icat ions of the advances in one f ield i n to the othe r s . I 
hope that these con f e r ences and l ively d i sc u s s i ons may g i ve b i r th 
in the f u t u r e  to new anal y t i c al methods or new mathemat i cal 
l anguag e s . 

At the XVI I I th Rencon tre de Mor iond , four physics sess ions and 
two bi ology sessions were o r g an i zed 

* J anuary 2 3- 29 
* Mar ch 1 3 - 19 

* Mar ch 19- 2 5  

G l uons and Heavy Flavours 
Beyond the S t and ar d  Model 
Galaxy and the Ear ly Universe 
Cell Recog n i t ion 
Ant ipr oton-P roton Phys i c s  
Cell D i f fe r e n t iat ion 

T h i s  book contains the inv i ted lectures g i ven at the "Beyond 
the Stand ar d Mod el" sess ion of the XVI I I th Rencon t r e  de Mor iond . 
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Resul ts on Proton Decay fr�m the IMB Detector* 

THE I RV I NE-MICH IGAN-BROOKHAVEN COLLABORATION 

R .  M .  B i onta2 , G. Bl ewi tt4 , c. B .  B ratton5 , B .  G .  Cortez2 , a  
s .  Errede2 , G .  w. Foster2 , a  W .  Gaj ewski l M .  Go l dhaber3 , 
J .  Greenber�

2 , T .  J .  Ha i nes! , T .  W. Jones� ,7 , D .  Ki el c zewskal ,b , 
W . R .  Kropp , J .  G .  Learned6 , E .  Lehmann4 , J . M .  LoSecco4 , 
P .  V .  Ramana M urthyl , 2 , c

� H .  S .  Park2 , F .  Rei nesl , J .  Ic hu l tzl , 
E .  Shumard2

� 
D .  Si ncl a ir<-

� 
D .  w. Sm i thl , d , H .  w. Sobel , 

J .  L .  Stone� L .  R .  Sul ak , R .  Svoboda6 , J .  C .  van der Vel de2 , 
and C .  Wuest1• 

( 1 )  The Un i vers i ty o f  Ca l i forn i a  at  Irvi ne 
Irv ine ,  Cal i forn i a  92717 

( 2 )  The Un i versi ty of  Michigan 
Ann Arbor ,  M i ch igan 48109 

( 3 )  Brookhaven Nati onal Laboratory 
Up ton , New Yo rk 1 1973 

( 4 ) Cal i forn i a  In sti tute of  Technol ogy 
Pa sadena , Cal i forn i a  9 1 125 

( 5 )  Cl evel and State Un i versi ty 
Cl evel and , Oh i o  441 15  

( 6 )  The Un i vers i ty o f  Hawai i 
Honol u l u ,  Hawai i 96822 

( 7 )  Un i vers i ty Col l ege  
Lo ndon , Un i ted K i ng dom 

ABSTRACT 

1 3  

Resul ts are presented from the fi rst 8 0  days l i ve-time i n  the I rvi ne­
M i chigan-Brookhaven proton decay detector. No candi dates for proton decay 
i nto e+�o are found i n  the 3300 metri c-ton f i duci al vol ume durin� th i s  
exposure o f  720 ton-years , setting a 90% C . L .  l imi t o f  6 . 5  X 103 year for 
p roton l i fetime/b ranch i ng ratio for th i s  mode . 

*Presented by J .  van der Ve l de 
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The I MB  proton decay detector consi sts of  a l arge rectangu lar  vol ume 
o f  water l ocated at a depth of  1670 mwe i n  a sal t m i ne east of Cl evel and, 
Oh io .  The s i x  surfaces of the vol ume are covered by 2048 ( 5  i nch 
d i ameter) photomul ti pl ier tubes ( PMT) which detect Cherenkov l i ght 
emi tted by rel ativi stic c harged particl es in the water .  The di stances 
b etween the tube p l anes i n  the E-W ,  N-S , and vertical di rections are 
2 2 .8 m ,  16 .8  m ,  and 18 .0  m ,  respecti vely .  The fi ducia l  vol ume b eg i n s  
2 .0 m i n  from the tube pl anes and conta i n s  2 .0 X 1033  nucl eus ,  
1 /9 of  wh ich are free proton s .  

F i l l i ng t he  detector was  compl eted on J u ly  30 ,  1 982 a nd  u seful data 
taki ng commenced i n  September.  I wi l l  report on 80 days of l i ve time 
taken prior to Ja nuary 1 ,  1983. 

OPERATION AND CAL I BRATION OF THE DETECTOR 

The detector i s  d i v i ded i nto 32 "patches" each consi sting of 64 PMT .  
An event trigger cons i sts of t he  time co i nci dence ( wi th i n  120 ns )  of any 
two patchs which themsel ves had a c o i nci dence of> 3 PMT i n  60 n s .  Th i s  
" two patch" trigger i s  "OR-ed" wi th another tri gger wh i ch consi sts of 

> 1 2  PM T from the ful l detector i n  60  n s .  The tri gger rate i s  2 . 7 / sec , 
v i rtual ly  al l due to atmospheri c muon s .  T he  average dark noi se i n  the 
tubes i s  2 . 5  KHz wi th occasi onal tubes as  h i g h  as 50  KHz .  The number of 
noi se triggers i s  neg l i g ib l e  once the detector b ecomes dark adapted (a few 
hours after b e i ng exposed to 1 i g ht). 

For each PMT whi ch f i res wi thi n± 250 ns of the tri gger time we 
record the time ( T1 l ,  the pul se height (Q ) ,  and whether or not the tube 
had a pul se ( T2 l in a l onger time scal e runn i ng to 7 . 5  µ sec after the 
trigger. The detector i s  cal i b rated u s i ng two d i fferent known sources of 
l i ght: a " l aser b al l "  s i tuated in the center of the detector i s  dri ven by 
a 337 nm Ni trogen l aser and emi ts i sotropic  b ursts of  l i ght at various 
k nown times and k nown ( rel ati ve) l i ght l evel s .  The ab sol ute l i ght- l evel , 
which i s  di rectly rel ated to the energy of  showeri ng partic l e s ,  i s  
ca l i b rated u s i ng s i ngl e cosmi c rays .  These cosmic rays al so tel l u s  the 
ab sol ute PMT effic i enc i es and g i ve us measurements of l i ght scatteri ng and 
ab sorpti on in the water. Li ght ab sorption i s  a l so measured usi ng the 
1 aser b al l  and i n  external test stands . 

F igure 1 shows a schemati c cross section of  a s i ng l e  straight track 
passi ng through the detector. Fo r s = 1 the Cherenkov cone of l i ght i s  
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emitted at  an ang l e  of  4 1 °  with respect to  the track . Successive 
isochronous wave fronts are s hown emanating from the track as it traverses 
the detector. The arrival times and pul se heights al l ow us to reconstruct 
the track position and ang l e .  From each hit PMT we can proj ect b ack to 
the track and determine the fl ight path (D) and distance al ong the track 
( L) at which the photon was emitted , assuming that it was not scattered. 
Figure 2a s hows the integrated pul se height ( proportional to total 
p hotoel ectron count) recorded as  a function of  L ( in % of track l ength) 
for 1 50 computer simul ated muons generated to enter and exit within 4 m 
radius circl es centered at the top and b ottom of the detector .  The true 
e ntry points were chosen and then the track a ng l es were reconstructed 
using the p hotoel ectron ( P E )  weighted directions of the hit tubes . ( This 
is our normal procedure for reconstructing track ang l es from a given 
vertex. I t  gives the correct direction to within 1° for these muons whose 
correct vertex has b een assigned . )  Note the s harp response function of 
the p hototubes as  the Cherenkov cone hits the side wal l s  of  the detector. 
The fact that the step- function of the Cherenkov cone is not fl at  is due 
to ab sorption in the water .  Note especial ly the l ow (- 1% )  l ight 
intensity outside the Cherenkov cone .  This shows the effect of  k nock-on  
e l ectrons generated in the material p receding the detector and in the 
early part of  the track ' s path throug h the water. There is� Rayl eigh 
scattering incl uded in the simul ated events shown in Figure 2a . The 
effect of  Rayl eigh scattering can be  seen in Figure 2b where we make a 
simil ar p l ot for a sel ected samp le  of real muons chosen to have entry and 
exit points simil ar to those of Figure 2a . Th i s  gives u s  a measure of the 
amount of Rayl eigh scattering we must put into the simul ated ( "Monte 
Carl o" )  events . The response function of the real events does not h ave 
quite as sharp a rise as the simul ated events. We can reproduce this 
effect in the simul ated events if we smear the entry points by about 2 m ,  
consistent with o u r  error in their determination . 

Correction for water absorption o f  photons is a strong function of 
wave l ength (A) and can only be  done in an approximate way for each PMT 
hit since we don't measure A. Th e l ight from near the b eginning of the 
track (L  = 0) has typical ly travel ed through 20  m of  water whereas that 
near the end of the exiting track has travel ed only - 1 m. Our 
correction for water ab sorption over this difference in distance can be  
seen in  Figure 2c where the response function now is approximatel y fl at.  
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Another i mportant p i ece of i nformation we need i n  order t o  properly 
g enerate Monte Carlo events i s  the ab sol ute effi ci ency of the PM tubes to 
respond to Cherenkov l i ght g enerated by a s i ngl e rel ati vi sti c track and 
passed through a di stance D of water. Starti ng with the k nown Cherenkov 
spectrum we must modul ate i t  by water aborption and scatteri ng , PMT g l ass 
transmi ssion and photocathode response, and PMT s i ngl e PE  capture 
effi ci ency .  We use our test-s tand measurements of water ab sorption , our 
p reviously described val ue for Rayl eigh scatteri ng , the PMT 
manufacturer' s ( EM I )  val ues for g l ass transmission and photocathode 
response , and 50% capture effi ci ency . Th i s  reproduces the effi ci ency vs 
D curve to within a few percent over the enti re range D = 0 to 24 m ,  as 
can b e  seen i n  F i gure 3.  

The time j i tter in the PM tubes can b e  measured "i n s i tu" by 
a nalyzi ng pul ses from the l aser b al l .  I f  we cal ibrate the tubes wi th the 
b al l  in one positi on , and then move it to various other posi ti ons and 
reconstruct i ts l ocati on , the error i n  that reconstruction i s  a d i rect 
measure of our spati al resol ution for a poi nt source of l i ght. I t  i s  
i mportant to understand th i s  spatial resol ution s i nce th i s  type of vertex 
reconstructi on by time-of-fl i ght i s  u sed extensi vely i n  rej ecti ng 
b ackg round and cal cul ati ng effi c i encies for events whi ch origi nate i n  the 
f iducial vol ume . F igure 4 shows that the spatial resol ut ion for 
reconstructi ng a poi nt sou rce i s  - 50 cm. Th i s  i s  di rectly rel ated to 
the time j i tter i n  the tubes of - 11 ns ( FWHM ) at the s i ng l e PE  l evel . 
I f  we put the measured average time j i tter ( i ncl udi ng pul se height 
s l ewi ng ) i nto the Monte Carl o s imul ations we find that typical vertex 
error for b ack-to-b ack ( or mul tibody) nucl eon decays a re - 60 cm. Events 
which g i ve l i ght mostly i n  one d i rection ( e .g . ,  the majori ty of 
atmospheri c neutri no i nteractions and neutri no modes of nucl eon decay) 
have spatial resol ution of - 50 cm perpendicul ar to the track and - 150 cm 
a l ong the track . 

In summary , we now have a l l  of the i ngredi ents necessary i n  order to 
accurately simu l ate events: 

-Track Jl_ener�!_i on 
Thi s i s  strai ght forward i n  a homogeneous medi um l i ke water. 

- Li ght _g_��_era!_i_ci_ri_ 
The s impl e S-dependent Cherenkov e ffect i s  u sed. 



-Li g ht scatteri ng and ab sorption  
These have b een measured as di scussed above. 

-PMT e ffi c i encl 
Measured i n  s i tu u s i ng cosmi c rays .  

-PMT �im�-!'..��ponse 
Measured usi ng the l aser b al l .  

-PMT pul se height to energy conversi on 
We are i n  the process of refi ni ng our convers i on of pul se hei ght to 
i on i zation  energy . Thi s  i s  done i ni ti al ly i n  a rel ative way usi ng 
neutral dens ity f i l ters i n  the l aser system to l i neari ze the Q 
response of each PMT . The ab sol ute seal e i s  then determi ned by 
c osmi c rays .  We  estimate our present systematic u ncertai nty as 
± 1 5% .  Th i s  u ncertai nty has no s i g n i fi cant effect on the 
concl us ions presented i n  th i s  paper. 

DATA ANALYSIS  

Currently we are process i ng data wi th three i ndependent systems i n  
o rder to devel op the most effici ent methods for savi ng a l l events wi th 
v ertex i ns i de the f i ducial vol ume .  A b ri ef account of the p rocessi ng of 
one day' s data by one of these systems g oes as fol l ows: 

Raw Triggers = 240,000/24 h rs = 2 . 7 5  Hz 

On- l i ne g eometri cal cuts 
Prel imi nary point fi tti ng , nearest 

neighbor al gori thms ,  etc . 
Po i nt f i t  requ i red to b e  i ns i de 

f i duci al vo l ume 
Moment-of- i nerti a ang l e cut 
Angl e cut vs.  center-of-mass 

of PMT h i ts .  

Remai nder 

88,000 
1 5 , 000 

1,200 

200 
30 

17 
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The above c u ts a re made enti rely i n  software. At thi s poi nt  thi s g roup 
does a " fast scan" of  the 30  events/ day u si ng i nteractive g eometri cal 
handli ng and reconstructi o n .  The scan  i s  performed a fter adding  a random 
1 0% sample of " si g nal " Monte Ca rlo events of various types i nto the data 
stream. Thi s serves the dual p urpose of determi n i ng the scann i ng 
e ffi c i ency a n d  a l so keepi ng the scanners' attenti on si nce they a lmost 
n ever f i nd a ny real events that look l i ke p roton decay . 

After scann i ng we f i nd about one real event per  day w i th vertex i n  
the f i duc i al volume . The effi c i ency for simul ated events i n  the f i duc i al 
vol ume to pass a l l  o f  the same c ri teri a a s  the real events ranges from 
- 60% for si ng l e  neutri no p roduced muons u p  to - 85% for p + e+11° events. 
C ross correlation  between the three i ndependent a nal ysi s g roups i n  f i nd i ng 
t he same real events i s  g ood,  espec i al ly  for wi de a ng l e events w i th> 2 
t racks. Di sagreements b etween the g roups a l most al ways i nvol ve events 
whi ch a re c l ose to the edge of  the f i duc i al volume or  el se can b e  
expl a i ned i n  terms o f  the d i fferent sel ecti on c ri teri a u sed. 

RESULTS 

I n  the fi rst 80 days of l i ve- t i me 69 events were found wi th vertices 
o ri g i nati ng i nsi de the f i duc i al vol ume .  Ab out 80% of  these a re si ngl e 
t rack events a n d  mul ti track events i n  whi ch separate C herenkov cones 
c annot b e  c l early recog n i zed. The events a re u n i formly d i strib u ted 
throughout the f i ducia l  vol ume and ,  wi thi n  our stati sti cs, i sotropi c i n  
d i recti on . ( O u r  p resent stati sti cs  do not a ll ow u s  to see the smal l 
a n i sotropies expected for a tmospheri c neutri no i nteractions. ) Thi s can  b e  
seen i n  F i g u res 5a a n d  5b whi ch show top a nd si de vi ews of  u n i t  vectors 
representi ng the posi ti on a n d  d i recti on of the highest energy track i n  
each event. Note parti cul arly i n  F i g u re 5b that there i s  no evi dence for 
contami nati on from the 2 x 107 p re-domi nantly downward-goi ng cosm i c  ray 
muons whi ch were i n  the o r i g i nal data . 

To measure e nergy we u se the va ri ab l e  Ee whi ch i s  p roporti onal to the 
total Cherenkov l i g ht emi tted i n  the event.  Thi s i s  p roporti onal to total 
c harged track l ength above Cherenkov threshol d and for showeri ng tracks 
g i ves a measu rement  of total energy i n  i'leV whi ch i s  1 i m i ted mostly b y  
stati sti cs  ( a  10%/ E ( GeV ) ) .  At p resent ,  as  menti oned earl i er ,  there i s  
a n  a ddi ti onal ± 1 5% systemati c u ncertai nty i n  Ee· For each non- showeri ng 
c harged 11 o rµ i n  the event one must add N 250 �1eV to Ee to account for 
rest mass and  e nerg y  1 oss b e l ow threshol d.  



The distribution in Ee of the 69 events is whown in Figure 6. The 

curve is our estimate of the shape of the distribution expected for 
atmospheric neutrino events modulated by our event selection procedures. 
The overall rate of neutrino events we calculate as 1. 0 ± 0.5 per day, 
where the uncertainty is due primarily to lack of knowledge about the 
atmospheric neutrino flux below 1 GeV. Clearly most, if not all, of the 
events we see are consistent with being due to atmospheric neutrinos. 

SEARCH FOR p + e+11 ° 
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In order to look for p + e+11° we select a subset of the 69 events 
which have two reasonably well defined Cherenkov cones with included angle 
of at least 100° and in which the number of PMT for each track is at least 

40. The three events which satisy these criteria are listed in Table I.  
The criteria we can apply to search for p + e+11° are as follows: 

(1) 650' Ee ( 1250 MeV 

(2) e12 > 140° 

(3) E2/Ec ) . 35 (E2 is for the track of lesser energy) 

(4) No observedµ + e decay. 

None of the events in the table satisfies all of the above criteria 
so we conclude that we have no possible candidates for p + e+11°. The 
1 ifetime limit based on this result can be calculated as follows: 

-r/B (e+11°) > (2. 0  x 1033)· (10/18)- (. 68)-(1/2.3)·(0.9)·(80/365). 

Where: 
-r = proton lifetime 
B (e+11°) = branching ratio into e+11° 

and the various factors are, in order: 

2.0  x 1033 = nucleons in the fiducial volume 
10/18 =proton fraction in water 
.68 = ave. nuclear escape probability for the 11° 

( .60 for oxygen, 1.0 for free hydrogen) 
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2.3 = 90% C.L. factor of 2.3 events 

0.9 = detection efficiency 
80/365 = live-time in yrs. 

So that we obtain the following 90% C.L. limit for p + e+n°: 

T/B (e+n°) > 6. 5 x1031yr. 

The significance of this result in terms of prior expectations is as 
follows. An assessment of grand unified theories based on minimal SU (5) 
symmetry predicts 4.5 x 1029±1.7 yr for the quantity T/B (e+n°)(l). The 
upper value for the exponent predicts that we should have seen seven 
p + e+n° events in the present sample. Hence our result would appear to 
rule out this version of grand unified theories. On the experimental 
side, the KGF experiment has reported(2) three contained candidates for 
proton decay, one of which is interpreted as p+ e+n°. If we naively 
calculate the number of e+n° events we expect based on this single event 
we predict 10 events (in fact more than 10 if we account for the smaller 
n° escape probability in iron as opposed to water). This would appear to 
cast doubt on that particular KGF event as being due to p + e+n°. 

In summary, the I MB detector is working nicely and continues to take 
data with a live-time efficiency of about 75%. Our first results indicate 
that the background for p + e+n° and other two body nucleon decay modes is 
quite low so that a sensitivity of at least 5 times the present result 
would appear possible. 

Data on other decay modis of the proton and neutron as well as 
information about possible NN oscillations in oxygen should be forthcoming 
soon. 

Our first results on a search for strongly interacting monopoles have 
also been reported at this conference by S. Errede. 

I would like to thank the organizers of this XVI!Ith Recontre de 
Moriond, and especially Tran Than Van and his wife Kim, for their 
efficient organization and warm hospitality. 



TABLE I.  WIDE ANGLE TWO-TRACK E VENTS 

Ee 
NO. CHERENKOV OBS. 

Event OF ENERGY E1 E2 e12 MUON 
No. P MT (Mev) a (Mevla (Mev) a (D_�g_l__ DEC�YS ----·-

151-35037 188 1000±100 600±90 400±60 135±7 

225-07794 166 950±100 700± 130 250±80 125±25 

388-19376 340 1700±170 1050± 170 650± 100 115± 15 

aDoes not contain additional possible systematic errors of 15%. 
Ee is calculated assuming the particles are showering. If one 
particle is a charged pion or muon, as must be the case in the 
first two events in the table, 250 MeV must be added to the 
energy of one track and to the total energy listed. 
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Fig u re 1 .  Sc hematic  of successi ve isochronous wavefronts from sinql e 
t rack emi tting C h eren k ov l ight.  Dotted l ine  reoresents -
scattered p h oton . 
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Data collected i n  more than 5000 hours of operation o f  a 150 tons tracking 

calorimeter installed in the Mont Blanc Laboratory are presented. Besides �5800 

single muons and �84 µ-bundles, 7 confined events have been observed. One of 

them cannot easily be explained as a v induced interaction and it is compatible 

with the hypothesis that it is due to a proton decay; features of the 6 other 

events are also briefly discussed. 

(+) 
G. Battistoni, E. Bellotti, G. Bologna, P. Campana, C. Castagnoli, V. Chiarel 
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Ljguori, G. Mannocchi, G.P. Murtas, P. Negri,.G. Nicoletti, P. Picchi, M. Price, 
A. Pullia, S. Ragazzi, M. Rollier, 0. Saavedra, . Batta, L. Trasatti and L. Zanotti. 
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I - INTRODUCTION 

The detector installed in the Mont Blanc tunnel has been operated from the 

end of May 182 for more than 5300 hours of live time. Preliminary results have 

been published elsewhere
])

. Hereafter, the site, the laboratory and the detector 

will be shortly described, while more details will be given on tests done at CERN 

with e, n and v beams and on data collected up to now at Mont Blanc. 

II - THE SITE 

The detector is installed in a so called "garage" beside the road tunnel 

under the Mont Blanc. The overburder of the laboratory has a complicated shape 

(Fig.l) , but it is in every direction larger than 4.5.103 m of water equivalent. 

The dimension and the layour of the laboratory are sketched in Fig.2, from which 

it appears that the detector size is the largest compatible with the room availa­

ble. 

III - THE DETECTOR 

The detector (Fig.3) is a tracking digital calorimeter; it is essentially a 

sandwich of iron layers, 1 cm thick (0.6 rad. length) , interleaved with limited 

streamer tubes, the active elements of the detector. These tubes, developed in 
. 2) 2 . Frascati , .9 x .9 cm in cross section and 3.5 m long, are always active and 

show many suitable properties for such an experiment. These properties can be 

summarized as follow: 

gas mixture: these tubes can be operated with non expensive gas mixtures (pre­

sently C02, Ar and n-pentane) and they need a very low flow rate (1 volume/3-6 

days) 

plateau: they show a large voltage plateau (� 500 V) 
read-out: they can be read by external pick-up,strips in our case, allowing a 

bidimensional read-out (Fig.4) which is essential in pattern reconstruction. 

The detector size is �3. 5 x 3.5 x 3. 5 m3 and its total mass is � 150 tons 

(<o> �3.5 g/cm0) ; the number of limited streamer tubes is � 43.000 and that of 

read-out channels is � 82000. 

Signals from strips are amplified, discriminated and stored for 7 µs in a 

shift-register; moreover a prompt OR among the basic unit of 32 strips is genera­

ted and it is used for triggering purposes. 

Triggers are generated as follows: 

- A general OR among all the signals from the y strips of an entire layer of 320 

tubes (one plane) is generated. If two contiguous planes give an OR signal 

within 2 µs, the complete pattern of OR signals from alJ. the planes is analyzed. 

At present we define "good trigger" a configuration of OR signals from: 
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- four contiguous planes 

- three contiguous planes plus two other contiguous planes 

- three couples of contiguous planes 

or more complicated patterns. 

The OR rate from a single plane is� 320 Hz, while the trigger rate is 

� 6/hour and it is mainly due to 60co contamination in iron, natural radioactivit 

and atmospheric muons. 

It must be remarked that the minimum trigger can be generated by quite a 

small energy deposition; for instance a µ of � 100 MeV can trigger the read-out. 

Starting from the beginning of August a new piece of data has been added to 

the previous ones. Whenever a "good trigger" is recorded, a clock for each plane 

is started, and it stops only either when the first hit is recorded from that 

plane or when it is reset by the computer. This procedure allows to store the 

relative time delay of hits and eventually the one that comes from the decay of 

a muon stopping inside the detector. Efficiency for µ is almost 0 (due to the µ 

being absorbed in Fe nuclei before decay), while it is 35% for µ
+

; time resolu­

tion is � 100 nsec. In this way we can say in 17% of the cases which way the 

track goes, and its charge. 

IV - TESTS 

During 181 a test module with the same features (1 cm iron plates, 3.5 m 

long tubes, same electronic ... ) as the Mont Blanc detector, but smaller dimen­

sions (30 plates, � 3000 read-out channels) was exposed to e, TI and v beams 

( . . 3)) details are reported in . 

Electron and pion data are used for calibration purposes, while the neutrino 

data are essential to study the unavoidable background due to atmospheric v 

interactions. Atmospheric and accelerator v's have similar spectra, but accelera­

tor beams contain vµ only and have a single direction, while both vµ's and ve's 

are present in cosmic rediation and enter isotropically the detector. 

Our test detector was exposed to an unfocused v beam from 10 GeV protons, 

in two geometrical conditions: at 0° (i.e. with beam orthogonal to the iron 

plates) and 45°. In total� 400 events (50% at 0° and 50% at 45°) were collected. 

They have been classified according to Table I3). 
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TABLE I 

Topology oo 

1 prong 99 

2 prongs 49 

> 2 prongs 16 

110 

49 

16 

11 

13 

one or two prongs with e.m. shower 14 

neutral current candidates 17 

A typical 2 prongs and a 3 prongs event are shown in Fig.5. 

V - RESULTS 

Useful data have been collected in June and July (�1050 hours) with 84% of 

the resistive tubes in operation and from August up to now (� 4250 h) with the 

detector fully active. 

The collected data are sinthatically reported in Table II. 

TABLE II 

single muons 5825 

muons stopping in 58 
the detector 

parallel muons 73 

fully contained events 7 

This statistics correspond to � 90 tons x year (total mass x live time) 

Examples of these events are shown in Fig.6. Atmospheric muons not only 

provide an useful and continuous monitoring of the detector, but they also are 

interesting by themselves. However discussion will be restricted to fully confinec 

events which are directly connected with the problem of nucleon stability. 

Some features of the confined events are listed in Table III and they are 

shown in Fig. 7. 
1) 

Events from n°l to n°4 are discussed in and here we report only the 

conclusion of that discussion. Events 524-40, 526-122 and 532-9 can easily be 

interpreted as due to v interactions and, at present, we assume this interpreta­

tion as the most probable. Event 503-19 cannot easily be interpreted as due to a 

v interaction because of its pattern and energy-momentum mismatch. Note that 

only 6% of the v induced events in the test run are three prongs event. 

In conclusion less than 0.05 event like this one is expected. On the other 
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TABLE III 

ev. number date n° of total energy total momentum possible 
tracks (GeV) (GeV) interpretatior 

1 503-19 July 23th '82 3 'V .90 'V 0. 4 p-decay 

2 524-40 Aug. 1st 3 1.300 ± . 200 \!µ or \!e 
anelastic int. 

3 526-122 Aug. 4th 1 (?) .370 ± .020 ,350 ± . 020 elastic \!µ 
interaction 

4 532-9 Aug. 6th 1 .330 ± .015 . 330 ± .015 

5 1062-133 Jan. 9th '83 1 1. 500 ± .150 1.500 ± .150 elastic \)µ 
interaction 

6 1091-338 Feb. 2nd 1+2 >, .Boo 
7 1095-10 Feb. 25th 2 . 720 .420 two prongs 

(if µrr) v interaction 

hand, this event is kinematically compatible with the hypothesis 

p + µ
+

Ko or p + 3µ decay, if one take into account Fermi motion on nucleons. 

Interpretation of this event as due to n t n oscillation and subsequent n 

annihilation is under investigation, but it seems quite unlikely. 

Ev. 1062-133 is probably a single µ and can be interpreted as an elastic \! 

interaction. Ev. 1091-338 shows a complicated pattern and cannot be easily 

interpreted; it fits badly the \! hypothesis as the n decay hypothesis; in any 

case (at least at this stage of the analysis) it cannot be used to prove the 

existence of the nucleon decay process. 

Ev. 1095-10. It is a 2 prongs event and can be interpreted as an inelastic 

v interaction. The decay n + \!KO does not fit well because the rr+rr- energy and 

invariant mass, as measured from the two prongs, are larger than expected 

in the hypothesis of n decay at rest. 

VI - CONCLUSIONS 

The detector is working with a pretty good efficiency since June 1982. 

Analysis of muon (single and multiple) events is in progress; we expect to 

extract from these data information on the energy distribution and composition 

of the primary cosmic rays. 

Seven confined events (with visible energy greater than 150 MeV) have been 

observed; six of them can be interpreted as \!
µ

or v e interactions; their number 

is in agreement with expectation based on atmospheric \! energy spectrum and flux. 

One event can be hardly explained as v interaction, while it fits well the p 

decay hypothesis, but prior to state firmly the existence of nucleon decay 

process, other candidates must be observed. If one assumes the Ev. 503-19 is a 
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genuine p-decay, the nucleon mean life comes out to be � 2•1031years; if it is 

assumed to be a v  induced event, the lower limit for T/B, where B is the branching 

ratio for decay channels where most of the nucleon mass appears in "visible" 

particle (µ,rr,K+,Ko etc ... ) is� l031years. 
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b ) Details of the detector: 1) iron slab, 2 )  iron spacer, 3) limited 
streamer tubes, 4) longitudinal strips, 5) transversal strips. 

SERIAL DATA OUT 

Fig. 4. Read-out strips. 

l5mm width I 
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Fig. 5. Examples of a) 2 prongs event; b) 3 prongs event in the test module. 
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TWO-BODY PROTON DECAYS I N  SU (5)  

T . N .  PHAM 

Centre de Physique Theorique 
Ecole Polytechnique , 9 1 1 28 - Palaiseau Cedex France 

ABSTRACT 
Assuming a resonance parametrisation to extrapolate the soft pion am­

pl itude to the physical region , we f ind that meson-nucleon resonance effects sup­
press most of the Current Algebra p +ne+ decay amplitude but only s l ight ly 
modify other decay ampl itudes . The decays p + we+ and p + p0e+ are also com­
puted using the divergence of the vector currents (or Born term) . In the standard 
SU (S ) model , the decay p + n°e+ , p + we+ , and p + K0µ+ are the most important 
modes with branching ratios 40%, 1 0% and 6% respectively . From the nonrelat ivis­
tic harmonic oscil lator wave function4 the proton l ifetime i s  found to be T(p) = 1 . 02 x 1 029 yrs for M X  = 4x1 0 1 GeV. 
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In view of the recent result s1 on proton decays it is important to have 
a rel iable theoretical prediction of the proton l ifetime l ess subj ected to uncer­
tainties assoc iated with our incomplete knowledge of hadron matrix el ements . In 
this talk, I would l ike to report on a new calculation of the two-body decay 
rates of the proton within the standard theory2 SU (S ) done in collaboration with 
Y. Dupont and T . N .  Truong at the Centre de Physique Theorique de l'Ecole 
Polytechnique� Previous calculations of the proton decays are based on the quark 
fusion model useful in obtaining the inclus ive decay rates4 ( i . e .  p + e+X )  which 
are insensitive to the detailed dynamics of the outgoing quarks but questions 
could be raised on its reliabil ity because of the low value of proton mas s .  In 
this way the current estimate for the proton l ifetime is in the range 
1 030 - 1 03 1 yrs which are on the boundary of experimental l imit s . More informa­
tion can also be learned from the exclus ive two-body decay modes , especial ly 
their branching rat ios which are independent of the grand unif ication mass MX 
and serve to distinguish between various ver sions o f  Grand Unif ied Theories (GUT) 
The quark fusion model has also been used to obtain the exc lusive two-body decay 
rates5 and the resul ts indicate that relativistic effects are important and a 

better treatment less dependent on the quark dynamics i s  required . For two-body 
decays with a pseudoscalar meson (TI,K,n ) in the f inal state ,  Current Algebra 
comb ined with Dispersion Relat ion seem to be most appropriate for this purpose .  
Unlike the case of Hyperon S-wave nonleptonic decays where corrections to soft 
pion amplitude are l ess important , the two-body decays of proton with an anti­
lepton (e+ , µ+) and a pseudo scalar me son in the f inal state requires a large 
extrapolation from the soft pion l imit (P2 = m2) to the phys ical region 
(p2 = m2 �o). S ince the decay amplitudes �nvol;e only one hadron in the f inal e e 
state, the extrapolation can be done in a s imple manner by mult iplying the soft 
pion amplitude by the usual Omnes function D-l (t) evaluated at t = p2 �o which e 
could produce important correct ions to the soft pion ampl itude because of reso-
nance effects in the meson-nucleon systems (The so-cal led hard pion correct ion) . 
With this correction factor taken into account , the two-body decay amplitudes 
can be calculated in terms of the e+-p transition matrix element from which 
SU (6 ) - l ike algebraic relations between different decay ampl itudes are derived . 
This is the only model-dependent quant ity which can be obtained from the 3-quark 
proton wave function and for convenience we shall use the standard 3-quark non­
relativistic harmonic o scil lator wave funct ion . Al though the absolute decay rates 
depend on the detailed form of the wave function, the rat io between different 
decay ampl itudes are determined mainly by its spin-isospin part and are therefore 
model independent to a good approximation. I shall now describe the calculations 
and present the resul ts we obtained . 
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Consider for example the decay mode p-+11° e + which i s  one o f  the most 
important mode and the easiest to observe in current experiments .  As with the 
case of non-leptonic decays of hyperons , Current Algebra and soft pion technique 
must be used to reduce the decay amplitude to the e+- p transition matrix ele­
ment < e + [ £X(O) p > which is simpler to handle than the decay amplitude itself . 

The decay amplitude for p +11° e+ is given by 

"t(\, (p ' k '  q) (I) 

with p , k , q  are respectively the momenta of the proton , the outgoing positron 
and pion. £X(O) is the eff ective Lagrangian for the baryon number-violating 
interactions which are mediated by the exchange of a superheavy gauge boson X 
in Grand Unified Theories (GUT) . In SU (S ) it i s  given by2 

£ x 
4GA 
h 

G is the effective coupl ing constant defined by 

and A is the short-distance QCD enhancement factor (A 

IY'f\._(p , k , q) ue+ (k) f(k ,q ) u (p) 

(2) 

3.7). Defining 

(3 ) 

In the soft pion l imit (q +0 , k +p) with the positron momentum taken 
off the mass shell (k2 +p2 m2) ,  using PCAC and standard Current Algebra techni­p 
que , we have 

-ilT I s I f (p , q) u (p) = -f - (< 0 [ Q3 , n(O ) ]  p > + qµ
l'm. (p , q) ] 

11 µ 
q + 0 

where 

(4) 
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n (x) is a "current" associated with the positron ( in analogy with the e .m .  cur­
rents )  given by 

n (x) (5 ) 

The 1!I. - term receives a contribution from the proton-pole which is singular as ]J 
q]J + O . It can be shown that q]J 'Ill.µ sat isf ies the dispersion relation with the 
absorptive part given by unitarity which we shall need in extrapolating the 
soft-pion ampl itude to the physical region ( i . e .  hard pion corrections) . 

The regular part of f (k , q) can be found by subtracting the Born erm 
from the l . h . s .  and the r . h . s .  of Eq. (4 ) . (This is the standard prescription 
used in similarcases when the Born term is present as in hyperon non-leptonic 
decays7 ) .  Thus in the l imit q]J + 0 ,  the amplitude is well defined in the neigh­

and is given by : bourhood of t 

with ( f  'TT 

2 m p 

f (k , q) = f (k, q) regular + f (k , q) pole 

= 'm. 'TT the pion decay constant) . 

- i1 2 
I s I f (k , q) 1 u (p) = -f-- [ < 0 [ Q3 , n (O ) J  p > regu ar 'TT 

f 
+ (q 'Yll. + _:rr_ f (k , q) 1 u ( p) ) ]  + O (t -m2 ) 

µ µ i/2 po e p 

( 6 )  

( 7 )  

Using the Goldberger-Treiman relation for GA/GV , we obtain in the neighbourhood 
of t = m2 p 

with 

F ( t )  

G (t) 

f (k , q) u (p ) (F (t ) + �G (t ) ] u (p) 

-i/2 -f- [ (a ' +  b ' y )  + g (a y5 + b) ( l  + 5 App 'TT 

i/2 
-f-(a Y5 + b) 

'TT 

2m p 
t - 2 m p 

2m2 
_P_) ] 2 t -m p 

(8 ) 

(9 a) 

(9 b) 



G ( t ) contributes to the decay ampl itude terms proportional to the l epton mass 
and thus can be neglected .  The virtual e+ - p transition matrix elements are 
defined as : 

< O J n(O) I P > ( 1 0  a) 

5 < o I [ Q3 , n(O ) J  I p > = (a '  + b ' y5 ) u(p ) > ( 1 0  b) 

is the axial vector current matrix element between proton states . 

By letting t = rn2 � o  in Eqs . (9 )  we obtain the physical decay ampl itude. e 8 - 1 0  This is the standard Current Algebra result . Because of the S and P wave 
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resonances of the meson-nucleon system in the 1 . 4 - 1 . 7  GeV region, the extra­
polation of (9 ) to t = 0 may be strongly affected by these resonances which 
must now be taken into account . Let us define (t = k2 ) 

r (k , q) u(p) (A (t ) + B ( t)y5 + i G ( t )) u(p) 

where A(t ) and B(t ) satisfy disper s ion relat ion in t with a cut starts from 
t
0 

= (rnTI + rn
p

) 2 to oo and satisfy low energy theorem given by (9 ) .  The f inal 
state theorem requires that , on the cut and below the inelastic threshold , 
A(t ) and B (t )  have , respectively the phases of S - and P - wave TIN phase 
shifts ( S

I I 
and P 1 1 ) .  These phase shifts are smal l  near t but become large at 

0 higher energy. There are two 5 1  l resonances at 1 . 55 and 1 . 65 GeV . The p l I 
resonances is at l .  7 GeV . They are all fairly inelastic and couple to both the 
TIN and n N channel s .  The general treatment of the integral equat ions for A ( t )  
and B (t) is compl icated� It is simpler to assume the dominance of these resonan­
ces in the form factors A(t ) and B ( t ) . We shall s imulate the effect of the two 

2 2 s 1 1  resonances as a s imple pole  at ma and the P 1 1  resonance at rub . We have 

A(t ) 

B (t ) 

_ �12 [ (a I 

TI 

i/z (b ' -f -TI 

+ gAppb) 

+ gAppa) 

2rn2 
( I + _P 

2 t-rn p 

2rn2 
(I + _p_ 2 t-m p 

2 rn a 

2 
rub 

2rn2 rn2 - rn2 
p ) ] (�) 2 2 - rn  rn - t  p a 

2 2 2rn2 mb - mp) p 
2 ) 2 - rn m b - t p 

( 1 1 )  

Note that the above expressions sat isfy current algebra constraint at t 2 m p 
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ana also generate terms of the order O ( t  - m2 ) as corrections to soft pion p 
amplitudes .  The physical decay ampl itudes are obtained by setting t = 0 .  Eq . ( l l )  
can be easily appl ied to other decay modes .  Using the non relativistic quark 
model with harmonic o scillator wave function, we obtain : 

0 + p + 11 e 
2 m 3 A (O )  = 2" g ( l + D + F - ( l  - D - F) ___E_ ] 2 m a 
2 m I B(O) = 2" g [ I + D + F - ( l  - D - F) ___£ ] 2 

+ ­p +11 v e 

A (O) - _jj_ ( J + D + F - ( I  - F) 
12 

2 m ___£ 
2 m a 

B (O ) - _Jj_ ( J  + D + F - (I - D - F) 
12 

p + Koµ
+ 

mb 

A (O) - /2g [ ( I  + D - F) - ( I  + F - D) 

A (O ) 

+ p + ne 

- _l\_ D ( l  
3/2 

2 m 
+ ___£) 2 m a 

B = A 

2 m 
___E_ ] ; B(O) 2 m a 

2 m 13 A (O )  = - :z g [ ( I + D - 3F) - ( I  + 3F - D) ___£ 2 m a 

B (O ) I - - g 
2vT 

[ ( l + D - 3F) - ( l  + 3F - D) 

( l  2 ) 

( l  3) 

0 ( l  4 ) 

( l  S )  

The Current Algebra results given by the ! st terms agree with previous calcu­
lations . 



g K =  
Gm2 

1 2A (�) ( w 
12 35rrm p 

and D ,F are the current value o� GA/GV 

D + F = lcA/Gv l = 1 . 25 � 0 .0 1  

D 0 . 44 , F = 0 .8 1  

m p 
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( w i s  the oscillator level spacing and has a value about 520 MeV) . A s  can be 
seen from ( 1 6 ) , there is an important correction to soft p ion result for p + ne+ 

because of the 2nd term. This produces a very large suppression of the amplitude 
relative to the soft pion value by a factor of 1 0 .  For other decay modes , correc­
t ions to soft p ion amplitudes are less important . These corrections increase the 
amplitudes for rr0e+ , K+ v modes by 5% and 40% respectively but suppresses µ 
the K0µ+ mode by 1 5% and thus have no appreciable effects on the total two-body 
decay rates which are dominated by the rr0e+ and 11+ V modes . Below are their e 
relative rates which are independent of the spatial part of the non relativistic 
3-quark wave funct ion at the or igin as well as the super heavy gauge boson mass 

f (p +11+ v ) e 
f (p +ne+) 

0 . 40 f (p +rr0e+) 
-4 0 + 2 . 4  x l o f (p +rr e )  

f (p + K0µ+) 0 . 1 4  f(p + rr0e+) 

+ - -2 0 + f ( p  + K vµ) =  0 . 56 x 1 0 f (p + 11 e )  

( 1 7 ) 

Our relative rates seem to agree qualitatively with the valu£s g iven by Kane 
and Karl5 using the relat ivist ic quark fusion model . Thus using the standard 
resonance parametrisation , we have been able to extrapolate the soft pion ampl i­
tude to the physical region in a simple manner . This is a large improvement over 
the Current Algebra Result

s-l o . To the extent that this resonance parametrisat ion 
is val id , our relative decay rates (Eq . ( 1 7 ) )  are essent ially model independent . 

In the same spirit we can compute the decay rates p + we+ and p +p0e+ . 
The basic idea is to consider the e+- p matrix elements of the isoscalar and iso­
vector vector current s associated with w and p0 defined as 
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+ f v (o ) I < e p > µ 

+ i 

+ 

u + (k) [y e µ 
2 (� (q  ) 

a q µv v( f ( 2) m V q + y 
5 p 

2 + Y5 gA ( q ) ) 

fv ( q2 ) )  u (p ) ] ( 1 8 )  

The matrix (V 
0 

w )  defined s imilarly by element for p ->  Ve = p , are 

m(p  +Ve+) 

The charge form factor at q2 

condition 

( 1 9 )  

0 can b e  easily found using the divergence 

[ Qw 
" l "' x  

from which we obtain the charge coupl ing us ing vector meson dominance (VMD) 
approximation 

(a+b y5) 2 3 m w w p g v + Y5 gA 2 _m_p 
__ 

1P' 
(a+b Y5) m2 

gp + l p 
v Y5 A 2 m f p p 

(20) 

This gives 

which is the non relativistic quark model result5 S ince the outgo ing po sitron 
is energetic , the magnetic terms ( fV , f A) may be important . These terms cannot 
be obtained from the above divergence cond it ion but a nucleon pol e  approximat ion 
(Born term) shows that they are negligible  for p + we+ decay but important in 
p � p0e+ decay because of the large value of the anomalous isovector nucleon 
magnetic moment s .  

fp 
v + Y5 fp 

A 

f� + Y5 fw 
A 

2 _!_ (a+by5 ) ( � )(P - µn - 1 \ 
2 m \ J 2 I p p ' 

3 (a+by5 ) ( m�) (µp + µn - 1 
2 ill - \ "f \ 2 p p 

\ ) 



This increases the 
0 + p -+ p e decay rate by a l arge factor . We f ind 

( 2 3 )  

which agrees more or l ess  with the relativistic quark model calculation5 . For 
the p -+  we+ decay , using g�TITI/4TI 2 . 86 ,  we f ind 

( 24 ) 

The 3-body decay mode with the two-pion in the cont inuum may be a s izeable  
fraction of the total  decay rate s .  Current Algebra Calculation with TITI f inal 
state interact ions effects (which increase the rate by 50%) show that9 • 1 1 

Together with other l ess  important decay mode s ,  this l eads to 

B R ( p -+n°e+) 
B R  ( p  - +K0/ ) 
B R ( p  -+we+) 

0 . 4 
0 . 06 
0 . 1 

( 25 ) 

( 26 )  
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which tell  u s  that the p -+n°e+ decay is  the mo st important mode . Using standard 
quark model parameter and for a typical MX = 4 x l o 1 4 GeV ,  this part ial rate is  

giving a proton l if et ime 

o + -30 -I f (p -+ n e ) = 3 . 9 2 x 1 0 (yrs )  

T ( p) = 1 . 02 x 1029 yrs 

( 2 7 )  

(28)  

which is two orders of magnitude shorter than the present lower experimental 
l imit . 
The main source of uncertainties  in the ca lculat ion o f  the decay rates are the 
values of MX which depends on the QCD scale parameter 1\is and the quark model 
parameter for the proton wave funct ion at the origin. The branching rat io given 
in (26)  is however independent of these parameters and may be used to dist in­
guish between various Grand Unified Theories .  

I would l ike to  thank Tran Thanh Van and the Organisers of the Confe­
rence for the warm hospital ity extended to me at Moriond . 
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A bs t r act 

A l i m i t on vµ 
+ v, 

oscilla t i ons has been determi ned i n  a 

calorimeter e xposed to the d i c hr omat i c  neut r i no beam f i ne g r a i ned 

at F e rm i l a b .  Cand i d ate v, events w e r e  selected t o  f i t  t h e  

hypothes i s  of v, qua s i - el as t i c  scat ter i ng f ollowed by a decay o f  

t h e  f i nal s tate •-lepton i nto evev , or µvµv , . s u c h  events 

typ i c ally h ave m i s s i ng energy , due to two undetected neut r i nos , 

and cons i s t  of a muon t r ac k  or an elect ron s hower and a t  mos t one 

add i t i onal t r ac k  f rom the pr imary ve r te x .  The upper l im i ts on 

�m2 for v
µ+v , osc i l lat i ons at max imum m i x i ng a r e :  �m2 < 1 2  ev2 

for the neut r i no and �m 2 < 1 4 . 4  ev 2 for the ant i neut r i no cas e .  
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I .  I n t r oduction 

TO s e t  a l im i t  on v + v osc i l l a t i ons a s e ar ch for neut r i no µ T 
i nteractions w i t h  a pos s i bl e  T- l epton i n  the f i nal s tate was 

per formed . Only the purely l eptonic decay modes : T+µvµv T and 

T+e ve vT wer e  cons i de r ed . Because of the two neut r i nos i n  the 

f i nal state there w i l l  be energy m i s s i ng in these events . To 

ensure the opt i mal sens i t i v i ty to m i s s i ng ene r gy and to enable a 

clean elect ron ident i f i c a t i on , only events w i t h  very l ow hadronic 

ene r gy ( quas i - e l a s t i c  type ) were accepted . For th i s  class of 

i nteractions the neut r i no energy can 

ene r gy of the f i nal s tate l epton . 

however meas u r i ng the muon f r om 

be wel l  approximated by the 

In case of a V T i nterac t i on 

the T-decay l e ads to an 

unde r es t imat i on of the neut r i no ener g y .  Th i s  is i l l u s t r ated by 

F i g . 1 , whi ch shows the spec t r um of muons f r om a T-decayl l  w i th 

P T= 3 0  Gev/c . 

To detect pos s i bl e  m i s s i ng energy i n  the f i nal s tate , the 

cor r el a t ion between neut r i no energy and r ad i us , provided by the 

d i chroma t i c  beam 2 l  was exploi ted . F i g u r e  2 shows a Monte C a r l o  

predi ction for this correlation for quas i - e l a s t i c  vµ events . 

E vents with m i s s i ng ene r gy wi l l  popul ate the r eg i on below the 

dense band ( rr- band ) wh i ch was therefore the s i gnal r eg i on .  

The cross-secti ons f o r  quas i - e l a s t i c  type vµ and v T 
proce sses a r e  equal acco r d i n g  to theoreti cal e xpectation i n  the 

energy r eg i me cons i d e r ed . Thus the numbe r of v T candi dates and 

the n umber of qua s i - e l a s t i c  vµ events w i t h i n  the rr-band d i r ectly 

determine R ,  the ratio of v T to vµ at the detector pos i t i on .  

I I . Detector 
The expe r iment was pe r f ormed us i ng the f i ne g r a i ned neut r i no 

de tecto r  at F ermilab (E 5 9 4 } ,  which has a total mass of 3 4 0  tons 

and cons i s ts of 6 0 8  f l ash-chambe r s  and 37 pr opo r t i onal tubes . 

H e r e  only the detector char acte r i s t i c s  r el e vant to thi s anal ys i s  

w i l l  b e  descr i bed . F u r ther detai l s  can b e  found i n  Ref s . 3 and 

4 .  The propo r t i onal tubes gene r a t e  a var i e ty of t r i ggers and 

meas u r e  the muon t r a j ectory thr ough the toroi dal magnet s . The 

muon momentum r esol ution for momenta between 2 0  and 1 0 0  GeV/c i s  

1 0 %  and var i es slowly with momentum . The f l ash- chambe r s  whi ch 

cons i s t  of 5 x 5  mm tubes sampl e every 2 2 %  of a r ad i a t ion and 3 . 1 % 

of an absorption length . T h i s  f i ne s ampl ing ensur es good 

angul ar r esol u t i on for muons and showe r s , good el ect ron 
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i d ent i f i c a t i on and a clear sepa r at i on of deep- inel a s t i c  type 

events f r om qua s i - e l a s t i c  type events (Re f s . 3 ,  4 ) . 

I I I . Data Analys i s  

The data s ampl e consi dered here was taken dur i ng t h e  1 9 8 2  

d i chrom a t i c  r un and cons i s ts o f  neut r i nos a t  TI and K momenta of 

1 6 5 , 2 0 0  and 250 Gev/c and antineut r i nos a t  1 6 5  G eV/c . I n  the 

fol low i ng the select ion c r i te r i a  and r esults for the muon and 

electron channels w i l l  be des c r i bed sepa r ately .  

M uon channel Only events that s a t i s f ied a s peci al t r i g ger 

were con s i d e r ed for t h i s  analy s i s .  The t r i g g e r  cons i s ted of 2 

component s :  1 )  a muon t r ave r s i ng a l l  the toro i d al magnets ( P
µ 

> 
10 GeV/ c )  and 2 )  a maximum pulse height f r om t h e  propo r t i onal 

t ubes , whi c h  cor r esponds to an ene r gy of r oughly 10 Gev (a muon 

t r ave r s i ng the ent i r e  calorimeter depos i t s  5 GeV) . The meas u r ed 

average electronic e f f i c i ency of t h i s  t r i gger i s  8 6 % . An 

add i t i onal cut was made on the numbe r of f l ash t ubes that f i r ed 

wi thin a 50 cm r a d i u s  f rom the ve r te x . At mos t 3 0  h i t s  were 

allowed i n  thi s r e g i on , e xcluding the muon . T h i s  selected events 

with very low hadron energy , whose prope r t i e s  a r e  cons i s tent w i t h  

qua s i - e l as t i c  f i nal s t ates . 
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On an e n e r g y  ver s us event r ad i us s c a t t e r  plo t , t h e  above 
ment i oned s i gnal r egion and TI- band w e r e  de f i n ed as f ol lows : At a 
g i ve n  r ad i us a neut r i no e n e r g y  d i s t r i bu t i on predi cted by a beam 
s i mul at i on is descr i bed by a mean value and a s t andard devi a t i on .  
The TI- band was def i ned as the mean val ue plus o r  m i n u s  2 . 5  

s tandard de v i a t i ons . The s i gnal r e g i on was the a r e a  below the 
TI- band . F i g u r e  3 shows the ne u t r i no energy ve r s us r a d i u s  scat t e r  
plot for t h e  dat a , wh i ch should b e  compar e d  to t h e  Monte C a r l o  
p r e d i c t i on i n  F i g u r e  2 .  F i g u r e  4 i l l us t r ates t h e  d i s t r i b u t i on i n  
Y = (Eb-Eµ l /Eb f o r  data and Mon te C a r l o , whe r e  Eb i s  t h e  ave r age 
beam energy at a g i ve n  r ad i us and Eµ the meas u r e d  energy o f  the 
muon . There i s  good agr eement between data and Mont e  C a r l o . 

The f ol l owi n g  sources w e r e  cons i d e r ed as cont r i bu t i ng to the 
bac kground in the s i gnal r e g i o n :  

i )  T r ue qua s i - e l a s t i c  vµ events w i th ener g i e s  below the TI - band , 
due to the i n t r i ns i c  spr ead of the neu t r i no e n e r g y  and d ue to 

muon mome ntum r e s ol u t i on . The f r ac t i on of t r ue 
quas i - e l as t i c  events i n  the s i g nal r eg i on i s  d e f i ned as 
which is calculated by Monte C a r l o  to be . 0 1 2  f o r  a l l  the 
and . 0 1 3  f o r  the vµ data ( s e e  Table I ) .  
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i i )  W i d e  band backgr ound , f r om TI - and K- dec ays before the 
momentum s e l e c t i on . This backg round was e s t imated by a Monte 
Car l o  beam s imul a t i on and the r a t i o  o f  w i d e  band f l u x  in the 
s i gnal r e g i on to the total flux in the TI - band was f ound to be 
0 . 3 % for n e ut r i nos and 0 . 6 % for ant i neut r i nos . 

i i i )  The i nv e r s e  muon decay (vµ e- + µ -v e l .  T h i s process 
cont r i butes only in the neut r i no e xpos u r e  and was e l i m i n a t e d  

b y  r e qui r i ng Eµ Ba > 3 MeV ( s e e  Ref . 5 ) . 

Table I shows the number of events in the TI- band and the s i g nal 

r e g i on cal cul ated by subt r a c t i ng backg round i i i )  onl y . A l s o  
shown a r e  t h e  ef f i c i en c i e s  to d e t e c t  an e v e n t  of a g i ven type i n  
one o f  the two r e g i ons . These e f f i c i enc i e s  i nclude acceptances 
and software e f f i c i enc i e s , whi l e  e l e c t r o n i c  e f f i c i enc i e s  cancel 
in the c a l c ul a t i on of R .  

Tabl e I 
C and idates and d e t e c t i on e f f i c i e nces f o r  v, and vµ qua s i - e l a s t i c  

i n t e r a c t i ons . 

Beam TI- band S i gnal r e g i on 

Events 6 4 0  1 0  

E: q ( VµN+µ-N ' ) E:�= . 8 2 E: s = . 0 1 2  q 
E: T ( v ,N+T-N ' ) £ 15= . 2 4 E:�= . 1 2 T 

L.µ-vµ v , 

Events 4 0 6  3 

E: q ( \i µN+µ +N I  ) E: b= . 8 2  £�= . O l l  q 
E: T ( v ,N+ T+N ' ) £ 15= . 2 0 E:�= . 1 3 l_.µ+vµ v , 

T 

E l e c t r o n  channe l . 
us i ng a l l  of the 
s t ate . All the 

The electron s i gnal T + e v , v e was s e a r ched f o r  
deep- i ne l a s t i c  data w i thout a m u o n  i n  the f i nal 

events w e r e  passed th rough s i m i l a r  sof tware 
f i l te r s  a s  those used for the e x t r ac t i on of the vµ e + vµ e s i g nal . 
D e ta i l s  of t h i s  p r oced u r e  have been d e s c r i bed i n  Re f s .  3 and 4 .  
The f i l te r ed events w e r e  then s canned to have an e l e c t r on shower 

and at mos t one addi t i onal t r ac k  in the f i nal s t a t e . I t  should 
be noted that for the e l e c t ron channel no m i s s i ng e n e r g y  
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r equi r ement is made , s i nce the ve backgr ound is smal l ( < 1 % ) , and 

a l l  events after backg round s ubtraction are used to s e t  an uppe r 

l im i t  for R .  The norma l i z a t i on of t h i s  c hannel i s  again w i th 

r e spec t to the vµ qua s i - e l a s t i c  events i n  the TI- band and 

therefore a 10 GeV minimum energy cut was imposed on the 

elect rons . The e f f i c i ency of the detect ion of the 

elect r on- channel r el at i ve to the vµ 
normal i za t i on s ampl e i s  

� e= 7 1 % . T h i s  was determi ned by r epl acing the h i t  cel l pattern of 

the muon in the vµ quasi- e l as t i c  events by that of electron 

s howe r s  f r om a cal i bration beam and then scanni ng these event s . 

I n  total 3 4  cand i dates we r e  found i n  the v
µ and 1 3  in the vµ 

s ampl e .  

The bac kgr ounds cont r i bu t i ng t o  t h i s  c hannel a r e :  

i )  Neutr al c u r r ent events w i t h  elect r omagne t i c  s howe r s , which 

s i mulate elect ron shower s .  Appl y i ng the analys i s  to charged 

c u r r ent events , i gnor i ng the muon , it was found that t h i s  

bac kground contr i buted 2 2  events i n  t h e  v
µ 

and 3 . 3  events i n  

t he v beam . 
µ 

i i )  ve ' s  f r om Ke - decays . These neut r i nos con tr i bute a bout 1% to 
3 

the total f l u x over the en t i r e  d i c hr oma t i c  energy r e g i on . 

The number of s uch events was e s t imated f rom the number of 

electron events w i t h  ene rgy above the TI- band . T h i s  eliminates 

7 ( vµ l and l (vµ l events r e spect i vel y .  

i i i )  vµe + vµ
e - scat ter i ng which produces a backg r ound sharply 

peaked at low Ee 8� . Th i s  backgr ound was r emoved by r equ i r i ng 

Ee G� > 8 Mev ,  thus el iminating 5 ( vµ ) and 3 (vµ l events 

r espec t i vel y .  

A f t e r  all the above bac kgrounds we r e  subtracted there r emai ned O 
cand i dates in the vµ and 5 . 7  cand i dates i n  the vµ sampl e .  

Table I I  s ummar i zes the e l ect ron c hannel r esul t s . 
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Table I I  

s ummar y of the e l e c t r on channe l . 
\)µ \iµ 

s ampl e af t e r  scann i ng 3 4  1 3  

Backg rounds : 
i )  dense hadron show e r s  22 3 . 3  

i i )  K e  3 
7 1 

5 3 i i i )  vµe - + vµ e -

S i gnal 0 5 . 7  

I V .  Re s ul t s  
D e f i n i ng R as the r a t i o  o f  v , t o  vµ i n  t h e  beam , Rµ and Re 

as R mul t i pl i ed by the branching r at i os f o r  T+µvµv T ( 18 % )  and 

T+ev e vT ( 1 6 % ) , the obs e r ved number of events f o r  the muon channel 
in the s i gnal r e g i on (N s l and in the TI- band (N b ) c an be e x pr e s sed 
as : 

N (Rµ e: s + e: s ) q T q 

Nq (Rµ e:� + e: � )  

( la )  

( lb )  

T h e  e f f i c i e nci e s  e: � ,  e tc .  a r e  d e f i n ed i n  Tabl e I .  Nq ' t h e  t r ue 
number of quas i-elas t i c  vµ i n t e r a c t i ons and R can be calculated 
f rom equa t i on ( 1 ) . The con t r i bu t i on of wide band backgr ound was 

neglec ted i n  e qua t i on ( 1 )  , but is taken i n to account i n  the 
cal cul at i on of R.  S i m i l ar l y , i n  the e l e c t ron channel , the number 
of events in the s i gnal i s :  

Table I I I  s umma r i ze s  the upp e r  

( 2  

l im i t s  f o r  and 
i ndependen t l y . 
e qs . 2 and lb . 

Rµ is calculated f r om eqs . la and lb and Re f r om 

Table I I I  

Upper l i m i t s  f o r  Rµ and Re ( 9 0 %  conf i d ence ) .  

Beam 

. 0 5 4  . 0 1 5  

. 0 0 4  . 0 29  
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Comb i n i ng t h e  muon and t h e  e l e c t r on channels by a m a x i mum 
l i k el i hood method , the upper l im i t s  to 9 0 %  conf i d ence f o r  R a r e :  

I f  thi s r e s u l t  i s  i n t e r pr e ted i n  terms o f  vµ+v T osc i l l a t i ons , the 
upper l i m i t  f o r  R can be e xpr e s s e d  in terms o f  the square of the 
mass d i f f e r ence o f  the neutr i no mass e i ge n  s tates ( 6m 2 ) and the 
m i x i ng ang l e  e .  The probabi l i ty f o r  vµ+vT i s :  

( 3  ) 

where L i s  the d i s tance between or i g i n  and obs e r va t i on of the 
n e u t r i no i n  k i lome t e r s  and E is the energy in Gev . 
m i x i ng the upper l im i t s  f o r  6m 2 ar e :  

For m a x i mum 

( 9 0 % C . L . )  

Table IV s hows the present l im i t s  by other e x pe r imen ts , the 

d e t e c tor used and the decay modes to wh i ch they w e r e  sens i t i ve .  
(For a compl ete r e v i ew see Ref . 6 )  

Tabl e IV 

Re s u l t s  on vµ+v T osc i l lat i ons 

Beam 6m 2 D e t ect or/Ref . De cay mod e s  
[ev� 

< 3 emul s i on/7 a l l  

< 5 bubble chambe r/ 8 ev evT 
< 1 2 E 5 9 4  ev evT ; µ vµv T 
< 2 .  4 b11bbl e chambe r/ 6 ev ev T 
< 6 .  7 bubble chambe r/ 6 ev evT 
< 14 . 4  E 5 9 4  ev evT ; µ vµv T 

The emul s i on exper iment c l e a r l y  s e t s  the be s t  l im i t  s i nce i t  i s  
sen s i t i ve to a l l  decay modes whereas a l l  o ther e x pe r i ments a r e  
l i m i ted i n  that r e spec t . T h i s  expe r iment was sens i t i ve to two 
decay modes (T+µvµv T and T+evevT ) and for the f i r s t  t i me 
e x pl o i ted the techni que of m i s s i ng energy i n  quas i - e l a s t i c  
i n t e r a c t i ons t o  i d en t i f y  pos s i ble v T i n teract i o ns . 
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DECAYS OF MASSIVE NEUTRINOS 

F. Vannucci* ) 

LPNHE , Univ. Paris , France 

ABSTRACT 

There are no reasons to assume that neutrinos are mas s l e s s . If they are 

h eavy , they may decay into d i f f erent channe l s .  Exi s t ing data and future experi­

ments are used to set limi ts on the instabi l i ty of neutrinos in a large range of 

mas s e s . 

* ) V i s i tor at CERN, Geneva, Swi tzerlan d .  
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1 .  MASSIVE NEUTRINOS 

I f  neutrinos are mas s i ve ,  the weak eigens tates Ve ' Vµ ' VT , et c . , do not have 
defini te mass but are l inear combinations of the mass eigenstates v 1 , v2 , v 3 , e t c .  

The pos s ib l e  effects o f  neutrino mas s e s  vary with their scal e :  

i n  the range o f  sma l l  mas ses [O (eV ) ] ,  neutrinos may undergo measurab le 
o s c i l lations ; 

in the range of higher mas s e s  [O (MeV ) ] ,  neutrinos may decay with l i fetimes 
acce s s i b l e  to experimental s tudy . The pos s ib i l i ty of such large mas s es , not 
ruled out by as trophysical cons traint s ,  forces us to re-examine the present 
l imi t s ,  since leptonic decays wi l l  cons i s t  of an incoherent sum of separate 
channe ls . For instance the trit ium experiment 1 ) should be analysed in terms 
o f :  n 

3H 
-+ [ 3He+ + e 

i= 1 
+ v .  1 

This point of view leads to unusual consequences : because of different kine­
matical constraints in di fferent proces s e s ,  the "ve" produced in trit ium decay is 
not necessarily the same as the "ve" produced in TI or K decays . 

The current mass limits leave open the pos s ibi l i ty of substantial mas s e s : 
for ins tance , the limit on m (vµ) only app l i e s  to the dominantly coupled mass 
eigenstate (v2 ?) and does not forbid a much heavier component (v 3 , • • •  ) . 

2 .  PRODUCTION OF HEAVY NEUTRINOS 
Heavy neutrinos may be produced e i ther via o s c i l l ations or by direct produc-

t i  on. 

i)  The main component of a neutrino beam ( vµ) may o s c i l late to a heavy neutrino 
VH. The mass difference being large, the o s c i l lation length is tiny and the 
overall effect is to produce an admixture of VH in the predominantly vµ beam. 
If UHµ is the mixing matrix e lement between VH and Vµ ' the f luxes will be in 
the ratio f uHµ f 2 : 1 .  Actua l l y ,  an extra helicity factor 2 ) favours the pro­
duction o f  VH over Vµ The matrix e l ements are the s ame as the one appearing 
in the anal y s i s  of o s c i l l ation experiments . 

ii)  There are several processes which may generate heavy neutrino s .  The VT is a 
candidate for a heavy neutrino; i t  is directly produced in the decay 
F + Tv, . Another source is given by TI 0 •  Whi l s t  TI 0 + vv is forbidden for 
mas s l es s  neutrino s ,  it is pos s ib l e  for heavy neutrino s .  In fact the branching 
ratio o f  TI O + VHVH is o f  the order of 10- 9 ,  The s ame decay mode exi s t s  for 
Ko , n, 71 ' ,  • . . . Final l y ,  the z0 i s  a powerful source of \JH' s ince i t  gives 
equal contributions in the various channels z0 + vHVH up to mas ses of � 40 GeV. 



3 .  DECAYS OF HEAVY NEUTRINOS 

3 . 1  Lepton i c  decays 

6 5  

If neutrinos exis t  with a mass above 1 MeV they w i l l  decay into e+e-ve 
according to the diagram of Fig . l a .  The s ame type of diagram is responsible for 
µ decay. The evaluation o f  the l i f etime i s  s imi l ar ,  except for a coupling s t rength 
UHe which measures the overlap between VH and Ve . The partial l i fet ime i s : 

2 . 8  x 104 (s) • 

If neutrinos with even heavier masses exi s t ,  then other channe l s , in parti cu­
lar hadronic ones , will open up . With increasing mas s ,  we find the modes : 

- + µ µ vµ ' - + µ TT ' • • • 

In fact the hadronic channels become predominant as soon as they are kine­
matically al lowed. 
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3 . 2 Radiative decays 

The decay mode VH + vy is pos s ib l e  even for very small mas s e s  of V
H

. But the 

decay probab i l i ty corresponds to the GIM-suppressed diagrams of F i g .  lb , and the 

l i f e t ime is rather long 3 l : 

T 2 . 9  x 10 1 2  ( s )  

1n the case of three generations of charged leptons . Adding a new heavy lepton, 

the minimum p o s s i b l e  l i f e t ime in the s t andard mode l 3 ) i s  

T = 3 . 8  X 10 7 1 � ��� ( s )  . 
ms 1 u I '  v H£ 

Now a miracle happens i f ,  instead of radiat ing one photon , the charged loop 

rad i ates two photons (Fig . l e ) . The mechanism is no longer GIM-suppres s e d ,  and 

the l i fe t ime for v
H 

+ veyy is now4 l 

T = 7 . 1 X 10 1 0 
mg 1 u 1 2 v � 

( s )  . 

There is very interesting competi tion between the d i f ferent decay modes : be low a 

ma s s  of 100 keV the channel vy predominates , then comes vyy , unt i l  e+e-ve opens up 

at 1 MeV; but because of the mass dependence ,  the mode �yy takes over again for 

mas ses above 20 MeV and seems to remain the dominant decay for very heavy neutrinos . 

4 .  MASSLESS DETECTOR FOR MASSIVE NEUTRINOS 

How to s earch for such effects? Because of the Lorentz boo s t  and to avoid 

neutrino interactions wh ich wi l l  generate background , a decay experiment i s  b e s t  

done at l o w  energy . 

A propos al exi s t s  to look for V
H 

+ vee+e- and V
H 

+ veyy in the CERN Proton 

Synchrotron ( P S )  beam 5 l . The detector has a mas s l e s s  (helium bag) decay volume , 

terminating in a calorimeter where e+ , e- , an<l y can convert . 

Here we rely on the V
H 

production by o s c i l l a t i ons from VV The limi t i s  ex­

pressed in terms of mv versus l u
Hi l x l u

He l ,  where U
H£ and U

He denote the mixing 

e l ements at production and at decay . Figure 2 shows the limi t s  obtained with the 

various production sources of V
H 

and their two decay modes . Thes e  l imits can be 

compared with the ones obtained when looking for s econdary peaks in the spectra 

of charged leptons produced in the leptonic decays of p s eudoscalar mesons 6 l . The 

experiment d i scussed here i s  much s imp l e r ,  and i s  more powerful by several orders 

of magn i tude . 
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When VH i s  produced in the decays n , K  + eVH' the s ame matrix element UHt 
appears at production and at decay , In that case the limits on coupling s trength 
can be expressed directly as a limit on the lifetime o f  VH. For ins tance , the PS 
experiment gives a lower limit o f  30 s for a VH of mass 100 MeV. This is to be 
compared with the µ lifetime o f  2 x 10- 6 s for a similar mas s .  

5 .  SOLAR MASSIVE NEUTRINOS 

To inves tigate the region of smaller mas ses , laboratory experiments are in­
adequat e .  Here the Sun proves to be an interesting source of neutrino s ,  with the 
great advantage of giving 10 1 1 m of decay path , before the observation above the 
Earth ' s  atmosphe re. If one b e l i eves in the s t andard mode l ,  one knows the initial 
flux o f  neutrinos emi tted by the Sun. In particular there exist several mono­
energetic neutrino rays . Such rays would give quasi-monoenergetic photon rays in 
the case of the decay VH + vy . More generally,  decays of s olar neutrinos would 
create a background of photons due to the decays VH + vy and VH + vyy , or a back­
ground of e+e- due to the decay VH + ve+e- . Limi ts on the corresponding fluxes 
give useful constraints on neutrino mas s e s  down to 100 keV . It i s  not easy to 
find the relevant as trophysical measurement s .  The flux o f  e+ in interplanetary 
space seems to be 10-4 cm- 2 s- 1 Mev- 1 7) Also , 10- 3 cm-2 s- 1  Mev- 1 seems a con-
servative l imit on photon flux in the range 0 ( 100 keV) . With these numbers one 
can extract the limit , p l o tted in Fig . 3 ,  for neutrino mas ses between 100 keV 
and 10 MeV , a s s uming the optimi s t i c  l i fet ime for VH + vy . 
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F i g .  3 Limits on couplings o f  heavy neutrinos from various sources 



6 .  HEAVY NEUTRINOS AT LEP 

6 9  

What has been discus sed u p  to now is limited t o  neutrino masses smaller than 

the K mas s .  A practical source of heavier neutrinos happens to be the z 0 , which 

democratically populates all channe l s  V
H

V
H 

for neutrinos of mass up to � 40 GeV. 

Because of the mass dependence of the l i fetime , it could happen that such neutrinos 

decay almo s t  immediately ! For the decay V
H 

+ vyy one find s ,  with the mass ex­

pressed in GeV, the pos sibly very short l i fetime 

T = 7. 1 X 10- l 7 (s ) • 
m� U 2 

At LEP one expects of the order of 1000 decays z 0 VV per day . If the detectors 

are not full of decaying neutrino s ,  one can set a very s tringent limi t ,  corres­

ponding to 2 m of decay path, i . e .  the radius of a canonical LEP detector, on the 

coupling of heavy neutrino s :  

7 .  CONCLUSIONS 

u2 < 10- 9 

He 
m l O  

v 

F i gure 3 summarizes near-future expectations in the search for mass ive neu­

trinos .  Low mas ses correspond to the domain o f  neutrino oscil lations . Here the 

mixings cannot be pushed very much and the limi ts are in the few percent range . 

Between 100 keV and 1 MeV limi t s  come from photon f l uxes above the atmosphere . 

It seems that such limits could be improved eas i ly with a dedicated experiment . 

Between 1 MeV and 10 MeV the limit comes from the 8 B contribution to the solar 

spectrum . The range 10 MeV-400 MeV is covered by the searches in neutrino decays 

with the limits to be set by the PS proposal . Finally comes the region of LEP , 

with possibilities of probing couplings down to 10- 2 5 ! 

Neutrino decays appear to give a complementary approach to o s c i l lations . 

Whi l e  osci l l ations test the domain of small masses but relatively large couplings , 

neutrino decays allow to probe the region of higher mas s e s  but very small couplings . 

For this reason, and because the theoretical guidance is rather weak in this field , 

neutrino decays , j us t  like o s c i l lations , are worth the effort of sys tematic 

searches . 
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ABSTRACT 

A s earch for heavy neutrinos was conducted in the 400 GeV proton beam dump 

neutrino beam and in the 400 Ge.V wide band neutrino beam at CERN . Neutrinos 

decay ing into two e l e c t rons and a l ight neutrino were s e a rched for . Upper l imits 

on  the mixing ang l e  a r e  derived for neutrino mas s e s  in the range 1 0 - 140 MeV . 
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I n  the convent ional theory o f  weak interactions neutrinos are assumed t o  be 
mass l es s , but experiment a l l y  a finite neutrino mass cannot be excluded . The 
present l imit on the 1 neutrino mass is 250 MeV . Assuming production of T 
neutrinos by leptonic decays of the F -meson and by the subs equent T decay, the 
neutrino beam produced by high energy protons interact ing in a Cu beam dump would 
contain a large fract ion of such heavy neutrinos . 

I f  neutrinos are mas s ive the i r  weak eigenstates are l inear combinations of the 
mass eigenstat es : 

( l=e , µ , 1 ,  . .  , i= l , 2 , 3 , . .  ) ( 1 )  

Neutrino beams can therefore contain a fraction o f  heavy neutrinos produced in 1T 
and K decay [ 1 ] , [ 2 ] . Neutrinos with a mass l arger than a few MeV can decay into a 
l ight neutrino and two e lectrons . For neutrinos with a mass larger than 1 1 0  MeV 
other decay channe l s  are opened (v

i 
eµv ,  v i 

eTI , et c . ) [ 1 ] . The decay 

probab i l ity for heavy neutrinos is proportional to the square o f  the mixing ang les 
defined in ( 1 ) . A search was made for neutrinos decaying into a pair o f  
e lectrons : 

+ -v -+- e e v 
i e 

( 2 )  

In the beam dump exper iment decays o f  heavy neutrinos were searched for i n  an 
empty decay region of 35 m length and 3 x 3 m2 cross sect ion para l l e l  to the CDHS 
[ 3 ]  and the CHARM [ 4 ]  neutrino detectors . A search for heavy neutrinos produced 
in TI and K decays was performed in the horn focussed wide band neutrino beam by 
making use of the fine -grain CHARM calorimeter [ 5 ] . 

S C I  
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Fig . 1 Layout of the decay beam dump experiment . SCl and SC2 are s c int i l l ator 
p l anes . SCl is used as veto counter . Pl to PS are packs o f  4 p l anes of 
proportional drift tubes each . 
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The layout o f  the beam dump experiment i s  s hown in F i g .  1 .  A s c int i l lat ion 
counter p l ane o f  6 x 4 . 8  m2 active area (SC l )  defines the beginning of the decay 
volume . The decay region is para l l e l  to the neutrino beam l ine at a mean distance 
of 5 m, corresponding to an angl e  with respect to the incident proton beam o f  10 
mrad . One modul e  o f  the CHARM calorimeter was d isp laced to the end of the decay 
region . It has an active area o f  3 x 3 m2 and is used to measure the energy of 
e l ect romagnet i c  cascades with a reso lution of bE/E < 0 . 3 0 for shower energies E > 
5 GeV . The decay volume is subdivided into three regions us ing two packs of 
proportional tubes ( P l  and P2 ) [ 5 ] .  Each pack consists of four p l anes o f  
proport ional d r i ft tubes , covering a surface o f  4 x 4 m 2  , preceded b y  a l e ad 
plate of 1 / 2  radiation length thicknes s .  In order to improve the angu l ar 
resolution of the shower and to better reconstruct the decay point , a low dens ity 
detector was added in front of the CHARM calorimeter modu l e . This compr ised three 
packs o f  proportional tubes (P3 , P4 and PS ) preceded by a p lane of scint i l l at ion 
counters (SC2 ) . The est imated angul ar resolution for an e l ectromagnetic shower is 
a few mrad . 

The detector was exposed to a neutrino f lux produced by 1 . 7  x 1 0 1 8  protons on a 
s o l i d  copper target and 0 .  7 x 1 0 1 8  protons on a laminated copper target with an 
effective density of 1 / 3  of s o l id copper . In the combined exposures , 2 1 000 
events were col lected s at i s fying the t r igger requirements :  no h it s  in the 
s c int i l lator p l ane SCl and a h it in at least 4 s c in t i l lator p lanes of the 
calorimeter module . These events include : cosmic ray events (a track not pointing 
to the scint i l lator p l ane SC l ) ,  paras itic events (tracks from neutrino 
interact ions in the CDHS and CHARM detectors or in the f loor) , beam associated 
muons and neutrino interact ions . The events recognized as neutrino interact ions 
having the shower vertex after the s c int i l lator p l ane SC2 were used to check the 
performance of the detector . We observe 340 ± 45 neutrino interactions . Based on 
the number of neutrino interactions found in the CHARM calorimeter 440 ± 50 
neutrino interactions were expected . 

The decay candidates were required to have at least one hit in the s c int i l l ator 
p l ane SC2 and a shower energy larger than 3 GeV . The s amp l e  was s canned to search 
for candidates which are cons istent with having two e l ectrons . The scanning 
criteria were : a )  in the case o f  s ingle hit in the s c int i l lator p lane SC2 the 
pulse height was required to be larger than that corresponding to the energy 
re leased by the pas s age o f  1 .  5 minimum ionizing part i c l e s , b) not more than 2 
tracks in the proport iona l - tube packs P3 , P4 and PS or in the calorimeter module 
and c) shower angle and energy compat ible with the decay o f  a heavy neutrino w i th 
mass b e l ow 140 MeV . No event s at i s fies these criteria . 

Assuming that the v1 coup les mainly to a s ingle mas s eigenstat e ,  an upper l imit 

can be s e t  on the mix ing angle U
e i

' The expected number o f  neutrino decay events 

in the decay region was computed according to the expres s ion : 

( 3 )  

N
F 

is the number of F mesons produced b y  protons i n  t h e  dump . It was computed 

from the number of prompt charged current muon neutrino events observed in the 
CHARM calorimeter [ 7 ] . During the exposure 1830 ± 250 prompt neutrino events with 
a muon in the f inal stat e  were co l l ecte d .  These events are produced essent i a l ly 
by muon neutrinos coming from the s em i l eptonic decay of D mesons (BR = 0 .  1 ) . A 
ratio o (pCu � FFX ) / o (pCu � DDX) = 0 . 2  was assumed . P [ F  � vt t ]  is the probab i l ity 



7 4  

o f  the F meson t o  decay into a heavy neutr ino ( B R = 0 . 0 3 ) . The factor A gives the 

fract ion o f  neutrinos that cross the decay region . The production of F mesons was 

s imulated by a Monte C a r l o  program assuming a d i s t r ibution for the Feynman 

variab l e  x corresponding to ( 1 - x ) 4 and a t rans v e r s e  momentum d i s t r ibution 

proportional to exp ( - 2 P  
t

) .  The f l ux o f  T neutrinos computed us ing this model 

agrees with the l imit  put in an ear l ier beam dump experiment [ 6 ]  on the number o f  

+ -
events induced by v

1
. P [ v � e e v

e J  
is the probab i l ity for the heavy neutrinos to 

decay in the f i du cial decay region , s c a l e d  from the decay mat r ix e l ement of muon 

decay . The l im i t  at 9 0�6 con f i dence l eve l on the square o f  the mix ing angle in the 

neutrino mass range 1 0 - 140 GeV is shown in Fig . 2 as a function of the neutr ino 

mas s ,  together w i t h  previous r e s u l t s  on ( U
e i

) 2 [ 8 ] , [ 9 ] , 1 0 ] .  

F i g .  2 Limits at 9 0% c . l .  on ( U  , ) 2 as 
e i  

a function o f  t h e  neutrino mass : 

a) l imits obtained in the proton 

beam dump experiment ; b) l im i t s  

obtained i n  t h e  wide band 

neutrino beam experiment ; c )  

l imits from s o l ar neutrino 

measurements [ S J ; d) l imits from 

the measurement o f  the branch ing 

rat io TI � v e [ 9 ] ; e) l im i t s  

obtained from t h e  s e arch for 

rnonoene rget ic peaks in the 

reg ion b e l ow the value p r e d i c t ed 

for zero mass neutrino in TI -+ v 
e decay [ 9 ] ;  f )  l im i t s  from the 

measurement o f  the branching 

ratio K � v
e

e 1 0 ] . 
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In the c a s e  of the wide- band neutrino beam exper iment , no as sumption was made 

on the nature o f  the heavy neutrino . The s e arch for "two e l ectron events " was 

performed in a samp l e  o f  1 . 3  x 106 neutrino and 1 . 4  x 106 antineutrino 

interact ions c o l lected in the CHARM ca l o r imeter [ 5 ] . The neutrinos and 

antineutrinos were produced by 1 .  4 x 10 1 8  and 5 .  7 x 1 0  1 8  protons on target 

respect ive ly . 
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Candidate events were se lected from those muon less events appearing a s  showers 
of narrow widt h ,  characteristic of showers initiated by e l ectrons and photons in 
the CHARM calorimeter [ 1 1 ] . The s e l ected events were required to have a shower 
energy E deposited in the calor imeter between 7 .  5 GeV and 5 0  GeV and a value of 
the variab l e  E 2 8 2  be low 0 . 54 GeV2 (8 is the ang l e  between the shower axis and the 
direct ion of the incoming neutrino ) .  
were s e l ected . 

3 3 1  neutrino and 769 antineutrino events 

The events surviving the s e l ect ion criteria are due to the fo l l owing known 
sources : 

a )  e l as t i c  and quas i - e l as t ic charged current events induced b y  the 
e l ectron-ne�trino contamination of the beam ; 

b )  events induced by the scatter ing o f  neutrinos on e l ect rons ; 
c )  neut r a l -current events with a 0 or a n °  i n  the final state produced 

by coherent scatter ing of muon neutrinos on nuc l e i ; 
+ -

d )  decay of heavy neutrinos into e e v .  

The d i f ferent distr ibutions in the four types of reactions in E 2 8 2 , [ a ) and c )  
are f l at } , and i n  the energy depos ited i n  t h e  first scint i l lator after the vertex , 
[ a ) and b) start with one charged part i c l e ] , can be used to disentang l e  the samp l e  
of events . 

We find that the number of events attr ibuted to heavy neutrino decay is 
compat ible with zero ( 1±41 events in the case of a muon partner and 1±49 events in 
the case of an e l ect ron partne r ) . 

From this result a l imit on the product of the mixing angles def ined in ( 1 )  can 
be obt aine d .  The exp<fcted number of neutrino decay events in the CHARM apparatus 
is computed according to the equat ion : 

N
TI 

and N
K 

are the numbers of TI and K decays . P [ n ( K )  � v
i+ · · l is the probab i l ity 

for n ( K )  to decay into a heavy neutr ino . It is proportional to the square of U
ei 

or to the square o f  U
µ i 

depending on whether the heavy neutrino is produced with 

an e l ectron o r  a muon . This probab i l ity is obtained from the probab i l ity for TI or 
K to decay into a zero mass neutr ino t imes a factor p depending on the neutrino 
mass m .  I n  the case o f  two body decay p takes care o f  the fact that for finite 
neutrino mass there is less suppress ion due to hel icity conservation than in the 
case o f  a zero mass neutrino [ l ] . The geomet r ical factors A

TI 
and A

K 
give the 

fraction o f  the heavy neutrinos from TI and K decay cross ing the CHARM detector . 
+ -

P [ v
i 

� e e v
e ]  

is the probab i l ity for the heavy neutrinos to decay in the fiducial 

volume of the detector . The decay l ength is 12 m .  The global effic iency of the 
cuts appl i ed in the ana lysis ( t )  includes the e f f i c iency to s e l ect e l ect romagnetic 
showers induced by two e l ectrons and the e f f ic iency of the shower energy cuts . 
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The l imits at 90% c .  l .  on (U
e i

) 2  and on (U
e i

U
µ i

) in the neutrino mass range 

1 0 - 140 MeV are shown in Figs . 2 and 3 .  The l imits on (U . U . ) cannot be direct l y  
e i  µi 

compared with publ ished l imits because they refer on ly to (U . ) 2  and (U . ) 2 [ 8 ] , 
e 1  µ 1  

[ 9 ] , 1 0 ] , [ 1 1 ] , [ 1 2 ] , [ 1 3 ] . 

Fig . 3 Limits at 90% c . l .  on (U . U . )  
e 1  µ i  

a s  a function of t h e  neutrino 
mass from the WBB exper iment . 
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In conclusion ,  there is no evidence for the decay into two electrons of heavy 
neutrinos with masses in the range 1 0 - 140 MeV . 
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ABSTRACT: An exi sti ng neutr i no detector (CCFR ) and a speci al ly  con­
structed second detector are used to search for a di sappearance of 
fl ux from the narrow band muon neutrino beam at FNAL . The detectors 
are l ocated 71 5m and 1 1 1 6m from the source of 40-230 GeV neutr i nos , 
thus mak i ng  the experiment sens i ti ve to the osc i l l at ion parameters 
1 0<om2<1 000 eV2  for s i n 22e�0 .05 . A report on the status of the data 
analys i s  is presented . 

7 7  
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THEORY A N D  I NS I GHTS 

The consequences of a neutr i no mass and a uni tary m ix ing  matri x have 
been frequentl y  di scussed i n  recent years 1l. For three l epton generations 
the neutri no mass  e i genstates are v = � U .v . ,  a=e ,  µ , T , j = 1 , 2 , 3  a J UJ J 
where U conta ins  three mi x i ng angles  and one CP v i o l at i n g  phase defi ned 
in the same manner as  that for the Kobayashi -Maskawa mi x i ng  of quarks . 
The CP v io l ation wou l d  be evi denced by a di fference i n  the osci l l at i on 
rates for v 7V , v 7 v . µ e µ e 

Evo l u t i on of a pure mass  ei genstate proceeds as e- i Et . I f  the neu­
trinos possess energi es much l arger than the i r  masses , the probabi l i ty 
ampl i tude for observ i ng muon neutrinos at a d i s tance L from a pure v 

2rrl µ 
source i s  A ( v  7 v ) = l - A1 2  [ l -cos (-L -) ] µ µ 1 2  

- A1 3  [ l -cos (�rrl ) ]  
1 3  

- A23 [ l -cos (�rrl ) ]  
23 

In the preceding equat ion the A ( I J )  are functi ons of the four m ix ing  
parameters , and  the  osci l l at ion l engths a re defi ned as  

4rrE 4rrEV � - v - -J m2 -m2 om\ j v .  v .  , J 
I f  one of the osci l l ati on channel s  C domi nates , the A ( I J ) ( I ,  J f C )  
are sma l l ,  so the i ntens i ty correspondi ng  t o  Equation l reduces to the 
si ngl e harmon i c  form 

( l ) 

( 2 )  

P (v 7 v ) = l - s i n 2 2e s i n 2  ( 1 · 27
E

0m2 L ) , ( 3 )  µ µ v 
where o m2 i s  i n  eV2, L i n  km and E i n  GeV . The effect of an osci l l at ion 
i s  maximal  when 1 . 27 o m2 L/ E  i s  near rr/ 2 ;  therefore , a fi gure of mer i t  
for the measurement of o m2 i s  rea l i zed i n  E/L . The FNAL neutri no beam 
area ( E/l  = 50 )  i s  sen s i t i ve to o m2 i n  the 1 0  - 1 000 eV2 range . The CERN 
PS ( E/L  = 3) to l - 10 eV2 , reactors ( E/ l  = 1 )  to 0 . 1 -5 eV2, and so forth . 
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Osci l l ations can b e  detected from an  i n i ti a l l y  pure beam o f  v 
µ 

ei ther by excl u s i ve l y  searchi ng for ve and vT downstream of the source , 
or by measuri ng a di sappearance of the vµ fl ux as a funct ion of di stance 
from the source . Upper l i mits  on the channe l s  v +v 2l and v +ve 3) have 

µ T µ 
been set by excl usi ve experiments for om2 rough ly  between 1 0  and 1 000 eV2 
and e l a rger than 7 to 1 0 ° .  However,  recent resu l ts from a S decay 
experiment 4 l i nd i cate an  e l ectron neutri no mass of 14 to 46 eV . Further 
evi dence for neutri no masses in th i s  range is suggested by astrophys i ca l  
measurements of an  abundance of  dark matter i n  the  un iverse . s ) 

The excl u s i ve measurements , however,  are not sens i ti ve to the osci l ­
l at ion channe l s vµ+vx , where x refers to any new generation havi ng a 
charged l epton too mass i ve to be produced i n  present neutri no beams . 
S i mi l arly,  the exc l us i ve searches are i nsens i ti ve to the osci l l at i ons 
vµ+(vµ )L in wh i ch the l eft handed anti neutrino is s teri l e  by vi rtue of 
i ts sma l l  V-A coupl i n g .  Di sappearance experiments are sen s i t i ve t o  both 
of these osci l l at ion channe l s .  

I n  general , we do not expect the mi xi ng  ang les  to be l arge . I f  the 
Cabbi bo angl e i s  to be con s i dered as i nd i cati ve of poss i b l e  mi x i ng  i n  
the neutri no sector ,  then a n  experi ment s houl d b e  sens i t i ve to e o n  the 
order of  l 3° ( s i n 2 ( 28 ) =0 . 2 )  or  sma l l er .  We have , therefore , performed 

a di sappearance experi ment sens i ti ve to 8�6 ° i n  the range 
1 OOO>om2>1 0 eV2 • 

THE NEUTRINO L I NE AND DETECTORS 

An overv i ew of the FNAL neutri no l i ne and the two detectors rel evant 
to thi s experiment is g i ven in F i g .  1 .  The narrow band di  chromat ic  
tra i n 6 l se l ects monoenergetic  p i ons  and  kaons w ith in  an 1 1 % momentum b i te 
i n  the range of 1 00 GeV/c to 250 GeV/ c ,  which decay i n  a 352m evacuated 
decay pi pe .  The hadrons and muons are absorbed i n  an al umi num and i ron 
beam dump fol l owed by i ron i mpregnated earth berm . Two mon i tori ng sta­
tions  were l ocated 1 37m and 292m i nto the decay pi pe .  The downstream 
stati on housed a segmented -wi re-i oni zati on -chamber ( SWI C )  for measurement 
of the beam profi l e ,  an ion  chamber for count ing  the charged part i c l e  
fl ux , a n d  x- and y- ( transverse ) spl i t  pl ate i on chambers t o  track and 
enabl e s teeri ng of the beam wi thi n 2cm of the nomi nal  center l i ne at  the 
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NEUTRINO OSCILLATION EXPERIMENT 

LAB E DETECTOR 

11-,K 
,,, «.-om � OECAY PIPE 

�IELDING 
'-715m 

DER BUILDING DETECTOR 

Fi g .  1 .  General l ocation of the Wonder Bu i l d ing  and Lab E 
detectors i n  the Fermi l a b  neutrino beam . 

downstream detecto r .  The upstream station conta i ned s imi l ar SW I C ,  i on 
and spl i t  pl ate chambers , as we l l  as a fourth space whi ch accommodated 
ei ther an RF-cav i ty fl ux moni tor ( normal ly  i n ) , a scann i ng x-y sc int i l l a ­
tor , o r  a Cherenkov vessel for measuring the part i c l e  compos it ion  of the 
beam . 

The target centers of the two detectors were l ocated 89lm ( the Won­
der Bu i l di ng )  and 1 292m ( Lab  E) from the upstream end of the decay p i pe .  
Both detectors con s i sted of a target cal orimeter i nstrumented wi th spark 
chambers , fo l l owed by a toro i d  muon spectromete r .  Fi gure 2 shows the 
apparatus in Lab E and the Wonder Bu i l di n g . The Lab E target cons i sts of 
56 sci nti l l at ion counters measuring  3m x 3m x 2 .5cm and v i ewed by four 
photomul t i pl ier  tubes through  wavel ength -sh i fter bars . The 56 Wonder 
Bui l d i n g  target counters a re constructed of doped acryl i c  measuri ng l . 5m 
x 1 .5m x 2 .5cm , v iewed by two phototubes through waveshi fter bars . 
Counters were pos i t ioned after every l Ocm of s teel pl ates having  the same 
transverse d i mens i ons  as the counters ; each target had 1 1 2  i ron pl ates 
for a total target mass of 444 metric  tons in Lab E and 1 08 tons in the 
Wonder Bu i l di ng .  Mi n i mum i on i z i ng muons from the beam were used to ca l i ­
brate the counters ; i n  add it ion , the Lab E detector had been cal i brated 
with a hadron beam in an earl ier  experiment . A hadron energy resol ut ion �E= 
0 . 9 /E GeV was real i zed i n  both cal orimeters for hadron showers having  a 
vertex at l east 1 2cm from the edge of the counters . The detectors are 
descri bed in greater detai l in References 7, 8 ,  and 9 .  
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Fi g .  2 .  S i de v i ews of the two detectors . The transverse 
sca les  are in the rat i o  l . 56 ( L . E . / W . B . ) .  B ro ken l i nes i ndi cate 
spark chambers . 

A 3m x 3m s park chamber was l ocated after every 20cm of steel i n  the 
Lab E target , whi l e  the Wonder B u i l d i ng  had 3m x l . 5m chambers for every 
30cm of steel . These chambers were read out magnetostri cti vely wi th a 
resol uti on of 0 . 5  mm . The muon s pectrometer i n  Lab E con s i sted of three 
segmented steel toroi ds measuri ng  2m rad i us by l . 6m l ong , wi th a 7 . 5cm 
rad ius  center bore for the coi l s .  Each toro i d  was i nterl eaved wi th doped 
acryl i c  sci nti l l ators every 20cm of stee l , and was fol l owed by f i ve spark 
chambers . A total transverse momentum k i c k  of 2 . 4  GeV/c was rea l i zed by 
the three toro i d  system, g i vi ng an 1 1 %  muon momentum resol uti on i n  the 
7 to 400 GeV/c range . A s i ngl e toro i d  magnet measuri ng  l . Sm radi us by 
2 . 4m and hav i ng a l . 2  GeV/c transverse momentum k i ck was used i n  the 
Wonder Bui l d i n g . Thi s magnet was fol l owed by s i x  p l anes of spark cham­
bers and provi ded a resol ution  of 1 5% .  

B l  

Two tri gger cond i t i ons were used t o  obta i n  the charged current events 
to be used in the first  round neutr i no osci l l at i on analys i s .  A "muon 
tri gger" requi red a s i gnal in counters TO and T2 ( i ndi cated in Fi g .  2 ) ,  
no s i gnal  i n  a charged part i c l e  veto counter precedi ng the targe t ,  and 
at l east  one mi n i mum i on i z i ng s i gna l in the target cal orimeter . The T2 
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condi tion  assured that the muon cou l d  b e  momentum analyzed . The " pene­
tration  trigger" requ i red that 5 GeV be measured in  the cal orimeter i n  
assoc i at i on wi th a t  l ea s t  one muon penetrat ing  2m o r  more o f  s teel . Other 
tri ggers were a l s o  in operation  for the l onger range goal of cross sec­
tion and s tructure functi on meas urements . 

DATA ANALYSIS 

Our i n i t ia l  osci l l at i on ana l ys i s  mi n i m i zes the systemat ic  errors by 
worki ng wi th rati os  of events at the two detectors . Consequentl y ,  a 
knowl edge of the neutri no fl ux i s  needed only  i n  o rder to correct for 
detector l i vetime s .  The analys i s  i s  restri cted only  t o  events from 
a ppropri ate ly  sca l ed f iduc ia l  vol umes i n  the two detectors ; the scal i n g  
i s  done as  i f  a l l t h e  neutri nos ori g i nated from the center of the decay 
p i p e .  Th i s  na ive assumpti on  about the neutri no ori g i n  i n troduces a 
paral l ax error of 1 -3% i n  the event rati o s ,  wh i ch can be corrected u s i ng 
a more soph i st i cated cal cu l ation . Each event i s  projected to a corre s ­
pond i n g  poi nt  i n  the target o f  t h e  other detector ;  events are accepted 
only if they sati sfy the trigger and software requ i rements in both de­
tectors . 

The beam center was determi ned to better than l cm from the vertex 
d i stri bution  of smal l -angl e p ion  neutrino  events . We then requ i red that 
the x -y vertex of a n  acceptab le  event be wi th i n  57cm of the beam center 
l i ne in the Wonder B u i l di n g ,  and wi th i n  89cm at Lab E .  These rad i u s  cuts 
on the 37 counters and steel p l ates that defi ne the f iducia l  vol umes l ead 
to f iducia l  target masses  of 33 and 83 metr i c  tons  for the Wonder B u i l d i ng 
and Lab E ,  respec t i ve l y ;  rough ly  equa l event rates were measured i n  the 
two detectors wi th these vol ume s .  

The data fo r th i s  experi ment were recorded between January and J u l y  
of 1 982 . Pos i t i ve secondary part i c l es were produced wi th tra i n  sett i ngs  
of 1 00 ,  1 40 ,  1 65 ,  200 and 250 GeV/c , for a total o f  3 . 4  x 1 0 1 8  protons 
on target . The strict  cuts l i sted i n  
of data from prob lemati c run peri ods , 
detectors be " l i ve "  s imu l taneous l y  
data ) reduced t h e  usabl e data to 
p i on events at Lab E ,  and 8 x 1 03 

the prev i ous  secti on , e l imi nation  
and the condi t i on that both 

( th i s  exc l uded 20% of the 
8 x 1 03 kaon and 23 x 1 03 

kaon and 21 x 1 03 p i on 
events at the Wonder B u i l d i n g .  These numbers perm i t  a stat i s t i cal 



accuracy of about 4% on the two-l aboratory rat i o  of charged current neµ­
trino events when they are d i v i ded i nto 1 0  neutr i no energy b i n s . 

Systemati c errors affecti ng the rat i os ari se from the l ength of the 
decay p i pe ,  any poss i bl e  offset i n  the two detector center l i nes , and 
pos s i bl e  var iat ions  in the reconstructi on effic iencies for the two de ­
tectors . Estimates of these effects i ntroduce errors on the data of 
about 1 % .  I n  addi tion , there are smal l uncerta i nt ies  total l i ng about 1 %  
from the rel ati ve target dens i ty between the l abs ( 4% l a rger i n  

Lab E ) ,  the detector l i vetimes ( 97% o r  l a rger)  and veto deadti mes ( typ i ­
cal l y  0 . 5% i n  Lab E and 1 . 5% a t  the Wonder Bu i l di ng ) . 

A study of the i n tegri ty of our ful ly  processed data has not yet 
been compl eted ; howeve r ,  one can get an i mpress i on of the s tat i st ical  
power of the experi ment  by exam i n i ng a Monte-Carl o generated osci l l ation  
s i gnal us ing  the  stat i s ti c s  obtai ned in  the  real data . Fi gure 3 dep i cts 
the rat io  of Lab E neutri nos to Wonder Bu i l di ng neutri nos as  a function 
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o f  neutri no energy for the hypot�eti cal va l ues om2 = 380 eV2 and e = 1 3° .  
Fi gure 4 shows the l imi ts ( 90% C . L . )  that thi s experiment can pl ace on 
om2 and e in the absence of any observed si gnal g i ven the stati stics of 
F i g . 3 .  
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A p rogress report o f  the CDHS and CHARM exper iments measuring 
v-os c i l l at ions at the CERN PS is presented . Expected rates and upper l imits 
for the v - mass differences and mixing ang les are also given . 
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Recent l y  the interest i n  neut rino osc i l l a t i ons i )  has prompted s ev e r a l  new 
experiment s ,  aimed at obtaining new upper l imits on the v mass d i f ferences and 
mixing angl es . I wish to report here the p r e s ent s t atus of two such expe r iment s , 
the CDHS and CHARM , p e r formed at the CERN PS generated neutrino beam and 
s earching for vµ o s c i l l at ions . 

Very b r ie f l y ,  neutrino o s c i l l at ions are a quantum int e r f e rence e ffect where a 
neutrino o f  a given f l avour w i l l  acquire with t ime components of d i f f erent 
f l avour neutr inos , as a consequence of having a non -zero mas s 2 ) . Thus s ince in 
the s t andard mod e l  neut r inos a r e  supposed to be mas s - l e s s , one does not expect in 
this mod e l  any os c i l l at ions . R e s t r icting ou r s e lves to the s imp l e  case of 2 
neutrino f l avours on l y ,  s ay v

µ and ve , and neglect ing a l s o the theoret i c a l l y  l e s s  

probab l e ' ) cas e o f  o s c i l l at ions into ant i -neut r inos , one obtains a s imp l e  formu l a  
f o r  t h e  appearance probab i l ity o f  o n e  f l avour neutr inos in a beam o f  t h e  other 
f l avour , a s  a funct ion o f  t ime ( di s t an c e )  and mixing ang l e  8 :  

p (vµ 
� ve ) = s in 2 2 8  x s in 2 ( 1 . 2 7 x L6m 2 / Ev )  ( 1 ) . 

The un i t s  in eq . ( 1 )  are as f o l lows : the d i f ference of the squares of the 2 
neutrinos , O m 2  = m2 1 -m2 2 , is in eV2 ; the neutrino energy Ev is in MeV and the 
distance f rom the neutrino source , L ,  is expressed in metres . It is c l ear from 
eq . ( 1 )  that the f i r s t  minimum in the vµ f lux occurs at a dis tance L such that 
L/Ev l / 6m2 , and its value at the min imum is ( l - s in 2 2 8 ) .  Thus , from 
s imu l t aneous measurements at two dis t ances and severa l neut r ino energies Ev , one 
can determine both 6m2 and s in2 2 8 . 

The s e t  up of the p r e s ent experiments is shown in f igure 1 .  The PS proton 
beam s t r ik e s  a 6 0  cm long Be t arget fo l lowed by a 50 m long decay tunne l ,  which 
is terminated by Fe absorbers , concr e t e  and earth . About 140 m downst ream are 
p l aced the s o - c a l l ed near detectors (3 modu l e s  out o f  1 3  for CHARM and 4 out of 
1 9  for t h e  CDHS detectors ; for det a i l s  s e e  re f .  3 ) . About 8 8 0  metres further 
down s t ream are p l aced the s o - c a l led FAR detecto rs , which are the rest of the CDHS 
and CHARM detectors , l e f t  in t h e i r  o r igina l pos i t ion . S ince the runs are bare 
target runs (no horn o r  other focusing ) ,  the s imp l e  - l /R 2  law for the intensity 
decrease w i th dis tance from t arget s e rves as a good approximat ion . For the 
present s e t -up this means an intens ity drop at the far detector by a factor of -
3 0 ,  which is reduced to about 1 3  ( fo r  both exper iment s )  s ince the FAR detector is 
more mas s ive than the Near (by - factor 3 ) . S ince the v - beam in the p r e s ent 
experiment s ' ) wi l l  y i e l d  reasonab l e  rates for Ev - 0 . 4 - 4  GeV , from eq . ( l )  the 6m2 
region covered w i l l  be - 0 . 4  to 4 eV2 . 

Neutrino o s c i l l at ion experiments are us u a l l y  l im i t ed ' ) by sys temat ic er rors 
s ince they invo lve bas ica l ly a comparison between two or more experiments 
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per formed under d i f fe r ent condit ions . The p r e s ent s et -up reduces most of t h e  
systemat ic errors , which , we hope , wou l d  be n o  more than - 3% . 

1 .  The expos u r e  o f  both detectors i s  s im u l t aneous , and thus beam int ens ity 
uncertainties w i l l  can c e l  out to a l arge extent . 

2 .  The neut r ino beam is s imp l e  and thus e r rors in the l / R 2  factor as we l l  as 
t ho s e  a r i s ing from the fact that the two detectors substend d i f f e r ent 
s o l id ang l es , are minima l .  

3 .  The modu l e s  i n  the Far and Near detectors are qu i t e  ident i c a l  and t o  make 
the detectors more s im i l a r  the Near detector was p l aced with its axis at 
22 ° to the v beam , which i s  t h e  ang l e  at which the Far detector ax is 
( facing the SPS v -beam) i s  away from the PS v beam (see f i g . l ) . 

We can e s t imate now the new l imits that the pres ent experiments can put on 6m2 
and s in2 2 8 . The exposure took p l ace from 1 5  February to 30 March 1 9 8 3 . We 
obtained a t o t a l  o f  about 1 . 1 0 1 9  protons on t arget (- 1 .  2 . 1 0 1 3  p/pu l s e )  and 
the t o t a l  number of v interact ions ins ide the f iduc i a l  v o l ume for the t\o/O 
exper iments i s  rough l y  as fo l lows ( the tonnage o f  the fiduc i a l  vo lume i s  a l s o  
given ) : 

Near detector Far detector 

CDHS 1 5 0  tons 80 , 000 events 500 tons 7 , 000 events 
CHARM 30 tons 25 , 000 events 100 tons 2 ,  000 events 

c l e a r l y ' ) CDHS w i l l  have more event s , but CHARM w i l l be a b l e  to measure l ower Ev 
event s . 

The p r es ent exist ing ( 90% c .  l . )  l im i t s 1 ) a r e  shown in f i g . 2 ,  whe r e  6 m 2  i s  
p lotted vs . s in 2 2 8 4 _ 7 ) . The channel which so f a r  h a s  n o t  been so we l l  exp l o r ed 
is the o s c i l l at ion v)l v 1 , to which the new exp e r iments w i l l  contribute most 
(CERN ' 83 ,  dashed l in e ,  in fig. 2 ) . However , even in the r e l at iv e l y  we l l - covered 
s ector v e � v)l , the CHARM exper iment ( and more s o  the forthcoming BEBC experiment 
at the s am e  beam) cou l d  improve the l im i t s  in the 6m2 region of 1 - 2  eV2 and sma l l 
s in 2 2 8  ( . 1 - . 2 ) , by s ea r ching for appearance Of ve events in the far detecto r . I t  
shou ld be noted that s ince neut r a l  current (NC ) interact ions i n  t h e  CHARM 
detector are eas i l y  recognizeab l e , CHARM can a l so measure the N C / C C  ratio in both 
detectors , which is s ens itive to v - o s c i l l a t i ons , and is a lmost free o f  any 
systemat ic error s . 

I am g r a t e f u l  to CERN for its kind hos p i t a l ity and I wish to thank many of my 
co l l eagues for int eres t ing d i s cu s s ions . wish a l s o  to thank the 
Minna-Jam e s - H e ineman S t i ftung o f  Hannover for their kind support . 
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Abstract 

The fi rst  part of th i s ta l k  i s  an  exper i mental rev i ew of the 
properti es of the 8 meson . Res u l ts or  upper l i mi ts come from 
radi at i ve J/� decays and yy scattering  for the fi na l  s tates 
nn , nn , KK and pp .  I n  the second part , an upper l im i t  i s  gi ven 
for the product ion  of l ow-mass parti c le s  i n  rad iat i ve J/� 
decays . Constra i nts for the exi s tence of l ow-mass  gl uon i c  
and Hi ggs mesons are der i ve d .  
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1 .  I ntroducti on 

The i nves ti gation of rad i at i ve J/� - decays has in recent years l ed to a num­
ber of i nteresti ng resu l ts in o l d-fash ioned , non-charm phys ics . The h i gh l i ghts 
were the d i scovery of two new mesons , the 81 and the T2 • Al though these me­
s ons have perfect ly norma l quantum numbers , they are unusual in two ways : 
F i rs tly ,  they are unexpected , i . e .  they do not fi t i n to exi st i ng  mu l ti p l ets 
in the na i ve quark model ; second ly ,  they are produced in a channel in wh i ch 
no cons ti tuent quarks are transferred from the i n i ti a l  to the f ina l  state , 
whereas they do not seem to be produced cop i ous ly  i n  "norma l "  hadron i c  reac­
tions 3 . There have been many s pecu l ations that the i r  ma i n  consti tuents are 
g l uons 5 

Recent resu l ts from S PEAR come from two experiments , wh ich  are both running  
at other storage ri ngs now :  Crystal Ba l l  and  Mark ! ! . ( Crys ta l Ba l l  i s  now 
runn ing  at DORIS ,  Mark I I  at PEP .  A new experiment ,  Mark I I I ,  i s  now runni ng 
at S PEAR , but there are no resu l ts at the time of th i s  conference). In the on­
goi ng analys i s  of SPEAR data , rad i at i ve J/� - decays p l ay a major rol e  i n  
both groups . I wi l l  present here a necessari ly  bi ased sel ecti on o f  recent 
resu l ts .  In the fi rst  part,  I wi l l  g i ve an overvi ew of the present experi ­
mental knowl edge of the 8 meson . I n  the second part,  I wi l l  present an upper 
l im i t  on the producti on of l ow-mass rr pa irs  in rad i ative J/� - decays and 
d i s cu s s  l imi ts on l ow-mass g l uon i a  or  l ow-mass Hi ggs mesons . 

2 .  Brief Characteri zati on of the Experiments 

The Crysta l Ba l l 6  is a nonmagneti c detector speci a l i zed in the detecti on of 
e lectromagneti cal ly showering parti c l es . I ts ma i n  part i s  a segmented array 
of Nal  (Tl ) s hower counters arranged spher i ca l ly around the i nteract i on poi n t .  
I t  covers 9 3 %  o f  4rr sol i d  ang l e .  The energy resol u ti on i s  crE/E = 2 . 6%/E 1/4 • 
Nal  (Tl ) endcaps cover an addi ti onal 5% of 4rr . I ns i de the ma i n  sphere there 
are two cyl i ndri cal spark chambers and one mu l tiwi re proporti onal chamber 
for the detecti on of charged parti c les and for measurement of the i r  angl es . 
The Crystal  Bal l has taken a data samp l e  correspondi ng to 2 . 2  x 10 6  produced 
J/\j! ' s .  

Mark 1 1 7  i s  a magneti c detector which  uses 1 6  cy l i ndri cal l ayers o f  dri ft 
chambers as i ts ma i n  dev i ce to track charged parti c le s . The momentum resol u­
t i on is  crp 2/p2  = ( 1 . 5% ) 2 + ( 0 . 5%p ) 2 . 0u ts i de of th i s  there is  a l ayer of s c i n ­
ti l l at i on counters used t o  measure the time-of-fl i ght ( ToF )  of charged par­
ti c l es . I t  can di s ti ngui sh  pi ons from kaons be l ow 1 . 3  GeV/c at the one-stan-
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dard-devi ation l evel . Outs i de of  the magnet coi l  there are l ead- l i qu i d-Argon 
shower counters wi th an energy resol uti on of oE/E = 14%/E 112 • The effi c iency 
for l ow-energy photons i s  l ow ,  i t  reaches 50% of the maximum effi c iency at 
about 200 MeV .  Mark I I  has 1 . 3  x lo6 J/ijJ ' s .  Only ha lf  of these data , however,  
were taken wi th operati onal shower counters . 

It i s  cl ear that the strengths of the two detectors are compl ementary : The 
Crystal Bal l i s  good at detecti ng photons and neutral hadrons decaying i nto 
photons , whereas Mark I I  i s  good at detecting charged hadrons . 

3 .  What Do We Know about the e Meson? 

3. 1. J/ijJ + ynn 
The e meson was d i scovered by the Crystal Ba l l  i n  radi ative J/ijJ - decays 
through i ts decay mode i nto nn 1 • Fi g .  1 shows the nn mass di stri bution .  The 

curves show fi ts to the h istogram 
whi ch i ncl uded a Brei t-Wigner func­

_ 6  
� "' 
"' 0 � 4  
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� z w > 
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1.0 1.5 

M,, IGeV) 

Fi g .  1 .  

2.0 2.5 

tion to descri be the e and a constant 
term for the background. The broken 
curve i ncl uded also a Brei t-Wigner 
functi on for the f' ( 1 515 )  meson wi th 
mass and wi dth as g i ven by ref .  4 .  
There was no stati sti cal ly s i gn if icant 
evi dence for f '  producti on , and the e 
parameters found by the two fi ts a­
greed withi n errors . The fi tted e pa­
rameters ( from the fi t i ncl udi ng f ' }  
were : 

Me = ( 1670 ± 50) MeV 
re = ( 160 ± 80) MeV . 

nn mass di stri bution i n  the reacti on The rate of e producti on was measured 
J/ijJ + ynn ( Crystal Ba l l ) .  The curves to be : are expla i ned i n  the text.  

BR(J/ijJ + ye) x BR(e + nn ) = ( 3 . 8  ± 1 . 6 )  x 10 -4 • 
We know from i ts production and decay mechan i sm that the e mus t  have pos i ti ve 
G and C parity and zero i sosp i n .  The spi n and pari ty JP are restri cted to the 
series o+ , 2+ , 4+ , . . .  The Crystal Bal l analyzed the angul ar d i stri bution 
and found that spi n 2 was favoured over sp in  0 with a l i ke l i hood ratio of 
1 : 0 . 045 .  Hi gher spins were not consi dered. It has to be noted that the l i ke­
l i hood rati o does not take systemati c errors i nto account . 
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Both the Crystal  Bal l and Mark I I  have l ooked for other decay modes o f  the 8 .  N o  
s i gna l  was found for the decay i n to rrrr . The Crysta l Ba l l  found  an  upper l imi t of 
BR(J/ljJ ..,_ y8) x BR(8 ..,_ rrrr) < 6 . 0  x l0- 4 ( 90% C . L . )  u s i ng the reaction J/ljJ _,. y rr o rr o  
( see Fi g . 8  ) .  Mark I I 8  found thi s number to be < 3 . 2  x 10-4 ( 90% C . L . ) us i ng 
charged pi ons . Mark I I  d i d  fi nd s i gna l s  cons i stent wi th 8 i n  the KK and pp de­
cay modes . 

3 . 2 .  J/ljJ ..,_ yK+K-

To i nves ti gate the reacti on JN ... yK+K- 8 , events were sel ected wi th two oppos i te­
ly charged parti c les  which had a ToF cons i s tent wi th that expected for kaons . A 
major background comes from the react io� JN->- K+K-rr 0 , whi ch was s hown to be most­
ly due to J/ljJ+ K±"K+ . Most of these events cou l d  be removed by req u i ri ng that the 
kaons be acol l i near by at  l eas t 30° . The m i s s i ng mass was requi red to be cons i ­
s tent wi th O .  From here on , two di fferent methods were used . I n  method I ,  i t  
was requ i red that one photon shower was observed i n  the l i qu id-Argon shower coun­
ters . The mi s s i ng vector was computed from the two charged tracks . I ts component 
transverse to the di rection of the observed s hower ,  Pty • i s  expected to peak at 
zero for K+K-y events , whereas it has a broad,  f l at  di stri buti on for K+K-rr0 e­
vents in wh i ch one of the decay photons of the rr0  has escaped detect i o n .  Pty was 
requi red to be l ess  than 40 MeV . F i na l l y ,  a k i nemati c fi t wi th 4 cons tra i nts was 
done and events with  x2 < 1 5  were kep t .  The resu l ti ng K+K- mass spectrum i s  
shown i n  F ig . 2 .  I t  s hows a peak wi th posi tion and wi dth compat i b l e  wi th the 8 .  
The two curves represent fi ts anal ogous to those shown i n  Fig . 1 .  The background  
term turned out to be  compati bl e with 0 .  

N' � 8 
<CJ 
8 6 
0 
� 4  f­z � 2 
w 

1 .0 1 . 5  2.0 
MK+K- (GeV/c2) 

Fi g .  2 .  

2 . 5  
43.(5A29 

K+K- mass d i s trib�ti on i n  the re­
acti on  J/ljJ _,. yK K (Mark I I ,  method 
I ) .  The curves are exp l a i ned i n  the 
text . 

Method I y ie l ded a very c lean ,  but 
sma l l data s amp l e .  I t  was i nvestigated 
whether one cou l d  i ncrease the data 
samp l e  wi thou t i ncreasi ng the back­
ground to unacceptab le  l evel s by l oosen­
i ng some of the cuts . I n  parti cu l ar ,  i f  
Mark I I  can d o  wi thou t detect i ng the 
photon , they g a i n  not only by the i n­
crease i n  geometric acceptance by a 
factor of 1 . 5 ,  but a l so because they 
can use the data taken wi thout operati ­
onal s hower counter .  W i th the other 
cuts essenti a l l y  the same , th i s  was 
ca l l ed method I I .  There a re severa l 
known and unknown sources of backg round 
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w h i c h  enter the event samp l e  of method I I .  Radi at ive Bhabha events , w h i c h  are 
harder to i dentify wi thout the shower counter ,  cons ti tute 10% of the event s amp­
l e .  These events tend to be peaked both at  the h i ghest and the l owest  masses , on­
ly 1 %  is  expected to be in  the 8 mass reg i on .  Another backgrou n d  comes from J/w 

* +* - + - + -
-> K K .  The reacti on JN -.. K- K• -> K K 11° i s  a background at h i gh K K masses . The 

N 

reacti on w -.. K 0*K0 , where the K 0  decays 
20 i nto neu tra l s  and the K 0* decays i nto 

� ! 5  
K±�F,  enters the data s amp l e ,  when the 
p i on i s  m i s i denti fied as a kaon . Th i s  
fake - K+K-mass peaks a t  around 1 050 MeV . 
More background may come from mu l ti par­
ti cl e f i na l  s tates and other unknown 

"' 
,., 0 
ci 10  < VJ r­z � 5 sources . w 

1 .0 1 . 5 2.0 
M K + K- (GeV/c2) 

2 .5 

�3�5A32 

Fi g .  3 s hows the resul t i ng K+K- mass 
p l o t .  As expected , there is more back­
ground than in Fi g .  2,  but  a l so a bi gger 

Fi g .  3 .  8 s i gnal . There i s  a l so some evi dence 
K+K- mass di stributi on in the reac- for f '  produ cti on . A fi t anal ogous to 
ti on J/w _.. yK K (Mark I I ,  method I I ) . the one represented by the broken curve The curve i s  from a fi t anal ogous to 
the broken curves i n  Fi g s . 1 and 2 .  i n  Fi g .  1 y i e l ded the fol l ow i ng re-

s u l ts : 
MG = 1700 ± 30 �1eV r8 156  ± 20 MeV 
BR( J/w -> y8) x BR (G -> K+K- ) = ( 6 . 0  ± 0 . 9  ± 2 . 5 )  x 10-4 • 

The f i r st  error i s  s tati s ti cal , the second sys tema ti c .  The background i n  the 8 
reg ion  was about 25% of the events . 

Whereas the l arger samp l e  was used to determ i ne resonance parameters , the 
c l eaner samp le  of method I was used to do a s p i n  determi nation wi th the same 
method as used by the Crystal Ba l l .  The resu l t i s  that s p i n  2 i s  favoured over 
s p i n  0 by 1 : 0 . 22 .  If sys temati c errors cou l d  be negl ected , one cou l d  mu l t i p ly 
thi s l i kel i hood rat i o  wi th the one from the Crystal Ba l l  to obta i n  an overa l l  
confi dence l evel . Howeve r ,  systemati c errors are not eas i ly expressed i n  terms 
of l i ke l i hood rati os , and i t  has not been done here . Furthermore , there i s  at 
l east  one poss i bl e  common erro r :  Both data samp l es may conta i n  f '  events , 
wh i ch are known to have s p i n  2 and wh i ch wou l d  s h i ft the l i kel i hood rat i o  i n  
favour of sp i n 2 .  

3 . 3 . J/w -> Y P o P o 

To i nvesti gate the reacti on J/w -> yp 0 p 0 9 ,  Mark I I  has l ooked i nto the final  
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state y rr+rr+rr-rr- . The method used to sel ect these events was s im i l ar to method I 
descri bed i n  the previ ous  paragraph : Events were sel ected wi th one observed pho­
ton and four charged tracks cons i s tent wi th pi ons accord i ng to ToF. The m i s s i ng 
mass recoi l i ng aga i nst the charged parti cl es was requi red to be cons i stent w i th 
zero . The rema i n i ng background after these cuts i s  the channel rr0rr+rr+rr-rr- , which 
has the h i ghest branch i ng rat i o  of a l l hadron i c  J/w - decays . I t  is  reduced by a 
cut i n  Pty · The rema i ni ng background of about 40% of the samp l e  i s  subtracted 
usi ng events wi th h i g her Pty as background samp le  and us i ng the known shape of 
the Pty d i s tri buti on for norma l i zati on . 

1 .2  

N' 
� � <.:> o.e 
I 

+"' ... ::E 0.4 

o .__.._..._.__.__.__.___..___..___..����� 0 0 .4 o .e 1 . 2  

6 - 8 2  

( b )  

0 

•, . . . . . ·.· 

0 .4 0 .8 1 . 2  

4:268A8 

Fi g . 4 . Scatterp l ot of a) rr+rr- vs. rr+rr- mass and b) rr+rr+vs. rr rr mass i n  the 
reacti on J/w + y rr+rr+rr-rr- (Mark I I ) .  

Fi g .  4a shows a scatterp l ot of rr+rr- versus rr+rr- mass ( 2  combi nations per event ) .  
For compa ri son , F i g .  4b shows a scatterp l ot of the l i ke-s i gn mass  combi nations . 
There i s  a c l ear  enhancement i n  the unl i ke-s i gn combi nati ons a t  the mass of 
p ( 770 ) .  The fracti on of yp0p 0 events , as opposed to uncorre l ated y rr+rr+rr-rr- , was 
determi ned by a max imum- l i ke l i hood fi t .  The p 0p 0 di stri buti on used i n  the fi t was 
a product of two Brei t-l�i g ner functi ons , symmetri zed to take the presence of 
i denti cal Bosons i n  the final  state i nto account .  A s imi l ar fi t was done to the 
rr0 background events and the resul ts were subtracted bi nwi se .  The resul t ing p 0 p 0  
mass d i s tri buti on i s  shown as sol i d  l i ne i n  F ig . 5 .  I n  another fi t the channel 
yp0 rr+rr- was a l so a l l owed to contri bute . The res u l ts are shown as dots in Fi g .  5 .  
Th i s  res u l ted i n  a l ower p 0 p 0  contri buti on a t  some poi nts , but d id  not change the 
overal l shape.  I nstead of uncorre l a ted yp0rr+rr- , i t  was a l so tried to fi t yA1 ±rr+ 
+ yrfu+rr- , wi thout s i gn i f i cant change in the resu l t .  

There i s  a cl ear enhancement a t  around 1600 MeV and no s i gn i f i cant s i gnal  e l se­
where . When the p 0 p 0  mass spectrum was fi tted w i th a Bre i t-Wi gner function , a 
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mass o f  1 650 ± 5 0  MeV with  a w idth o f  200 ± 100 MeV was obtai ned . These parame­
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M4,, (GeV/c2) 

3.0 

ters are compati b l e  wi th the 8, however,  
the  Mark  I I  authors d i d  not c l a im  that 
th i s  s i gnal  was the 8. The reasons for 
thi s reserve were fi rstly that the en­
hancement was right  above the pp thresh­
ho ld  and secondly that a spin  determi na­
ti on was not poss i b l e .  For these reasons 
a nonresonant threshol d effect cou l d  not 
be excl uded . A branch i ng rati o was g i ­
ven for the reaction  J/¢ + yp 0 p 0 wi th 

Fi g .  5 .  mp o p o < 2 GeV , i ndependent o f  any reso-
p 0 p 0 mass di s tri buti on in the reac- nance i nterpretati on . I t  was measured 

ti on J/¢ + yp o p o (Mark I I ) . The so l i d  to b e  ( 1  2 5  0 35  0 40 ) 20 -3 1 i ne and the dots represent two di ffe- · ± • ± · x · 

rent fits  ( see tex t ) . 

3 . 4 .  n + nn 

The radi ative J/¢ - decays menti oned so far are the only reacti ons  i n  wh i ch the 
8 has been seen . Th i s  reaction i s ,  accordi ng to perturbati ve QCD i n  l owes t  order , 
medi ated by 2 g l uons . S i nce QCD a l so predi cts that g l uons  can form bound s tates , 
i t  has been conjectured that the 8 i s  s uch a g l uon i c  meson . I n  order to check 
thi s hypothes i s ,  it i s  u sefu l to l ook for other channe l s  to whi ch the 8 may 
coup l e .  The two-photon channel l ends i tsel f as i t  has the same quantum numbers 
as two g l uons , but di fferent coupl i ngs . A pure g l uoni um s tate , which  has no elec­
tri cal ly charged consti tuents , has a very smal l coup l i ng to yy . I t  is  expected 
that g l uon i c  mesons m i x  wi th ordi nary mesons of the same quantum numbers (f and 
f '  i n  case of the 8) . Measurement of the parti a l  wi dth r ( 8  + yy ) he l ps deter­
mine  the m ix ing  parameters . 

The C rystal Ba l l  has l ooked for 8 p roduction i n  yy scatteri ng i n  the nn decay 
mode . The data were taken at center-of-mass energ i es between 4 and 7 GeV and re­
present an i ntegrated l um i no s i ty of 21 pb - 1 . \�e are l ooking  for the reacti on 
e+e- + e+e-nn + e+e-yyyy , 1-1here the outgoing  el ectrons are scattered under very 
smal l or 0 ang l e  and are not observed . Accordi ng to QED , the final  s tate hadrons 
are produced by the col l i s i on of two vi rtual , but very nearly on-she l l photons . 
Candi date events were sel ected 1 0 by requ i ri ng that there were 4 cl ean photon 
showers and noth i ng e l s e  i n  the detector .  The two-photon ori g i n  of these events 
was establ i s hed by observ i ng that a ) the energy seen i s  l e ss  than the center-of­
mass energy and b ) the transverse momentum di s tri buti on of the 4-photon sys tem 
peaks  at 0 .  
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Fi g .  6 .  

a )  Scatterp l o t  o f  h i g h  vs . l ow yy mass  for 4-photon events wi th 1040 < m ( 4y )  
< 1480 �1eV , 3 comb i nat i ons per event ( Crystal  Ba l l ) .  

b )  s ame as a ) , but n ° n °  and n ° n  events removed . The broken l i nes i ndi cate 
the n ° n ° , n ° n , and nn reg i ons and the nn control reg i on .  

We fi rs t  turn our attenti on to a 4-photon mass ( W )  reg i on where we know 1 0 that 
there are s i gna l s  from f + n ° n °  and A2 + n ° n . F i g .  6a shows a scatterp l ot of 
h i g h  vs . l ow yy mas s  wi th 3 comb i nations  per event , wh i ch c l early shows n ° n °  and 
n ° n  s i gna l s .  There i s  a l so a conti nuum background wh i ch is mos tly due to wrong 
combinati ons of  events i n  the peaks . When these events were removed ( F i g .  6b ) , 
very few events rema i ned whi ch d i d  not show any c l u steri ng i n  the nn reg i o n .  E­
vents in the n n  reg i on i ndi cated i n  the f igure were cons i dered pos s i b l e  s i gna l  
events , whereas the  l arger ,  surroundi ng nn control reg i on was  used  to  estima te 
background .  F i g .  7 shows the di s tri bution of events i n  the s i gnal  and the con-

� 2 2 
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b)  

0 0 r-�---1�--'-t----'--t--�--+-----< .... - c )  
{/) 
c: 
� 0 r-�---t--+-+--+-+-+��r-1-�-+--.--+-----< 

w 
- 1  

1 .0 1 .2 1 .6 1.8 2.0 
m�� IGeVJ 

35681 

tro l reg i on and the norma l i zed d i f-
ference as function  of W .  There i s  
n o  s i g na l . To o b  ta .in a n  upper l im i t  
for the e, even ts i n  the W range 
1400-1800 MeV were used . The 2 -
photon f l ux  was ca l cu l ated accord i ng 
to ref . 1 1 .  I t  was assumed that the 

F i g .  7 .  

a )  Di s tr i bu t i on of events i n  the 
nn reg ion  as function  of W 
( Crys ta l  Ba 1 1 )  

b )  The s ame for events i n  the nn 
control reg ion  

c )  Norma l i zed di fference of d i s tr i ­
buti ons a )  a n d  b ) . 
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0 has sp i n 2 and i s  i n  a he l i ci ty state ± 2*. The resu l t i ng upper l im i t  was 

r ( e -+ yy ) x BR (  e -+  nn ) < 0 . 3  keV ( 95% C . L . ) .  

Sys temat i c  errors were i ncl uded . I f ,  i ns tead of hel i c i ty ± 2 ,  an i sotropi c angu­
l ar d i s tri buti on was assumed , the  upper  l i mi t i ncreased by a factor of 1 . 9  due 
to decreased acceptance . If the s p i n  were zero , t he upper l im i t  wou l d  i ncrease 
by another factor of 2L + 1 = 5 .  

The TASSO col l aborati on 1 2 ' 1 3  at PETRA found two more upper 1 i m i ts on 0 -+  yy . 

They are 
r ( e  _,_ yy ) x B R ( G  -+ KK) < 0 . 3  keV ( 95% C . L . )  
r ( e  _,_ yy) x B R ( G -+ p0p") < 1 . 2  keV ( 95% C . L . ) .  

These numbers cannot be compared di rectly , s i nce the branch i ng ra ti os are not 
known . One can form rat ios  wi th the correspondi ng parti al w i d ths  in � decays such 
that the branch i ng ratios  cancel . The resu l ts are summari zed i n  Tab l e  1 .  The p 0 p 0 
s i gnal of section 3 . 3  was assumed to be due to 0. The bes t  upper l im i t  for 
r ( e -+ yy )/f (JN -+ y G) comes from the KK channel . 

tensor decay r ( JN -+  yT ) x ref .  r (T -+ yy ) x ref . f( T -+ yy) 
meson channel BR( T -+ x )  BR (T  -+ x )  r ( J/� -+ yT ) T x eV ) (elf )  

nn 24 ± 10  1 < 300 < 13 -
0 KK 76 ± 1 1  ± 32 8 < 300 13 < 4 

p o  p o  79  ± 22 ± 25 9 < 1 200 12 < 15 

f al l 95  ± 25 4 2900 ± 500 4 31 ± 1 0  

-
f '  KK 1 1  ± 4 ± 6 8 1 1 0  ± 20 ± 40 13 10  ± 10  

Tab 1 e 1 
Compari son of the producti on of tensor mesons by yy scatter ing and by rad i ­
ative �-decays . Where two errors are g i ve n ,  the f irst  i s  stati sti cal and 
the second sys temati c .  

Th i s  rat i o  does not mean much by i tsel f ,  but i t  can be compared to other tensor 
mesons . Measurements ex i st for f and f ' ,  al though they have l arge errors i n  
case of the f ' . We fi nd that r ( f -+ yy ) /f ( � -+ yf) i s  consi derab ly b i gger than the 
correspondi ng 0 upper l i mi t .  I f  we i nterpret r ( T -+ yy ) / r (J/� -+ yT ) as a qual i ta­
ti ve measure of the charge as opposed to g l uon content of a meson , we fi nd the 

The reason for th i s  assumpti on is that it is true for the f 1 0 • 
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numbers cons i stent wi th t h e  na i ve p i cture that the f cons i sts mostly of u a n d  d 
quarks , the f '  mos tly of s quarks and the 8 mostly of g l uons . However ,  one 
shoul d not overi nterpret th i s  rat i o  - i t  i s  j u st  the only way to compare the ex­
perimenta l  resu l ts i n  the absence of absol ute branch i ng rati o  measurements . 

3 . 5 .  8 Summary 

S i nce i ts d i scovery i n  the reacti on J/ijJ + ynn , cons i derab l e  progress has been 
made in the experimental know l edge abou t the 8. Another decay channel , KK , has 
been i denti fi ed .  If the s i gnal seen i n  p 0 p 0 a l so comes from the e, then the 
known branch i ng rat i o  for JN + y 8  i s  ( 5 . 3 ± 1 . 7 ) x 10-3 , wh ich  i s  as l arge as the 
l argest known branch i ng rati o i n  rad i at i ve J/ijJ - decays , that of the t .  Mean i ng­
fu l  upper l im its  have been obtai ned for r ( e +  yy) . Of  course , much more i nforma­
ti on i s  needed . Mos t notably , a h i g h-stati st ics  s p i n  determi nation wi th good con­
fi dence l evel is l ack i ng .  

quanti ty 

8 mass , wi dth (MeV ) 

BR (JN + y8) BR ( 8  + nn)  

BR (J/ijJ + yG)BR(  8 + KK)  
BR(J/ijJ + y 8) B R ( e  + mr ) 

B R (J/¢ + ypp , m < 2 GeV ) 
pp 

r ( e + yy ) BR (  8 + nn ) -
r ( e' +  yy ) B R ( 8 +  KK ) 
r ( 8  + yy ) B R ( 8  + pp ) 

s p i n  2 vs . s p i n  0 
Confi dence Level 

Tab l e  2 

va lue  ref .  

1 670 ± 50  160 ± 80 1 
1 700 ± 30 1 56 ± 20 8 

[1650 ± 50  200 ± 1 00] 9 
( 3 . 8  ± 1 . 6 ) 1 0 - 4 1 
( 1 2 . 0  ± 1 . 8  ± 5 . 0 )  1 0 -4 8 
< 6 x 10 - 4 ( 90% C . L . ) 1 
< 3 . 2  x 10- 4  ( 90% C . L . )  8 
[( 3 . 75 ± 1 . 05 ± 1 . 20 )  10 - 3] 9 
< . 3 keV ( 95% C . L . )  
< • 3 keV ( 95% C . L . )  13  
< 3 .  6 keV ( 95% C . L . ) 1 2  

95% 1 
78% 8 

Experimental res u l ts about the 8 meson . Where two errors are g i ve n ,  the 
fi rst i s  stati s t i ca l , the second systemati c .  Branch i ng rati os were cor­
rected for unseen charge states assum i ng i sosp i n  0. The numbers from 
ref . 9 are not necessari ly rel ated to e. 

The most i nteresti ng questi on , whether 8 i s  a g l uoni c meson , i s  not easy to ans­
wer .  There is no quantum number " g l uon i umness '' - the g l uon con tent of a meson 
has to be i nferred us i ng al l avai l ab l e  i nformat i on and a l l owi ng for m ix i ng w ith 
quarkon i a .  W i th our present knowl edge the res u l t  i s  model -dependent at bes t .  
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Tab l e  2 shows a comp i l at ion  o f  experimental resu l ts about the 8. 

4 .  An Upper L im i t for Low-Mass Parti c le s  Produced i n  Radi ati ve J /W - Decays 

The motivati on for a search for l ow-mass parti c le s  produced i n  radi ati ve J/<jJ -
decays comes from a number of predi ctions  for the ex i stence of a l ow-mass g l u ­
on i c  meson .  The res u l t  wi l l  a l s o  b e  used t o  p l ace a con s tra i n t  o n  a pos s i b le  
l ow-mass H iggs  meson . 

4 . 1 .  The Experimental Upper L im i t 

The Crys tal Bal l has i nvesti gated the reaction  J/W � yTI0TI0 • To do thi s ,  events 
were se l ected which  have 3 ,  4 ,  or 5 c l us ters of neutral energy and no charged 
tracks . A TI0 can appear as 1 or 2 cl u s ters , dependi ng mai nly on i ts energy .  The 
energy di s tri buti on i n  every c l u ster was fi tted wi th ei ther one or the sum of 
two el ectromagneti c shower patterns i n  order to determ i ne whether i t  i s  due to 
a s i ng l e  photon or to two merged photons from a TI0 • The events where then k i ne­
mat i ca l  ly f itted to the hypothes i s  yTI 0TI 0 , where the TI 0 mass was put i n  as a con­
strai nt  when the TI0 was seen as two separate photons . Events were kept when the 
x2 probab i l i ty was better than 10% .  

4 0  

"' � 20 
> LLJ 

1000 

<jJ � y Tt0 rt' 

1500 2000 

F i g .  8 .  

2500 3000 
mrr•rr• IMeV) 35680 

Ti o Ti o  mass di s tri buti on for the reac­
tion J/l)i � yTT0TI0  ( Crys tal Ba l l ) .  

Fi g .  8 s hows the TI0TI0 mass di s tr i ­
buti on . T h e  most prom i nent  feature 
i s  a peak due to the f ( l270)  meson , 
the analys i s  of whi ch has been pub-
1 i s hed 1 8 • \'le further note that there 
are very few events be l ow 1 GeV . 
F i g .  9 shows the detecti on effi ci en­
cy as funct i on of Ti o Ti o mass . The ef­
fi ci ency does not vary rap i dly over 
the mass range 500-3 1 00 MeV . ( I t  does 
drop sharp ly be l ow 500 MeV due to the 
overl ap of photons from two di fferent 
p i ons ) .  We observe 28 events i n  the 
mass range 500- 1000 MeV wi th an aver­
age effi ci ency of 32% .  Th i s  corres ­
ponds t o  a branchi ng rat i o  o f  about 
4 x 10- s . To obta i n  upper l im i ts for 
any narrow object wi th a width  not 
b i gger than 1 00 MeV ,  we use s i deband 

subtracti on to estimate background . The resu l t  i s  

BR ( J/W � yX � yTI0TI0 ) < 1 . 3  x lo- s ( 95%  C . L . )  

for any X wi th 500 < mx < 1 000 MeV and r 
X 

< 100 MeV . 
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4 . 2 .  I s  there a Sca l a r  Gl uon i um? 

One of the bound states of g l uons predi cted by QCD i s  expected to have the quan­
tum numbers of the vacuum , JPC  

= a++ . The pos s i b l e  m ix i ng of this s tate wi th the 
vacuum l eads in some model s to pred i cti ons of very l ow masses . Note that for 
11as ses be l ow about 1 GeV , nn i s  the on ly open two- body decay channel and 1 /3 of 
nn has to be n°n °  due to i sosp i n  i nvariance . As the upper l im i t  i s  far be l ow 
typ i cal  branch i ng ratios  for rad i ati ve 

Efficiency for l!J� yn:"n:0 IS-wave) 
0.6 .------.-----�----� 

0.4 

0.2 

- - -

0 

J/� - decays i nto g l uoni a ,  any narrow 
g l uon i um state wi th a mass between 
500 and 1000 MeV can be ru l ed out .  
Th i s  contradi cts the pred i ct ion 1 4  of 
m ( O++ ) � 700 MeV wh i ch was obta i ned 
u s i ng QCD sum ru l e s .  However ,  l a ter 
sum ru l e  cal cu l ati ons 1 5• 1 6  resu l ted 
i n  h i gher o++ masses of between 1 and 
1 . 6  GeV wh i ch cannot be ru l ed out by 
th i s  resu l t .  More recently,  l atti ce 

500 1 000 2000 3000 
cal cu lat i ons 1 7  res u l ted i n  sca l ar 
g l uon mas ses between 700 and 900 MeV . 

F i g .  9 .  

mn:'n:' I MeV) 
3ssa2 Th i s  can be ru l ed out un le s s  th i s  ob-

ject i s  very wi de . 

Detecti on effi ci ency for JN -;. yn°n °  as 
funct i on of n°n° mas s .  The broken curves 
s how the effi c ienci es for events wi th 3 ,  
4 ,  and 5 c l u s ters , the sol i d  cu rve i s  
the sum . The nn sys tem i s  assumed to be 
i n  an S-wave . 
4 . 3 .  I s  there a Light H iggs Meson? 

Gauge theories of e l ectroweak i nteractions pred i ct the exi stence of at l east one 
H i ggs  meson 1 9  . L i tt l e  i s  known about i ts mas s .  Theoreti cal cons i derations sug­
gest a mass on the order of 1 0  GeV or more , however ,  th i s  is  not a stri nge nt 
l imi t .  The bes t experimenta l  l ower l i m i t  comes from the Crys ta l Bal l 2 0 :  mH > 

50 MeV . 

H i ggs mesons l i g h ter than J/ljJ are produced i n  rad i ati ve J/ljJ - decays wi th the 
fo l l owing branch i ng rati o 2 1 : 

BR ( J/ljJ _,. yH)  

� 6 · 10-s ( 1 

4/2 TICl 
m 2 - � ) .  mljJ 

m 2 ( 1  - _H_) 
m 2 ljJ 

H i ggs  parti c l es are expected to decay i n to pai rs of the heav i est parti c les  al -
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l owed by k i nemati cs .  A H i ggs parti c l e  i n  the mass range o f  500 t o  1000 MeV wou l d  
decay mos tly i n to n pa i rs , a  th i rd of wh i ch wou l d  be neutral p i ons . Comb i n i ng the 
upper l im i t  on n ° n ° producti on wi th the predi cted branch i ng rat i o  for J/� + yH , 
we obta i n  an upper l i m i t  on the branch i ng rati o for H + nn : 

BR (H  + nn ) < 72% ( 95% C . L . ) for 500 < mH < 1 000 MeV . 

Theoreti cal  estimates 1 9 pred i ct that the nn - decay mode strong ly  domi nates µµ , 
the only other s i zab l e  decay mode i n  th i s  mass rang e .  TTTT branchi ng ratios  are ex­
pected to be c l ose to 100% , a l though there i s  some uncerta i n ty and branch i ng ra­
ti os l ess  than 72% are conce i vab le  at the h i gher end of the mass range . W i th 
th i s  except i o n ,  H i ggs mesons i n  the mass range 500 to 1000 MeV are ru l ed out .  

To summar i ze t h i s  secti on , a s tri ngent upper l imi t was  obtai ned for l ow-mass 
( 500- 1 000 MeV ) parti c l es produced in radi at i ve J/� - decays . A narrow g l uon i c  
meson i s  ru l ed out and the exi stence of a H i ggs meson i s  very un l i ke ly  i n  th i s  
1 ! 1ass range . 
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ABSTRACT 
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CLEO res u l ts on T s pectroscopy and b quark decay are  rev i ewed . New res u l ts 
i ncl ude a measurement of the branc h i n g  rat i o  for B + �X ,  and i mprovedupper l imi t 
on ( b  + u ) / ( b  + c ) , a f i rst  l ook  for CP v i o l at ion  i n  b decay , and an i mproved 
upper l imi t on fl avor changi ng neutral currents in b decay . 
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I .  I NTRODUCT I ON 
The CLEO detector began tak i ng data at the Cornel l E l ectron Storage R i ng  

( CESR)  i n  the  fa l l  of 1 97 9 .  We  rev i ew the  res u l ts obta i ned w i th that detector 
through March 1 983 . I n  the i nterests of brevi ty ,  we concentrate on recent 
resu l ts , and omi t most experimenta l  deta i l s .  We a l so menti o n  resu l ts  that may 
be expected i n  the near future . 

Fi gure 1 shows the hadron i c  cross section from e+e- ann i h i l ation  i nto one 
photon , as a function  of  center of mass energy, from 9 . 4  to 1 0 . 6  Gev . 1 )  The 
consp icuous features are three narrow resonances , the T( l S ) , T( 2S )  and T( 3S ) , 
and one broad resonance , the T ( 4S ) . The wi dths of the fi rst three resonances 
are consi s tent wi th the energy reso l ution  of  CES R ,  4 . 1  MeV x ( S/ 1 00 GeV2 ) .  The 
natural w idth of these resonances is tens of k i l ovol ts . I n  contrast the T ( 4S ) 
i s  noti ceably broad . 

:c 20 
c 

� 16 
+-0 Q) "' 12 "' "' 
e 0 8 Q) 
"' 4 > 

9.40 9.45 9.50 995 10.00 1030 10.35 10.40 10.45 10.50 10.55 10.60 
W ( GeV) 

Fi gure 1 .  Cross sect ion  for e+ + e 7 hadron s ,  as a function of 
center-of-ma ss energy , in the upsi l o n  energy reg i on . 

These resonances are general l y  i nterpreted as the fi rst four rad ia l  
exci tations of  3s 1 states of  b-b quark pa i rs .  W i t h i n  th i s  i nterpretation  the 
first  three resonances are narrow because thei r strong  decay i s s uppressed by 
the OZ! ru l e .  The broad width o f  the fourth resonance i n d i cates that i t  i s  
above the thresho l d  for production o f  BB meson pa i rs .  Thus the T( 4S )  decays 
strong ly  i nto BB w i th no suppression  and hence has a much greater wi dth . 

The general features of the ann i h i l ation  process i n  the energy range 
9 . 4 GeV to 1 0 . 6  GeV def i ne three di sti nct areas of phys i cs .  ( l )  The narrow 
resonances and cont i nuum a l l ow an i nvesti gati on  of the process by whi ch the 
under ly ing  quarks and g l uons materia l i ze i nto hadrons . ( 2 )  A ri ch spectro­
scopy of bound b- 5 systems can be stud i ed , starti ng  wi th the narrow ups i l on 
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resonances . ( 3 l The T( 4S l i s  a "factory" producing  bare b ,  and can be used to 
study B mesons and the weak  decay of b quarks . The fol l owing  d i scus s i on wi l l  
l im i t  i tsel f to resul ts on bb spectroscopy and T( 4S l  phys i c s .  

I I .  UPS I LON SPECTROSCOPY 
The r i c h  l evel structure of b- b bound s tates expected from potent ia l  model 

cal cul ati ons2l  i s  s hown i n  F i g . 2 .  The 3s 1 states are eas i l y  stud i ed s i nce they 
are d i rectl y produced i n  the one 
photon anni h i l ation process i n  
e+e- col l i s i ons . Data on the 
widths of the 3s 1 states are 
g i ven in Secti on  A. The 3PJ 
states can be reached from the 
3s 1 states by El photon trans i ­
t ion s .  The 1 P 1 and 

1 s0 states 
are more di ffi cu l t  to acces s ,  
req u i r i ng ei ther a weak  nn 

transi tion  ( e . g . ,  from 33s 1 to 
2

1 P 1l or a combi nation of nn and 
photon transi tions  ( e . g . ,  from 

3 3 3 s 1 to l s0l .  I n  Secti on B we 
di scuss nn and photon tran s i ­
tions . 

A .  Wi dths of T ( l S l , T( 2S l  and 
T (3S l  

I n  F i gure 1 we  show the 
hadron i c  cross section for e+e­

ann i h i l at ion . The area under 
each resonance seen i n  the had­
ron i c  cross section is propor­
tional to the wi dth of that 
resonance i nto e+e- ( ree l times 
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F i gure 2 .  Level s tructure of b-b bound 

states expected from potent ia l  
model ca l cu l ations ( Ref . 2 l . 

the b�anch i ng ratio  of the resonance i n to hadrons ( rhad/rtotl .  Our measure­
ments l for ree rhad/ rtot for the three narrow u psi l on resonances are g i ven 
in Tabl e I .  These measurements, together wi th a measurement of the branch i ng 
ratio  of each resonance i n to l epton pai rs, yi e l d s  the total wi dth of that 
resonance . 

The branc h i ng rat i o  for T( l S )  + µ+µ- was measured some time ago by CLEo4l 

and by others . 5 )  More recentl y CLEO has made a n  improved measurement6)  o f  the 
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branch ing  ratio for T( l S )  + µ+µ- , a n d  a l so measured the decays6 l  of T( 2S )  and 
T( 3S ) to µ+µ- , and the decay7 l  T( l S )  + T+T- . One expects the branching rati os 
to µ+µ- , ,+,- and e+e- to be equa l , assuming e ,  µ and T are a l l  po i n t- l i ke 
l eptons . The new resu l ts ,  a l ong wi th the ol d worl d average and a new worl d 
average for T( l S ) , are g i ven i n  Tabl e I .  

Noting that reerhad/rtot equa l s  rtot Bµµ ( l -3Bµµ ) ' we obta i n  rtot from the 
i nformation g i ven in Tab l e  I and l i st  it there a l so .  

Tabl e I .  ree ' Bµµ and rtot for Narrow Upsi l on Resonances 

T( l S )  T (2S )  T( 3S) [r had] ree -r - ( KeV ) l . 1 7  ± 0 .  09 0 . 49 ± 0 . 05 0 . 38 ± 0 . 04 
tot 

B u_( % )  

o l d  wor l d  average 
CLEO , µ+µ-
CLEO , ,+T -
new wor l d  average 

3 . 3  ± 0 . 6  
2 . 7  ± 0 . 4  
3 . 4  ± 0 . 6  
3 . 0  ± 0 . 3  

42 ± 6 

B .  Trans i ti ons among the T Resonances 

l .  9 ± 1 . 4 3 . 3  ± 1 . 5 

27 ± 1 8  1 3  ± 5 

Van8)  has devel oped a model for rrrr tran s i t i ons among b-b bound s tates . I t  
i nvol ves emi s s ion o f  two g l uons , whi ch hadroni ze i nto a p i on pa i r .  G l uon emi s­
s i on is treated by mul t i po l e  expans i on of the g l uon fi el d .  Current a l gebra and 
PCAC p l ace constra i nts on the rrrr system . 

Some time ago CLEO observed the transi ti ons T ( 2S )  + rr+rr-T( l s ) 4 )  and 
T ( 3 S )  + rr+rr-T( l S )  , 9 l  as d i d  CUSB . l O) The branch i ng rat ios observed can be 
accommodated by Van ' s  model . The rrrr mass d i s tri but i on for T( 2S )  + rr+rr-T( l S )  i s  
s imi l ar to that for ¢ '  + rr+rr-¢ ,  pea k i ng toward the h i g h  end o f  the mass range . 
In contrast ,  the rrrr mass d i stri but i on i n  the decay T( 3S ) + rr+rr-T ( l S )  i s  rather 
fl a t .  

The val ue o f  rtot for the T ( 2S )  al l ows us  t o  determine  the rati o 

r ( T ( 2S )  + rrrrT( l S ) ) /f ( ¢ '  + rrrr¢ ) . Thi s ratio  i s  sens i t i ve to the s p i n  of the g l uon 
med i ati ng the decay and is expected to be 0 . 1 1  for vector g l uons and 1 . 0  for 
scal ar g l uons . 8) U s i ng the data for ¢ '  + rrrr¢ from Ref . 1 1 and our data ( Tabl e I )  
we obta i n  0 . 07 1  ± 0 . 04 for th i s  rati o .  Thi s resul t i s  i n  agreement w i th the 
vector hypothes i s  and i ncompati bl e wi th the scal ar hypothesi s .  

CLEO has just  compl eted a 20 pb- l run a t  T ( 2S ) . We expect to have improved 
stati stics  on the T ( 2S )  + rrrrT( l S )  reaction . We are a l so analyz i ng the recent 



2S data for structure i n  the photon spectrum, and for the cascade decays 
T ( 2S )  + yyT( l S ) , T( l S )  + µ+µ- or e+e- . Resu l ts  are not ava i l abl e on these 
reacti ons at this t ime . 

I I I .  BARE b 
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In Section I we asserted that the T ( 4S )  was a bare-b factory. Furthe� the 
b-fl avored hadrons produced in T ( 4S )  decays are expected to be stabl e agai nst  
s trong and  el ectromagneti c decays . They mus t  decay weak ly ,  i f  at al l .  The weak  
decay of the b-fl avored hadrons was  observed soon after the T {4S )  was  d i s­
covered. 1 2 ) However i t  was only recentl y  that B mesons have actual ly  been 
reconstructed . 1 3 ) 

I n  Secti on A we di scuss the recent reconstruction  of B mesons . I nc l u s i ve 
features of B decay- -kaon yi el ds , charged parti c l e  mu l ti p l i ci ti e s , branch i ng 
ratios  to �- -are presented i n  Section B .  I n  Sect i on C non- s tandard model s of 
b-decay are di scussed,  and i t  i s  s hown that CLEO data rul e  out mos t  of them . 
The standard model of b-decay i s  outl i ned i n  Section D ,  and the observabl es of 
b-decay rel ated to th i s  model . 

Semi l epton ic  decays of B mesons are treated i n  Section  E ,  wh i ch gi ves new 
resu l ts on the ( b + u ) / { b + c ) rati o ,  the semi l epton i c  decay branch ing  rat io  and 
the l epton charge asymmetry . Section F deal s wi th events conta i n i ng two l ep­
tons . These provi de l im its  on fl avor chang i ng neutral currents , the B±/B0 l i fe­
time ratio , and ( i n  pri nci pl e ) Bo-so mi x i ng . 

Most resul ts are based on a data sampl e of 40 pb- l on T ( 4S )  and 1 7  pb-l on 
the conti nuum bel ow the T ( 4S ) , taken from February to November 1 982 . 

A .  B Meson Reconstruction 
From the mean charged mul t i pl i c i ty at T ( 4S ) , we antici pate that a B meson 

wi l l  decay , on average , i nto 9 part i c l es ( charged p l us  neutral ) .  Further we 
expect the rel ati ve momentum of B and B from T ( 4S )  decay to be smal l .  Hence i t  
fol l ows that the B and B decay products wi l l  be compl etely  i n termi xed . One 
readi l y  concl udes that i t  i s  not pos s i b l e  to reconstruct an  " average" B meson 
decay . The combi nator ia l  backgrounds (m ix ing  parti cl es from B and B) are fi erce , 
and the l i kel i hood of mi s s i ng a parti cl e ( e . g . , a rr0 ) i s  very h i g h .  The only 
hope is  to concentrate on l ow mul t ip l i c i ty decay modes , preferab ly  ones w i th 
some characteri st ic  features . 

As wi l l  be shown i n  Section E , the domi nant decay of b i s to c .  One thus 
expects that the domi nant decay of B is  to a charmed meson plus pi ons . We 
therefore l ooked for decays of B to o*± or oo , and one or two charged pi ons . 
The o*± was i dent if ied v i a  the decay chai n o*+ + o0rr+ , o0 + K-rr+ . I n  th i s  
decay, the K± need not be i denti f ied expl i c i tl y  s i nce we have excel l ent 
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resol ution i n  the o*- o0 mass di fference due to the l ow Q val ue o f  the react ion . 
The d i rect o0 from B decay was i denti fi ed by i ts K_rr+ decay mode , u s i ng kaons 
i dent if ied by dE/dx or TOF . Thus our fi nal states cons i sted of 3 to 5 charged 
part i c l es and no neutra l s ,  and had as a characteri st ic  feature the o*± or o0 , 
a l l ow i ng  background suppress i ng cuts to be made .  Further background suppress ion  
was achi eved by requ i ri n g  that the  part ic l es assumed to  form a B added up  to  the 
beam energy . 

The mass d i stri bution for the four decay modes under consi deration i s  shown 
in F i g .  3 . A peak of 1 8  events is seen . We estimate the background i n  several 
d i fferent ways , and f ind  i t  to be 4- 7 events . 

D s - - oo -rr -
6 EJ go - Do 7T + 7T -

� � 8°- o* +  -rr-
� � s- - o*+ -rr - -rr-
' 
cn 4  f­z w > w 

2 

5200 5240 
MASS ( MeV ) 

5280 

Fi gure 3 .  Mass  di stri buti on for B meson candi dates . 
The B + fi na l -state decay l abel s shou l d  be 
i n terpreted as i ncl ud ing  the charge conj ugate 
reaction a l s o .  

W e  f i n d  a mass o f  5274 . 2  ± l . 9  ± 2 . 0  MeV for the neutra l B , and 
5270 . 8  ± 2 . 3 ± 2 . 0  MeV for the charged B .  The B0-B- mass di fference i s  
3 . 4  ± 3 . 0  ± 2 . 0  MeV , cons i s tent wi th the theoreti cal pred i ction 1 4 ) of 4 . 4  MeV 
( but  a l so wi th zero ) . The average of the charged and neutral B masses i s  
5272 . 3  ± l . 5  ± 2 . 0  MeV .  Th i s  corresponds to a mass d i fference o f  32 . 4  ± 5 . 0 MeV 
between the mass of T ( 4S )  and twi ce the B meson mas s .  Us i ng  th i s  mass d i ffer­
ence and the theoreti cal val ue of 4 . 4  MeV for the so-s- mass di fference , we 
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obta i n  the branching  fractions B (T( 4S ) + B+B- ) = 0 . 60 ± 0 . 02 and B (T (4S )  + BOBll') 
= 0 . 40 ± 0 . 02 .  The branch i ng rat ios  for the four B decay modes used here for 
reconstructing  B ' s  are in the few percent range . A more compl ete descri pt ion 
of thi s B reconstruction work appears i n  Ref . 1 3 .  

The decay cha i n  B + D*+rr- , D*+ + D0rr+ can be used to prov i de i nformati on on 
the B spi n .  The decay angl e di stribution  of D0 in the D*+ rest frame , u s i ng the 
D*+ boost ax i s  as z axi s ,  can be used to determ i ne el ements of the D* sp i n  den­
s i ty matri x .  I n  parti cul a r ,  p00 

must b e  l for sp in  0 B ,  but can have any val ue 
between 0 and l for sp i n l B .  From the D0 decay ang l e  di stri bution we find  

p00 
= 0 . 93 ± 0 . 30 ,  agree i ng n i ce ly  wi th the expected sp i n  0 .  

B .  I ncl u s i ve Features o f  B Meson Decay 
l .  Charged parti cl es mu l ti pl i c i ti e s  

By study i ng the charged part ic l e mul t i pl i c i t i es i n  T ( 4S )  events , a n d  i n  
T ( 4S )  events conta i n i ng l eptons , w e  can determine  the mean charged mul ti pl i c i ty 
for nonl epton i c  and semi l epton ic  B decays . We fi nd 

NB 5 . 7 5 ± 0 .  l ± 0 . 2 , 
N S 4 . 1  ± 0 . 35 ± 0 . 2 ,  and 
Nh 6 . 3  ± 0 . 2  ± 0 . 2 .  

NB , N s and Nh are , i n  order , the averag e ,  semi l epton i c ,  and nonl epton i c  B mean 
charged mul t ip l i c i ti e s . 1 5 ) 

We can apply the preced i n g  resul ts to study the degree of hadron i zation  
present in  B-meson decay under the assumption that b quarks  a l ways decay i nto 
final  states contai n i ng a c quark . I f ,  for exampl e ,  the c quark fragments i nto 
an equal mi xture of D and D* mesons , then we can subtract the measured charged 
mul t i pl i c i ty of such a mi xture1 6 l ( 2 . 5  ± 0. l )  to obta i n  0 . 55 ± 0 . 35 ± 0 . 2  and 
3 . 8  ± 0 . 2  ± 0 . 2  as  the number of charged hadrons produced in addi t i on to charmed 
mesons in semi l eptoni c and nonl epton i c  b decay respect i ve ly .  

2 .  Charged and Neutral Kaon Y i el ds 
Some time ago , 1 7 ) we reported charged and neutral kaon yi el ds from T ( 4S )  

and from the conti nuum , and used the ratio o f  the kaon yi e l d s  to determi ne the 
fracti on of b decays to c to be l . 09 ± 0 . 33 ± 0 . 1 3 .  

A p rel imi nary analys i s  of the new data samp l e  g i ves the kaon yi e lds  shown 
i n  Tabl e I I .  From the ratio of K± + K0 on the T ( 4S )  and the conti nuum , we deter­
m i ne the rel ative  amounts of b + c and b + u i n  b decay . For pure b + c ,  th i s  
rati o i s  expected to be l . 80 ± 0 . 1 0 ,  whi l e  for pure b + u ,  i t  i s  0 . 95 ± 0 . 1 0 . 
The errors refl ect uncertai nties  i n  the Monte Carl o cal cul ation . Our new data 
yiel d ( b  + c ) / ( b  + a l l )  = 0 . 72 ± 0 . 1 5 .  Th i s  resu l t is consi stent w ith ,  but 
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l ess accurate tha n ,  the resul t obta i ned from the l epton momentum spectrum 
descri bed i n  Secti on E .  

Tab le I I .  The average number o f  charged and neutral kaons per event 
for the continuum and for T ( 4S ) . 

conti nuum 
0 . 90 ± 0 . 03 ± 0 . 1 5 
0 .86 ± 0 .02 ± 0 . 1 0  

3 .  Branch i ng Rat io for B + � + Anythi ng 

T ( 4S )  
1 . 53 ± 0 . 1 2  ± 0 . 22 
1 . 31 ± 0. 08 ± 0. 1 0 

Fri tzsch1 8l has esti mated a 3-5% branch i ng ratio for B + � + anyth i ng ,  from 
the fol l owi ng di agram . 

b 

q 
q 

We have measured that branch i ng rat io and find Fri tzsch ' s  estimate to be h igh . 
We detect � · s  by the µ+µ- and e+e- decay modes . For µ+µ- , we requ i re that 

both parti c les be i denti fi ed as muons . There are 41 dimuon events in our 40 pb- l 
45 sampl e .  The µ+µ- i nvari ant mass d i s tribution i s  shown i n  Fi g .  4a . The shape 
of the background d i s tri buti on is determi ned by combi n i ng µ+ and µ- from d i ffer­
ent dimuon events . The dashed curve i s  th i s  background , normal i zed to the 
events in the 2 . 5-4 . 0  GeV mass i nterval . There are 6 events wi th i n  ± 1 . 5  o of 
the � mas s ,  whi l e  the background computat ion gi ves 2 . 3  ± 0 . 5 .  From these numbers 
we concl ude that the branch ing rati o to � i s  greater than zero at 97% confi dence 
l evel , l ess than 2% at 98% confi dence l evel , and can be wri tten as (o . 7  � : �) % .  

For � +  e+e- , we req u i re that one part ic le be pos i t i vely i denti fi ed a s  an 
el ectron , and the other partic l e be not i ncon s i s tent wi th being an el ectron . The 
set of events is thus those wi th at l east one ident if ied el ectron . The shape of 
the background is determi ned by comb i n i ng an el ectron from one event wi th a 
charged parti c l e from another event , the part ic le havi ng charge oppos i te to the 
el ectron in i ts own event .  The e+e- i nvari ant mass d i s tri bution is shown i n  
Fi g .  4b . The dashed curve i s  the background , normal i zed between 2 . 5  and 4 . 0  GeV . 
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There are 5 9  events i n  the � mass reg ion , where the background cal cul ation gi ves 
40 ± 6 events . From these numbers we concl ude that the branchi ng rati o to � i s  
greater than zero a t  99% confi dence l evel , l ess than 2% a t  88% confidence l evel , 
and can be wri tten as ( 1 . 3  ± 0 . 7 ) % .  

W e  comb i ne the branch i ng rati os obtai ned from µ+µ- and e+e- decay modes to 
obta i n  a branchi ng rati o for B + � + X of [1 . O  �� : �) % .  

We have not demonstrated that � comes from T(4S) rather than from the 
conti nuum under i t .  Whi 1 e there i s  no theoreti ca 1 reason to expect � from the 
conti nuum , the best experimental u pper l im i t  we can obta i n  ( from 1 7 pb-1 of 
conti nuum data) for the contr ibut ion to an apparent B + �X decay i s  0 . 8% ,  at 90% 
confi dence l evel . Thus we cannot ru l e  out the possi bi l i ty that the � s i gnal 
comes enti rely from the conti nuum .  

C .  Non-Standard Model s of b Decay 
We have expl ored , i n  a systemat i c  way , the cons i s tency of data on b decays 

wi th poss i bl e model s of the decay . We f ind two cl asses of model s consi stent 
wi th al l the data--one of wh i ch i s  the standard model . 

Fi gure 5 d i v i des model s of b decay i nto seven cl asses . Wi th i n  the current 
broad theoreti cal framework , we bel i eve thi s  cl a s s if i cation i s  al l - i ncl u s i ve ,  
i . e . , any poss i bl e  model wi l l  fal l i nto one of the seven cl asses . We now show 
that CLEO data excl udes 5 of the 7 cl asses . 

The poss i bi l i ty that b i s stabl e i s  excl uded by the observation of T( 4S ) , 
wi th i ts decay i nto many parti cl es . 

The exoti c decays of b are rul ed out by con s i deri ng five i nc l u s i ve vari abl es 
measured for T ( 4S ) : mean charged energy , muon yiel d ,  el ectron yi el d ,  proton yi e l d  
and l ambda yi el d .  Depend i ng upon whether the l eptons i n  the decay b + ��q are 
predomi nantly muons and e l ectrons , or predomi nantly taus and neutri nos , the event 
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b does not m i x  
with s a n d  d 
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F i gure 5 .  A c l as s i fi cat ion  of model s of  b quark decay . 

wou l d  have too many µ ' s and/or e ' s ,  or too l i tt l e  charged energy . No compromi se  

can s imul taneous ly  sati sfy muon  y ie l d ,  e l ectron y i e l d ,  and mean charged energy . 

The decay b � £qq al ways makes a baryon . I f  the baryon i s  a neutron , charged 

energy i s  l owered ; i f  a proton , proton y ie l d i s  ra i sed . The arguments for l ep­

tons are the same a s  for b � ££q . Thu s ,  there is no compromi s e  that can have 

h i gh enough charged energy , and s i mul taneou s l y  few enough µ ,  e,  p,  and � .  We 

excl ude the pos s i b i l i ty that e i ther b � ££q or b �  £qq are the s o l e  decay modes 

of  the b at a very h i gh confi dence l evel ( see Ref .  1 9  for further detai l s ) . 
+ 

I f  there i s  a charged H i ggs  boson a- l i ghter than the b quark , then the 

b quark wi l l  decay b � qa± essenti a l l y  1 00% of the t ime ,  because  the decay i s  

semi -weak ,  wh i l e  the s tandard-model decay i s  wea k .  The H i ggs boson wi l l  i n  turn 

decay TV and/or cs . Thi s pos s i bi l i ty for b decay i s  rul ed out  by data on charged 

energy and muon and el ectron yi el d s .  If the H i ggs decays dom i n antly  to TV the 

muon and e l ectron yi e l d s  wi l l  be reasonab l e ,  but  the charged energy wi l l  be too 

l ow .  I f  H i ggs decays dom i nantl y to  cs , t he  muon and e l ectron y ie l d s  wi l l  be too 
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l ow , whi l e  the charged energy wi l l  b e  reasonabl e .  There i s  no mix of TV/cs that 
can s imu l taneous ly have a h igh energy µ and e yi el d and a h i gh energy val ue for 
charged energy . ( See Ref. 1 9 for further deta i l s . ) 

I f  b mi xes with s and/or d ,  but i s  i tsel f a s i ng l et ,  then the GIM mechani sm 
wi l l  not operate , and fl avor chang ing neutral currents wi l l  be present . I n  par­
ticu l ar, th� decays B + Xe+e- and B + Xµ+µ- must occur .  Kane and Pes k i n20l have 

Br (B + X£+£- )  -shown that ,  for these model s ,  Br(B + X£±v) > 0 .  1 2 . I n  Sect ion F we show that 
thi s  ratio is in fact < 0 . 05 , ru l i ng out thi s cl ass of model s .  

Having rul ed out 5 cl asses of model s of b quark decay , we are l eft with the 
standard model , and wi th one non-standard , topl ess model , ori g i nal l y  noted by 
Tye and Pes ki n . 21 ) Here b forms a right-handed doubl et w i th c .  Thi s model i n  
many ways mimics the standard mode l , as far a s  b decay i s  concerned , and at 
present cannot be exc l uded . 

I t  i s  worth noti ng that the reconstruction of B mesons ( see Section A) al so 
ru l es out the five c l asses of non-standard model s j ust rul ed out by i ncl u s i ve 
data . Further , the observed decay modes ( B  + D or o* p l u s  1 or 2 pions ) are 
consi stent both with the standard model and wi th Tye and Pes ki n ' s  b ,  c ri ght­
handed doubl et model . 

D .  The S tandard Model of b Decay 
In the standard model of b decay, b i s  i n  a l eft-handed doubl et wi th t ,  

mixes with s and d ,  and decays v i a  w- , the neutral current decay bei ng sup­
pressed by the GIM mechan i sm .  T he m i x i n g  i s  descri bed by the K . M .  matri x ,  whi ch 
is parametri zed by the angl es 8 1 , 82 , 83 and one phase o .  A frequently used 
representat ion i s  

d '  cl s 1 c3 s 1 s3 d 
s '  -s 1 c2 c1 c2c3+s2s3e i o c1 c2s3-s2c3e i o  s 
b '  -s1 s 1 c1 s2c3-c2s3e 

i o c1 s2s3+c2cce 
i o  b 

ci ( s i ) = cos ( 8 i ) ( s i n ( 81 ) ) . 
The angl es and phase are not spec i fied by the standard model , but rather are 

parameters to be determi ned by data . Nucl ear S decay determi nes the d + d '  
el ement c1 , i . e . , the Cabi bbo angl e 8 1 . Strange parti c l e  decays determi ne the 
s + d '  el ement s 1 c3 , and in conj unction wi th the determi nation 8 1 a l l ow one to 
pl ace the l imi t c3 > . 8 7 ,  ! s3 1 < 0 . 5 .  The phase 8 al l ows the pos s i bi l i ty of CP 
v io l ation . The smal l s i ze of CP vio l ation i n  neutral kaon decays determi nes that 
8 i s  cl ose to ( but s l i ghtly di fferent from) ei ther 0 or rr .  For purposes other 
than CP v io l ation , it i s  suffi c i entl y accurate to set 8 = 0 or rr .  Neutral kaon 
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phenomena , i n  particul ar the K� , K�  mass d ifference, determines a rel ati on between 
s2 and s3 , namely ,  s2 = 0 . 2  + }( cos o + il s3 ± 0 . 1 . (Some theori sts question the 
val i d i ty of th i s  rel ation . )  

b decay can determine two el ements of the K . M .  matrix .  The b + u transi t ion 
depends u pon the b + d '  el ement� s1s3 , whi l e  the b + c transi ti on depends u pon 
the b + s '  el ement c1 c2s3-s2c3e

1 0 The most d i rectl y  access i bl e  observabl es are 
the B l i fetime TB and the rati o of branching ratios 
Br ( b + utv) /Br( b + ctv) = [��) . Contours of constant TB and ( b+u ) / ( b+c) are 
shown in the s2-s3 pl ane i n  F i g . 6 .  Thus these observabl es are not pred i cted by 
the standard model . 

__ b - u  
b - c  

0. 5 lj l i m i ts  from 
K0 - K 0 mass L S 

S2 d i fference 

0. 3 

0. 1 

- 0.4  -0.2  

0.0 

0 0. 2 
S3 cos 8 

0.4 

Figure 6 .  Contours of constant ( b+u ) / ( b+c ) and B l i fetime i n  the s2-s1 pl ane , 
for o=O and for o=rr . The unshaded reg ion i s  excl uded by neatra l 
kaon i nformation . 

Two observabl es that are predicted by the standard model are the semi ­
l epton i c  decay branch ing ratio and the decay B + Xt+t- . The l atter , a fl avor­
chang ing-neutral -current-med iated decay , i s  pred i cted to van i s h .  The former i s  
subject to strong i nteracti on correcti ons , a s  noted i n  Secti on E .  

I n  the phenomena menti oned so far i n  th is section , the l i ght antiquark 
bound to the b quark in the B meson is a spectator . We now mention some 
phenomena in whi ch the l i ght antiquark pl ays an essentia l ro l e .  Exchange and 
anni h i l ation d i agrams contri bute d i fferentl y to B± and so decay , caus i ng the 
non- l eptonic decay rates and consequently the sem i l epton ic decay branchi ng 
rati os to d i ffer. Box d i agrams a l l ow s0 and BIT to mix . W ith mixing comes the 
poss i b i l i ty of CP v io l ation . These phenomena wi l l  be cons i dered i n  Sects . E ,  F .  
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E .  Semi l epton ic  Decays of B Mesons 
The domi nant sources of high momentum muons and el ectrons from T ( 4S )  decays 

are B + Xµv and B + Xev . (Semi l epton i c  decays of charm and the decay B + XTv 
make smal l contri butions above 1 GeV , and can be treated as a correct ion . )  S i nce 
the B mesons are not at rest , the l epton spectrum recei ves a smal l ,  cal cul abl e 
Doppl er smeari ng .  

The muon and el ectron momentum spectra from T ( 4S )  decays are shown i n  Fi g . 7 .  
They have been norma l i zed to the same area . The agreement between the two 
spectra i s  excel l ent .  The sol i d  curve i s  a cal cul ation assumi ng a V-A i nter­
action and a 50%-50% mi x of B + Div , B + D*iv . I f  the b quark decays to a 
u quark , then the hadron ic  system X i n  the decay B + Xiv can have a mass M 
l i ghter than the D meson mass . Mx can be as l i ght as mrr , and i s  expected22 ) x 

to average around 500 MeV . Curves for two val ues of Mx i n  the range a ppropri ate 
for b + u iv are al so shown on Fi g .  7 .  

A smal l component of b + u  decays among a domi nant b + c  decay woul d  reveal 
i tsel f as an excess of events beyond the end poi nt of the B + ( D or D*) iv curve . 
The sol i d  curve i s  a good representation of the data , and no excess at h igh  
momentum i s  apparent. We  therefore i nterpret the measured spectra to  obta i n  an  
upper l im it  on the ( b+u ) / ( b+c ) rati o .  We  do  thi s as a function of Mxu • the mean 
mass of the hadron i c  system in the decay b + uiv .  Resu lts  are shown i n  Fi g .  8 .  
Si nce the effecti ve val ue o f  Mxu i s  assuredl y  l ess than 1 Gev , 2 2 )  we can concl ude 
that ( b+u ) / ( b+c ) i s  l ess than 0 . 0 5 .  Th i s  restri cts the al l owed val ues of s2 and 
s3 , as can be seen from Fi g .  6 . 
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Fi gure 7 .  Muon and el ectron momentum 
spectra from T ( 4S )  decays . The curves 
are theoretical cal cul ations for B + xiv 
assumi ng a V-A i nteracti on . Assumpt i ons  
about X are : sol i d  curve , 50% D , 50% D*+ ;  
broken curve, x=rr, dashed curve , Mx= l . 0  GeV . 
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Fi gure 8 .  Upper l imi ts ( 90% 

c .  l.) on the ( b+u ) / ( b+c ) ratio 
as a function of the mean 
mass of the hadron i c  system 
i n  the decay b+uiv . 
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CLEO has publ i s hed measurement of the B semi l epton i c  decay branch i ng rat io23 ) 

based on a 5 . 5  pb- l data samp l e .  Those measurements had substantial systemat ic 
errors due to the uncerta inty i n  the shape of the l epton spectrum . Ana lys i s  of 
the 40 pb- l data samp l e  has not progressed to the poi nt that we can quote a 
branch ing rat i o  from the new data . We can , however , use the shape of the l epton 
spectrum from the new data to correct the o l d data , thereby reduc i ng the system­
at ic errors . The corrected numbers are: 

Br ( B  ->- Xev) 

Br ( B  ± Xµv) 

0. 1 20 ± 0 . 01 7 ± 0 . 01 3 
0 . 1 02 ± 0 . 01 4  ± 0 . 01 5 

I f  one treats the l i ght quark i n  the B as a spectator , and a l so i gnores QCD 
effects ( i . e . , cons i ders only quark counting pl us phase space ) , then the b semi­
l epton i c  decay branch i ng rat io is expected to be 1 6 . 9% . 24 ) Hadron i c  enhancements 
l ower th i s  number to 1 4 . 6% . 24 ) Incl uding non-spectator effects ( a  W exchange 
d iagram) l owers the neutral B branch i ng rat i o  further , such that the average 
becomes 1 2 . 4% . 24 ) CLEO resu l ts suggest that hadron i c  enhancements and non­
spectator effects are about as expected . 

s0 and so are expected to mix s0 t so , e . g . , v i a the d i agrams 

b t d b w- d 
- I w- 1 w- I t ! t d d 

w+ -t 5 b 
I f  CP i s  vio l ated , the transi tion rates need not be equal , and one can have 
unequal numbers of s0 and s0 • s  decay ing .  Th i s  woul d reveal i tsel f as a l epton 
charge asymmetry , s i nce so and BO decay to opposi tely charged l eptons . 

Us i ng the 40 pb- l 4S data sampl e ,  we have taken a first l ook for CP v io l at­
i ng effects i n  B decay , measuring muon and el ectron charge asymmetri es . We fi nd : 

Nµ+ - NJJ_ +0 . 02 ± 0 . 04 Nµ+ + NJJ_ 
Ne+ - Ne_ - -0 . 02 ± 0 . 05 Ne+� -

Thus there i s  no evi dence for CP vio l ation . The s i ze of the effect expected i f  
the source o f  C P  v io l ation i s  the phase o i n  the KM matr ix i s  l ess than 1 % , 25 ) 
and so woul d not have been seen wi th the present accuracy . 

F .  D i l epton Events 
The domi nant source of T ( 4S ) decays conta i n i ng two h igh momentum charged 

l eptons is the semi l epton i c  decay of both B meson s .  We refer to th i s  source as 
" paral l el decays , "  as d i s t i ngui shed from " cascade decays , "  when one l epton comes 
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from B decay and the other l epton comes from semi l epton i c  decay of charm , wh i c h  
i n  turn came from B decay . Usual ly one of the l eptons from cascade decays i s  
l ow momentum . For our purposes , cascade decays wi l l  be consi dered background . 

I f  the c harged and neutral B had the same semi l epton i c  decay branch i ng 
rati o ,  then the number of paral l el decay events cou l d  be predi cted from the 
number of s i ngl e l epton events . However , i f  charged and neutral B branch i ng 
rati os d i ffer , th i s  i s  no l onger the case . The paral l el decay rate i s  propor­
t i onal to the mean square branching ratio b2, whi l e  the s i ngl e l epton event rate 
is proporti onal to the mean branch i ng b .  The averages are taken over the 
B charge state s :  b = f ±b± + f0b0 ; b2 = f ±bf +  f0b0� where b± ,  b0 , b and b2 
are the charged B ,  neutral B ,  mean and mean squared sem i l epton i c  decay branch­
i ng rati os , and f± and f0 are the fractions of B+B- and gogo decays from T(4S ) . 
Def i n i ng a =  b2/ ( b ) 2 ,  one eas i l y  s hows that N = aN2/ ( 4N88- ) ,  where N , N , µµ µ - µµ µ 
and NBB are the numbers of d imuon , s i ngl e muon , and BB events , respecti vel y .  
Simi l ar formu l ae apply to d ie l ectron and µ-e event . (There i s  a smal l correcti on 
factor depend i ng on rati os of effi c i enci es . )  

The quanti ty a i s  a measure of the d i fference between charged and neutral 
B branch ing rati os . For equal branch ing ratios , a = l ,  whi l e  for d i fferent 
branch i ng rati os , a exceeds l ,  approach i ng 2 for very d i fferent branch i ng rati os . 
The number of d i l eptons prov i des a measurement of a, which i n  turn g i ves i nfor­
mation on the rati o of charged B to neutral B semi l epton i c  decay branch ing 
rati o s .  

A s  noted i n  Section E ,  B0 and so are expected to mi x .  A s  a consequence , 
the neutral BB decays wi l l  occas i onal ly be from BOBO or BOBO rather than from 
s0so . Defi n i ng the mixing parameter y = ( N8080+ N8080) /N8080 ,  we have y = O 
correspond i ng to no m ix i ng ,  and y = l correspondi ng to compl ete m i x i n g .  Paral l el 
decays of gogo or gogo g i ve l i ke-s i gn di l eptons , wh ich thus prov ide a measure­
ment of the mi xi ng parameter .  

I n  add i ti on to paral l el and cascade decays , a potenti al addi ti onal source 
of d i l eptons i s  the fl avor-chang i ng-neutral -current decay B 7 Xi+i- . Th i s  decay 
woul d resul t i n µ+µ- or e+e- events , but not µe events . From our di l epton 
sampl e ,  we can pl ace an u pper l imi t on fl avor chang i ng neutral currents . 

The number of di l epton events of various sorts obta i ned from the 40 pb- l 45 
data samp l e  are g i ven i n  Tab le I I I . The background di l epton s ,  due to one or 
both of the apoarent l eptons actua l l y  be i ng a hadron , have been cal cul ated from 
the sampl e of s i ngl e l epton events u s i ng probabi l i ti es of hadrons faking l eptons 
determi ned from a T( l S )  data samp l e .  From Tabl e I I I  one notes that the number of 
l i ke-s i gn di l eptons i s  cons i s tent w ith background ( no ev i dence for BO-BO mi xi ng ) , 
and the total number of di l eptons , after background subtracti on, i s  cl ose to the 
number expected from paral l e l decays wi th a =  l ( no evi dence for d i fference i n  
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charged and  neutral B sem i l epton i c  decay branch ing  ratios , no  evi dence for fl avor 
changing neutral currents ) . We make these three concl us i ons quanti tative bel ow .  

Tab l e  I I I .  Numbers of D i l epton Events . 

Events Background 

+ - 36 . 6  1 3 . 6  µ µ 
+ + µ µ + µ µ 1 0  8 . 8  

sum 46 . 6  2 2 . 4  24 . 2 

+ - 34 9 . 0  e e 
+ + 

+ e-e- 6 6 . 6  e e 
sum 40 1 5 . 6  2 2 . 2  

µe opposi te 54 1 7 .  9 
µe same 1 7  1 1  . 4  
sum 71 29 . 3  46 . 3  

1 .  M ix i n g .  The expected number of d i  l eptons i s  93 . Of these ,  40% , or 
37 shoul d be from neutral B decay . Wi th compl ete m ix i ng ,  ha l f  of thi s  number , 
or 1 8Y,, wou l d  be l i ke s i gn . The background-corrected number of l i ke-s ign 
d i l eptons i s  6 ± 8 ,  cons i s tent wi th no mix i ng , but not ru l i ng out substanti al 
m ix i ng at  a very h i gh confi dence l evel . 

2 .  a .  After correcti on for background , there are 90 ± 1 8  d i l eptons ; the 
number pred icted from the number of s i ng l e  l epton events , assumi ng a =  1 ,  i s  93 . 
Th i s  y ie l ds a = 1 . 0  ± 0 . 2 .  At 90% confi dence l evel , a i s  l ess than 1 . 3 .  Us ing 
the branch i ng fractions f± , f0 for T ( 4S ) i nto B+B- , B0B0 as determi ned from the 
B mass in Secti on A, i . e . ,  60%/40% , thi s l im i t  on a trans l a tes i nto 

0 3 Br ( B± + Xiv )  4 • < Br(B0 + Xiv) < · 6 · 

3 .  F . C . N . C .  After correction for background, there are 49 ± 1 2  µµ and ee 
events . Of these at l east 46 are expected from para l l el decays ( a > 1 ) .  At 
95% confi dence l evel , there are fewer than 26 events from B + Xµ+µ- or B + Xe+e- . 
Th i s  trans l a tes i nto a l im i t  on the branching ratio of 

Br ( B + xi+i- ) < 0 . 4% ( 95% c . l  . ) . 
Th i s  l imi t shoul d be contrasted wi th a branch ing ratio expected i n  a topl ess 
model w ith GIM not operating of > 1 % .  
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W e  d i s c u s s  some recent resul t s  i n  l'. spectro scopy and B me son physic s from 
the CUSB col laboration at CESR. 

Xb ( l  3pJ ) s t a t e  at ( 9901±.3 ) MeV in 

In part i cul ar, the recent obs e rvation of the 

bo th the inclusive , 
exclusive , ( l'. ( 2S l ->rXb-)yyy ( lS) ) ,  photon spe c t r a .  Spl i t tings and branching 
ratios  are given. Resul t s  on the se arch for l'. "'->B*B ,  l imi t s  on the B me son 
mas s , and the rel a t ive coupl ings s trengths for b quark de c ay are a l s o  g iven. 
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1 .0 INTRODUCTION 

The l sys tem, which cons i s t s  of a bound b quark and i t s  antiquark, has 
proved t o  be a very rich t e s t ing ground for the s tudy of b quarks , in terms of 
both thei r  decay prope r t i e s ,  and the for c e s  that bind them ( for a review o f  l 
phy s i c s  s e e  Ref .  1 ) . The experimental s tudy2l of the l system at CESR has 
progressed extremely rapidly, from the observation3 l of the l, X' X " ,  and ¥ " ' 
s t a t e s  in 1 9 80 ,  t o  the ob servation by CUSB4l o f  the Xb in 1 982 , and the 
Xb in5 l 1983 . In this paper we w i l l  d i s cus s the CUSB resul t s  on the 
observ a t i on of the Xb s t a t e s  from X '  decays toge ther with a summary of some 
of our re sul t s  on B phys i c s  
other sel ected re sul t s  from 
CUSB6l ,  The X system spe c t rum 
i s  a very rich one 11 s e e  
Figure l ,  with three bound 
triplet s states  and one 
quas i-bound state j ust above 
the b flavor thresho l d ;  the 
p wave s t a t e s  are 
e xp e rimenta l ly acce s s ib l e  
through e l ectric d ipole (El) 
trans i t i ons from the l ' ( 23 s1 > 
and l " ( 33 s1 > s t a te s .  

Figure 1 .  The bound l ( bb) 
spec trum. The s i ng l e  and 
doub l e  l ine s ind i c a te 
expe rimental ly ob served y and 
"" trans i t i ons respe c t ively . 
The d a shed l ine s ind i c a te 
tran s i t i ons that have not yet 
been ob served . 

2 . 0  THE CUSB DETECTOR 
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The CUSB detector,  which is shown in perspe c t ive in Figure 2 ,  i s  a high 

resolution segmented NaI and l e ad g l a s s  ca lorime te r .  The innermo st port i on 

cons i s t s  of four p l anes of tracking chamb e r s ,  which are fol lowed by -9 

radiation l engths of Na! cry s t a l s  ( 3 24) , -7 radi ation l engths o f  l e ad g l a s s  

b l ocks ( 256) , and Na! end caps ( 168) . Intersperced be tween the f ive N a !  l ayers 
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Figure 2 .  Perspe c t ive v i ew of the CUSB detector,  w i th the main detect ion 

el ements l is te d .  The end c a p s  a r e  shown pul led o u t  f o r  ease  of d i sp l ay .  The 

chambers be tween the Na! l ayers are not shown. 

were add i t i onal tracking chamb e r s ; these chambers were removed for the mo st 
recent y• running in an e f fort to improve the resolution of the central 
de tector from aE/E -4%/El / 4  ( E  in GeV) . Out side the l e ad g l a s s  array there i s  
a s c i nt i l l ator hodo scope which prov ides us w i th a two muon trigger ( in 
add i t i on ,  horizont a l l y  moving muons p a s s  through an i ron muon ident i f i e r  
sys tem) . The sol id ang l e s  are -80% , and -36% of 4n for back to back e l ec trons , 
and muon pairs respe c t ively. The rela tive energy c a l ibrat ion of a l l  the Na! 
cry s t a l s  i s  ma inta ined by cont inuo sly moni t or ing the posi t ions of the photon 
l ine s from 137cs ( . 66 MeV) and 60co ( l . 1 7 , l . 3 3  MeV) sources  which are mounted on 
the Na! crystal s .  Th is moni tor ing t ake s place s i mult aneously with data taking , 

a l l owing for cont inuous gain moni tor ing of the ent ire sys tem. The le ad g l a s s  
cal ibration i s  ma inta ined through daily monitoring of LED l ight sources  placed 

on the blocks . The energy c a l ibration obt a i ned in this  manner i s  then 
corrected for Monte Carlo calculated l o s s e s  in the inact ive material b e tween 
crystal s .  The f inal energy c a l ibrati on i s  then checked aga inst summed photon 

energ i e s  from exclusive photon event s and Bhabha s c a t te ring event s ;  it di ffers 
by only a few percent . 
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3 . 0 � SPECTROSCOPY 

3 . 1  The N3 s1 State s 

The agreement of the measured l eptonic w idths and mas se s  of the four Y 
s t a t e s  obs e rved in R ( shown in Figure 1 of Ref .  7 )  with potent i al models2 l has 
l ead to the a s soc i a t i on of these s t a t e s  w ith the first four tripl e t  S s ta t e s  of 
the bb sys tem. The value s  are summarised in Tab l e  I where mas se s  are scaled to 

-
M ( Y ) =9460 MeV a s  measured8] a t  VEPP-4 . Note that the y ( 43 s1 ) s ta t e  lies  above 
the b fl avor threshold s ince the ob s e rved3 ]  width is significantly wider than 
the measured machine resolut ion, providing us w i th a B fact ory with which to 
s tudy B decay. 

3 . 2 Search For Other States  

Bes i de s the four prominent 
r e sonanc e s  that have b e en obs e rved 
in the e+e- cross  section, we have 
se arched 
cont inuum 

for others in 
regions b e tween 

the 
the 

various re sonanc e s .  The scans and 
the resul t s  are shown in Figures 
3 a , b , c  for the regions below the 
Y ' ,  b e l ow the Y "  and be twe en the 
Y "  and the Y '" respect ively. The 
mo st thorough scanning was carried 
out in the latter region, where 
there is a predict ion9l for the 
l owe st lying v ibrational s t a te , 
having a leptonic width of 7 0-27 0 
eV. 

Figure 3 .  The 90% CL upper l imi t 
leptonic width in KeV for narrow 
re sonanc e s  ( t op ) , and the scan data 
point s in R for the energy regi ons : 
( a )  9 . 93 <M< 1 0 . 0 l  GeV/ c 2 , ( b )  
10 .27 <M<l 0 . 3 3 5  GeV/c2 , ( c )  
1 0 . 3 7 <M < l 0 . 5 5  GeV/ c2 . 
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There is n o  evidence for any narrow s t a t e s  ( i . e .  of machine re solut ion) 

in any of the reg ions . In parti cul a r ,  a vibrational state w i th leptonic w idth 

greater than 20 eV i s  excluded , in conf l i c t  w i th vibrati onal state pred i c t i ons . 

Tab l e  I .  The ma s se s  and l eptonic w idths for the 3 s s t a t e s  of the Y. sys tem. 
The Y mas s  i s  from Ref .  8. The theor e t i c a l  pred i c t i ons are from Ref .  2 ,  with 
t h e  l e p t o n i c  w i d t h s  c a l c u l a t e d  u s i n g  t h e  Y e xp e r i me n t a l  v a l ue . 

Res onance 

y ( 13 S1 ) 
Y (  23 s1 ) 
Y. ( 33 81 ) 
Y (  43 s1 ) 

-- Mas s  (MeV/c2 ) --

Experiment Theory 

945 9 . 7  9459 . 7  
1 0020 . 5±0 . 7 1 0025 
1 03 5 0 . 0±0 . 7  10322-1 03 60 

1 057 8 . 0±3 . 0  10568-10640 

Leptonic width ( keV) 

Expe riment Theory 

1 . 1 4±0 . 0 5  1 . 0 5-1 . 07 
0 . 5 0±0 . 03 . 44- . 5 0  
0 . 3 5±0 . 03 . 3 1- . 40 
0 . 21±0 . 0 5  . 2 5- . 3 1  

Since the CUSB resul t s  o n  the decays o f  the Y. ( 3 S )  have been di scussed 
e l s ewhere4l and in the Moriond Workshop proceed ings7 l , we w i l l  l imit ourse lves 
here to a brief summary of those resul t s .  The mo st sign i f ic ant dis covery made 

was the observation of the xi; ( or 23pJ=0 , 1 ,2 > s t a te in both the inclus ive 
photon spectrum, Y. ( 3 S ) ->y+X ,  and the exc lus ive decay chain Y. ( 3 8 ) - ) y+Xb , xi; 
-)y+( Y. ( 2S)  or Y. ( lS) ) with the f inal S state de caying to e+e- or µ+µ- . The 
resul t s  were ob ta ined from a sample of -65 000 hadronic event s on the Y. ( 3 S )  
p e ak ,  and a r e  summarised ( toge ther w i th the resul t s  from Y. ( 2S )  decay s )  i n  Tab l e  
I I I .  I n  addition, t h e  n+n- hadronic tran s i t i ons from the Y. ( 3 S) t o  the Y. ( 2S)  
and Y ( l S )  h av e  b e e n  me a s ur e d l O ] a nd a r e  s umma r i s e d  in Tab l e  I I .  

Tab l e  II.  The hadronic nn trans i t i on br anching ratios  measured by CUSB ( s ee 
Re f .  1 0 ) . The theoret ical pred i c t i ons are from Re f .  1 1 .  

Tran s i t ion Branching Ratio ( % )  
Experiment Theory 

Y. '->Y.n+n- 1 8±6 17-1 8 
'.l "->i ' n+n- 3 . 1±2 . 0  1 .  5-2 . 3  
Y. " ->i:n+n- 3 . 9±1 . 3 1 . 4-3 . 4  
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3 . 4 Decays O f  The l'. ' ( 23 81 ) 

3 . 4 . 1 Inc lus ive Photons -

Encouraged by the succe s s  of having d i s covered the X� states  in the 

decays of the l'. ( 3 8 ) , the CUSB group has spent the l a s t  running period at  CESR 
(Dec  1982 - March 1 9 83 ) s tudying the decays of the l'. ( 2S )  w i th the hope of 
obs e rv ing the Xb s t a t e  in El photon trans i t ions . Such tran s i tions have been 
ob served in both the inclus ive and exclus ive photon spe c t r a5 l ,  and can be 
a s so c i ated w i th the Xb states ( 13PJ=0 , 1 , 2 > .  During this run CESR d e l ivered 
-3 0 pb-1 of integrated luminos i t y ,  corre sponding to -23 0  000 hadronic event s in 
CUSB ,  of which -1 53 000 are obs e rved l'. ( 2S )  decays ( or -180 000 produced l'. ( 28 )  
event s ) . The princ ipal phi l osophy behind the photon algorithm for shower 
recognit ion from the transverse and l ongi tudinal shower shape has not changed 
from the l'. ( 3 S )  analys i s4 l .  However ,  we have since increased the effic i ency for 
hadronic event recogni t i on by -3 0% ,  and ti ghtened the photon cr i te r i a  so a s  t o  
maintain a constant photon f inding e f f i c iency of 1 3% ove r  the energy range from 
80 to 500 MeV . In addi t ion the resolut i on for showers was improved to 
aE/E-3 . 6%/El / 4  (E in GeV) , due in part to the removal of the chambers b e tween 
the NaI l ayers . The inclus ive 
photon spe c t rum from the l'. ( 28 )  
i s  shown in Figure 4 a .  There 
i s  evident s tructure at  -125 
MeV which i s  not v i s i b l e  in the 
l'. ( l S )  or cont inuum spe c tr a .  
The background curve i s  
obt ained from the spe c t rum by 
f i t ting the region from 65 to 
2 80 MeV with a cub i c  plus 3 
gauss ians of arb i trary posit ion 
and norma l i z a tion ( the width of 

Fi gure 4 .  The inclus ive photon 
spe c t r a ,  l'. ( nS ) -)yX , for decays 
o f  ( a )  the l'. ( 2S) , and (b) the 
l'. ( 3 8 ) . The sol id l ine is the 
background , for de t a i l s  s e e  
text . 
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e ach was held fixed at aE/E -6% ) , and the remainder of the spectrum w i th 

polynomial s ( e xcluding two bins around 43 0 MeV, where we expect to see a 
s ignal ) .  The cub i c  f i t  is a l so required to match the polynomial fits  at the 
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boundarie s .  Th e  sol id l ine shown i n  Figure 4 a  repr e sents the cub i c  and 

polynomial terms a l one . The contribut ion from the decay X ( 2S )  -> nOnOX( lS )  
( which has a BR- l O!b )  i s  automa t i c a l ly taken into account b e cause i t  
contr ibute s  a smooth d i s tribut ion from 20 t o  420 MeV, peaking a t  1 7 S  MeV o n  the 

p l o t .  In addi t i on, w e  show , in Figure 4b , the inclusive photon spe c t rum for 

decays of the X ( 3 S )  u s i ng b o th the new hadronic event and photon f inding 
algorithm. We s t i l l  see a d i s t inct e xc e s s  of photons in the 1 00 MeV region, 
l e ading to the the same po s i t i ons and the same4 l  BR( X ( 3 S ) - >  y+23PJ ) -34% . 

Returning to the X ( 2S )  
spectrum, w e  f ind a prominent 
e xc e s s  in the reg ion from 90 
t o  160 MeV ( 3 110±3 23 coun t s )  

and another smal ler exc e s s  in 
the region around -427 MeV of 
833±166 count s ,  as shown in 

The background Figure S .  
s ub tracted photon spe c t rum 
for X ( 2S) -)yX. The error 
bars are shown in ( a ) , and 
( b )  shows the f it s  to the 
exc e s s .  The numbers in ( b )  
refer t o  Figure 6 .  
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-100 
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1000 

the subtracted spe ctrum of Figure S a .  The three gaus s i an f i t  to the exc e s s  a t  
-1 2S MeV y i e l d s  photon l ine ene r g i e s  of 1 0 8 ,  1 28 ,  and 1 4 9  MeV respe c t ively. 
The indiv idual gaus s i ans are shown in F i gure Sb superimposed on the subtracted 
spectrum, where the numb e r s  ref er to the 
photon l ine s ind i c a ted on Figure 6 .  Since 
the l ines are more widely separated than in 
the 23pJ case and s ince our resolut ion is 
sl ightly improved , we are abl e  to part i a l ly 
resolve the three photon l ine s as ev idenced 
by figur e s  4a, and Sb . The f inal energy 
s c a l e ,  after Monte Carlo correction for 

Figure 6 .  The El tran s i tions for 
X ( 2S) ->yXb and Xb->yX ( l S )  decay s .  The 
da shed l ine ind i c a te s  that this tran s i t ion 
i s  suppres sed . 
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energy l o s s  i n  the inact ive mater i al , i s  determined by a sample of l'. ( 2S ) -> 
l'. ( l S ) rrOrrO-> l'. ( 1 S ) +4y even t s ,  where the summed 4y e nergy ( including l'. ( l S )  
reco i l ) must add t o  M (l'. ' ) -M ( l'. )  -56 1  MeV ( as shown i n  Figure 7 ) . Thi s  amoun t s  
to a 2% upward correct ion to 
the energy scal e .  I f  indeed 14 
the se photons corre spond to 1 2  
the E l  trans i t ions to a P wave 
s t a te , then one exp e c t s  to see 
the ' mirror ' tran s i t i on from 
the P wave back down to the 

Figure 7 .  The total energy 
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ground s ta t e ,  l'. ( l S ) . The energy of the two photons (plus recoil energy of 
-1 0 . 5  MeV) must therefore equal M ( l'. ( 2S ) ) - M ( l'. ( l S ) ) .  The product b r anching 
ratios  for the three tran s i t i ons via the P wave state are in the ratio of 
2 : 5 : -0 for the J=2 ,l , 0 spin s t a t e s  re spe c t ively ( a s i s  shown in the fol low ing 
s e c t i on on exc l u s ive l'. ( 2S )  de cays ) .  Thus from the measured inclusive photon 
l ine s we f ind that ( 108x2 + 1 28X5) / 7  + 427 +1 0 . 5  -560 MeV ( including reco i l )  i s  
prec i sely the M ( 2S) -M ( l S )  mas s  di fferenc e ,  from which w e  conclude that w e  have 
indeed seen the decay chain from the l'. ( 2S) to the l'. ( l S )  via an intermediate 
s t a te that we a s so c i ate with the Xb · The photon exc e s s  ob served in the 1 25 MeV 
region l eads to a BR( l'. ( 2S) ->yXb ) =  ( 1 5 . 5±2 . 5 ) %  with an additi onal systematic  
uncerta inty of  +5% and -2 . 5% ;  i f  the exc e s s  at  ( 427±1±8 ) MeV i s  from the 
above decay chain, then we find the BR( l'. (  2S)-)yXb )x BR( Xb-> yl'. ( l S ) ) = ( 4±1 ) % .  
Us ing the above ratio o f  product BR' s w e  f ind BR( l3P2-> yl'.( 1S) ) = ( 20±5 ) % ,  and 
BR( l3P1-> yl'. ( 1 S) ) = ( 47±1 8 ) % .  

The individual inten s i t i e s  of the three l ine s are cons i s tent with tho se 
expected for El tran s i t i ons ( i . e .  proportional to k3 ( 2J+l ) , where k is the 
photon energy) . After correction for that factor we f ind them to be l . 04:J:0 . 3 ,  
l ,  and 1 . 13±0 . 5  for the J=2 , l ,  and 0 s t a t e s  respe c t ively, normal iz ing to the 
middl e l ine . Th is evidenc e ,  tog e ther with the good agre ement of the cog 
p o s i t i on with potent i al mode l s ,  l e ads us to a s soci ate the obse rved l ines w i th 
the l owest thre e tripl e t  P wave s t a te s ,  13 PJ=O , l , 2 · We summarise the inclus ive 
photon resul t s  for the 13pJ and 23pJ s t a t e s  in Table III .  



Tabl e  I I I .  Summary of inc lusive photon transi ti ons . For potent i al model 

pred i c t ions , see Ref .  2 .  

Ey Energy -- Ma s s  ( MeV/ c 2) -- BR( X ( nS ) ->y ( n-l ) PJ ) El width ( keV) 
Line (MeV) Experiment Theory n J BR(%) Exp t .  Theory 
23p2 84 . 5±2 . 0±4 10265 3 2 
23p1 9 9 . 5±3 .2±4 10250 3 1 
23po 117 . 2±5 . 0.±4 10232 3 0 
2Pcog 93 .1±5 1 0256±5 1 0242-10271 all  3 4±3 8 . 4±1 . 4 4 . 8-7 . 6  
13p2 1 08 . 2±0 .3.±2 9912 2 2 6 .1±1 . 4  
13pl 128 . 1_±0 . 4±3 9892 2 1 5 . 9±1 . 4  
i3Po 149 . 4±0 . 7±5 9870 2 0 3 . 5±1 . 4  
lPcog 1 1 9 . 4±3 9900.±3 9 888-9924 a l l  1 5_±2 . 5  4 .  9±1 . 0 3 . 1-4 . 4  

3 . 4 . 2 Exc lusive Photons -

1 3 1  

In addition to the obs e rvation o f  the Xb s i n  the inclusive spe c t rum, we 
have obs e rved them in the exc lus ive event s X ( 2S ) - >  yXb-> yyX ( l S ) - >  yy ( e+e- or 
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Figure 8 .  Sc a t ter plot of y e nergi e s  
for µ+µ- final state cascade decays 
of the X ( 2S ) . 
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e+e- f inal s ta te c a s c ade 
of the r ( 2S) . 
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µ+µ-) . Again,  the proceedure i s  the same a s  that for the X ( 3 S )  exclusive 
events de scribed e l s ewhere4 , 7 l , except that the muon sol id angle was increased 
t o  3 6% of 4n. The acceptanc e s  for these exc lusive event s are 17% for events 
with e+e- f inal states and 1 2%  for those w i th µ+µ- . The data are plotted in 
s c a tter pl o t s  of the two photon energ i e s ,  E}Ow vs E¥igh, for e l e c tron and 
muon f inal state event s separately in f igures 8 , 9 respe c t ively. Both plo t s  

show a d i s tinct clustering a t  ( E}ow , E¥igh) ( 120 ,430)  MeV which we 
interpret as rad i a t ive cascade event s v i a  the Xb . The fact that we are indeed 
obs e rv ing cascade event s to the Y ( l S )  i s  wel l demonstrated in f igure 10 which 
shows the sum of the two photon energ i e s  w i th a c l e ar peak at the Y ( 2S ) -X ( 1 S )  
mas s  d i fference ( after recoil corre c t ion ) . 

The backgrounds are of 

inter e s t  only i n  the region of 
the clustering ; hadronic 
cascade backgrounds v i a  non° 
are negligab l e  above a summed 
energy of -500 MeV. Other 

for the 
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b a ckgrounds 
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i s  calcula ted to be 
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Figure 1 0 .  The summed photon 
ene rgy for a l l  the cascade 
events in Figur e s  8 and 9 .  
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cluste ring of 80(  E}ow < 1 50 MeV . The total ob served number of events in that 
region i s  51 . Correct ing for acceptance and background ( t oge ther with a 
Bµµ= . 028 ± . 003 ) we derive the product branching ratio BR(X ( 2S) ->yXb ) x 
BR(Xb-)yX ( l S ) ) = ( 3 . 9±0 . 9 ) % .  We have compared the spl it ting observed in these 
exclus ive events with that ob tained from the inclusive analys i s ,  by combining 
both the e+e- and µ+µ- d a t a ,  constraining the yy e nergy sum to 560 MeV 
( corrected for reco i l  and we ighted by resolution) and f i t ting the low energy 
photon spec trum. The spectrum is shown in f igure 1 1 ,  where two c l e ar peaks are 

v i s ibl e ;  a two Gau s s i an f i t  ( o f  equal widths ) leads to f i t ted peak value s of 

( 1 06±3 ) MeV and ( 1 27±2 ) MeV w i t h  a r e s o l u t i o n of o-E / E= ( 4 . 5 ±0 . 7 ) % .  The 



f it ted intensi t i e s  are in the 

ratio of ( . 45±. 1 9 ) : 1 .  The 
total product branching r a t i o ,  
and intens i ty rati o s ,  a r e  in 
agreement 
pred i c t i ons 

w i th theor e t i cal 
( se e  Tab l e  IV) , 

which l e ads us to make the 
a s soc i ation of the se two l ine s 
w i th the 13 p2 and 13pl s t a te s .  
The se re sul t s  are summarised in 
Tab l e  IV. 

Fi gure 11.  The proj e c t ion of 
the low energy photon for l'. ( 2S) 
decay s ,  showing pe aks a t  1 06 
and 127 MeV. 
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LOW Tab l e  IV. Summary of l'. ( 2S )  and l'. ( 3 S )  exclusive events .  E y  (MeV ) 

Branching Rat i o  (%)  
React i on Experiment Theory 

�j =iBR ( Y  "->r j Xbj ) xBR( Xbr >rY ' )  5 .9±2 . 1  3 . 3 
�j =iBR ( Y " - >rj Xbj ) xBR(Xbj ->rxl 3 .6±1 . 2 2 . 8  

!j =iBR(Y "->r j Xbj ) xBR( Xbr>rY ' )  < 3 . 0  1 . 1 
BR( Y ' - > rj Xb 2l xBR(Xb 2- >rxl 1 . 3±. 7 } BR( Y ' ->rj Xb 1 ) xBR( Xb 1->rxl 2 . 6±. 8  3 . 3 ± . 3  
BR( Y '->rj Xb o l xBR( Xb o->rxl < . 4 
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140 160 

In this section we pr esent a b r i e f  summary of some of the recent re sul t s  
obt ained by CUSB i n  the area o f  B phys i c s .  For more de t a i l s  o n  the CUSB B 
phys i c s  see Ref .  7 .  

4 . 1 Search For B* ' s  

In a samp l e  of 3 9  000 l'. ( 4S )  event s ,  we have se arched for the decay l'. ( 4S ) -> 
B*B , where the B*-> yB . The energy of the 'Y i s  expec t ed to be -50 MeV from 
scal ing argument s .  We do not ob serve any events in the incl us ive photon 

spectrum of l'.( 4S) decays 12l , as shown in Fi gure 1 2 .  The shaded reg i on in the 
f igure indi c a t e s  the expected s ignal if  there were one photon per event . A 
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Figure 1 2 .  The continuum 

sub tracted inc l u s ive photon 
spe c t rum, l'. ( 4 S ) ->yX. The 
shaded curve represents  the 

expe c t ed photon s ignal if  
there were one 50 MeV y pe r 

event . 

maxi mum l ikel ihood analy s i s  
yields  an uppe r  l imi t on 
BR( l'. ( 4S ) -) B*B) <7% ( 90% CL) 

>- 2500 
"' a: w z w 2000 

� "' 1500 

en z 1000 0 f-0 J: 
500 0.. 

10 

CUSB Feb. 1983 

5 0  100 500 1 0 0 0  
PHOTON ENERGY ( MeV) 

for 40<Ey <60 MeV. From these re sul t s  and the me asured w idth of the l'. ( 4S ) , we 
cal cul a t e1 2] that 5263(  MB < 5278 MeV, in good agre ement w i th the recently 
obt a ined CLEO value13 ] . 

4 . 2 Electron Spe c t rum From B Decay 

We have measured the 
e l ectron spectrum ( > lGeV 
e l ectrons) for B decays on the 
l'. ( 4S) . The experimental 
spe c t rum is  shown in Figure 

Figure 13 . The measured 
e l ectron spe c t rum ( Ee > lGeV) 
for l'. ( 4S )  decays . The sol id 
l ine i s  the measured 
background off resonanc e .  
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13 , where the sol id l ine is a fit to the me asured continuum spe c t rum taken o f f  
t h e  l'. ( 4S)  p e ak .  The cont inuum spe c t rum comes from el ectrons from D decay 
( reca l l  that only -3 0% of the events at the l'. "' energy are resonance event s ) . 
The efficiency for >1 GeV e l ectrons is -7% ( due to 20% e l ectron ident i fication 
and 34% s o l id angl e ) . We observe 7 11±47 events  ( a fter subtraction of 114 
events from y convers i ons and hadronic interac t i o n s )  which l e ads t o  a BR(B-> 

evX ) =  ( 13 . 7±0 . 9±2 ) % .  The above branching ratio was ob tained a s suming that 
88% of e l ec t rons from B-> e�X decay are above 1 GeV, and a 1 2% background 
contr ibut ion from B-> DX decay s .  
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The shape of the e l ectron spectrum has been used to determine the ratio o f  

contributions from b-)u v s  b-) c ,  b y  compari son with the cal cul a t i ons o f  
Al tarel l i  e t  a114] . The three curves i n  Figure 1 4  repre sent the expected 
spectra for the cases that 111q=l . 8  GeV/ c 2  ( c urve Bl , or that 111q=150 
MeV/ c2 ( curve A) , and the contribut ion from B-> DX decay ( curve C) . A maximum 
l i ke l i ho od c a l c u l a t i o n  r e s ul t s  i n  a s pe c t rum c o n s i s t e n t  w i th no b - ) u  
contribut ion, the 90% C L  l imit 

l e ad s  t o  BR(B- > evXul /BR(B- > evXc l 
< 7% or in te rms of the coupl ing 
parame ters of the mixing matrix 
l vbu/ Vbc l 2 < . 03 ( for de tai l s  see 
Ref . 7 ) . 

Fi gure 1 4 .  The subtracted 

el ectron spe c t rum on the Y (  4S) . 

The curves are : (A) comp l e te 

b-)u, ( B) c omp l e te b-) c , and (C)  

e l ectrons from D decay. 
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The Y sys tem has provided an amazing l aboratory for the study of b o th weak 
and s t rong interac t ions . The Y spectrum2 l has f i l led out experimenta l ly in the 
l a s t  year with the addition o f  the xb and xi; members4 , 5 ]  t o  the y family, in 
support of the flavor independent potent ial mode l predict ions for the bound bb 
system. The El rates are in agreement w i th theoretical  exp e c t ations5 ] , and the 
hadronic transit ions be tween trip l e t  S s t a t e s  have been measuredl O] and agree 
with those pred icted by the QCD mul tipole expansion1 1 ] , al though some of the 
spe c t r a  for these tran s i tions are unexpected theor e t i c a l l y .  In B phys i c s ,  the 

B me son mas s  has been measuredl 2] and t i ght bounds have been placed on the 
quark mixing matrix parame ters from the shape of the B de c ay e l ectron 
spe c trum? ] . Al though much has been accompl i shed these past  few year s ,  there 
s t i l l  remains the chal l enge of exp l i c i t e ly resol ving the P wave l ine s ,  and 
ob s e rving the s ingl e t  S state , the �b ( se e  Fi gure 1 ) . We hope to accompl i sh 
these ta sks w i th the addition of a BGO upgrade1 5 ]  of the CUSB d e t e c t o r .  The 

f i r s t  quadrant of BGO should be instal l e d  and running by the end of 1 9 83 ( the 
�b must awa i t  a ful l cyl inder of BGO) , and perhaps by the next Moriond me eting 
we w i l l  be abl e  to report on yet more exc i t ing resul t s .  
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REVI EW OF PEP E XPERIMENTS 

Gerson Gol dhaber* 
Department of Phys i cs ,  and Lawrence Berkel ey Laboratory , 

Un i vers i ty of Cal i forn i a ,  Berkel ey, Cal i forn i a  USA 
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Recent phys i cs resul ts from four P E P  experiments : Mark I I ,  MAC ,  DELCO , and 
TPC are presented herewith .  The topi cs di scussed deal wi th fl avor tagging  of 
charmed and bottom quarks , , and D0 l i fetimes , E lectroweak interference effects , 
searches for new particl es and dE/dx measurements .  

*Wo rk supported i n  part by the U . S .  Department of Energy under contract DE-AC03-
76S F00098. 
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I wi l l  present the fol l owing data from P E P  i n  my tal k :  

l .  A bri ef  descri ption of  the 4 PEP  detectors from wh i c h  data i s  presented 
here . 

2 .  Resu l ts o n  fl avor taggi n g :  
Charm taggi ng  v ia  D*+ i dent i fi cation . Resu lts  from Mark I I  and 
DELCO . 
Charm and bottom quark taggi ng v i a  semi l epton i c  decays . Resu lts  
from Mark  I I  and MAC .  

3 .  T and D0 l i fetime measurements wi th a Vertex Detector (Mark I I ) .  
4 .  E l ectrowea k i nterference effects . Res u l ts from Mark I I  and MAC .  
5 .  Search for new and pecul i ar partic l es and speci fic  decay modes ; 

Sea rch for a µ* ( MAC ) .  
Sea rch for e+e- -+ '¥ + x and e+e- -+ T + x ( Mark I I ) .  

6 .  Part i c l e  i denti fi cat i on i n  the TPC . 

l .  The PEP Detectors 
I present herewi th summaries of 4 PEP Detectors as  comp i l ed by G. Gi dal et 

al . 1 J  for the Part i cl e  Data Group at LBL . 

A .  L umi nos i ty at PEP 
There has been a cons i deral:il e i mprovement i n  Lumi nos i ty at PEP . I n  

part icu lar  peak Luminos i ty of  3 . 3 x 1 0 3 1  cm- 2 sec- 1 have been reached .  Average 
runn ing  days have produced over 1 000 n b- 1 . 



LOCATION 

MAGNET 

TRACKING 

SHOWER COUNTERS 

TIME OF FLIGHT 

END CAPS 

MUON DETECTION 

SMALL ANGLE TAGGING 
LUMINOSITY 
MONITOR 

REFERENCES 

MARK II 
PEP e+e- storage ring 
SLAC, Stanford, CA, USA 

4. 6 kG Al coil solenoid, 1 . 5  m radius (currently running at 2. 3 kG) 

Central drift chamber: 
Active length = 2.64 m, inner radius = 0.4 1  m, outer radius = 1 . 45 m 
6 axial layers, JO stereo layers ( ±3°)  
50% ethane, 50% argon 
u = 200 µ 

Vertex drift chamber: 

1 3 9  

Cylindrical drift chamber, 1 . 2  m long, inner radius = 1 0  cm, outer radius = 35 cm 
Only axial wire layers ( 4 near r � 1 2  cm, 3 near r � 30 cm) 
u = 100 µ 
Be beam pipe (0.006)(,,) 

Combined (D.p/p)2 � (0.0 15)2  + (0.0 lp)2 
Tracks extrapolated to interaction point within 100 µ. 

8 modules of Pb- liquid argon ( 1 5)(,, each), arranged in octagon outside coil 
Covers 64% of 4" 
2 mm Pb sheets separated by 3 mm liquid argon gaps 
37 layers (0.4X,, sampling) are ganged to provide 6 samples in depth 
Readout in 3. 8 cm wide strips in ¢, 8, u directions 
D.E/E = 1 3%/ VE 

48 scintillation counters read out at both ends 
Cover 753 of 4" 
1 . 50 m flight path at 8 � 90°; u � 340 ps 
K," separation up to 1 . 35 GeV /c at Ju level 

2 layers Pb-proportional chamber (5X,,) with 4 successive cathode strip readouts 
(8, </>, R-spiral, L-spiral) 

503 argon, 503 ethane 

Proportional tubes interleaved with steel absorber ( 4 layers each for total thickness of I m) 
covering 553 of 41f 

6 planar drift chambers followed by shower counters 
Octagonal shower counters cover 22 mrad < 8 < 80 mrad contain 
18 layers 1 /4" Pb and 1 /2" scintil lator, read out with BBQ wave shifter, front 5 layers 

separately from back 1 3  
D.E/E � 15 .  53/ VE 
3 sets of scintillation counters 

I .  G.S. Abrams et a l . ,  Phys Rev. Lett. 43 ( 1 979) 477, and ibid 48 1 .  
2 .  W .  Davies White e t  al . ,  Nucl. Instr. & Meth. 1 60  ( 1979) 227. 
3 .  G.S. Abrams et al . ,  IEEE Trans. Nucl. Sci. NS 25 ( 1978) I ,  ibid 309, and NS 27 ( 1980) 59. 
4. J . A. Jaros, Proc. Int. Conf. on Instrumentation for Colliding Beam Physics, SLAC-250 ( 1 982). 
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LOCATION 

MAGNETS 

TRACKING 

MUON DETECTION 

MAC (MAgnetic Calorimeter) 
PEP e+e- storage ring 
SLAC, Stanford, CA, USA 

5 .7  kG solenoid, 7 .5  cm thick Al coil 
Diameter = l m, length = 2.3 m 

17 kG iron toroids, l m thick 

Cylindrical drift chamber 
2. 2 m long, 1 2-45 cm tracking radius 
Argon - 10% methane at I atm. 
10 layers, double sense wires 
�5 points on tracks over As:J = 95% of 4,,. 
3° stereo gives Az = 4 mm 
dE/dx to ± 15% 
up/P = 6.5% p 

Muon tracking chambers 

1 4 1  

4 planes of I 0 cm diameter drift tubes surrounding magnetized iron toroids 
up/P = 30% 

SHOWER DETECTORS 

HADRON CALORIMETER 

TIME OF FLIGHT 

LUMINOSITY MONITOR 

REFERENCES 

An = 97% of 4,,. 

Barrel: 14 Xo of Pb - proportional chamber sandwich 
uE/E = 20%/ vE 
z-coordinate from charge division 
"• = 0.80, <18 = 1 . 30 

Endcaps: 14 Xo of Fe - proportional chamber sandwich 
uE/E = 45%/ vE 
<1>-coordinate from cathode strips 
"• = 20. "8 = 1 .50  

Total: As:J = 97% of 4,,. 

5. 5 Aabs of Fe - proportional chamber sandwich 
uE/E = 75%/VE 
u8 = 2°; u0 = I 0 (barrel), 4° (endcaps) 
As:J = 97% of 4,,. 

144 scintillation counters (72 barrel, 72 endcaps) 
r = 1 . 3  m 
At = I ns 
An = 97% of 4,,. 

4 scintillator /shower counter telescopes at 32 mrad horizontally 

I. R.L. Anderson et al., IEEE Trans. NS 25, ( 1 978) 340. 
2. W.T. Ford, SLAC-PUB-2894, March 1982 (Proceedings SLAC International Conference on 

Instrumentation for Colliding Beams). 
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MAC (MAgnetic Calorimeter) 

MAC Detector Components : 

CD - Central D r i f t  Chamber 
SC - Shower Chamber (Centra l )  
TC - T r i gger/TOF S c i n t i l l a tors 
HC - Hadron C a l o r i meter (Centra l ) 

Fi g .  2 

E C  - End-cap Shower and 
Hadron C a l orimeters 

MO , M l  - Muon Drift Chambers 
Co i l s  - Sol enoid and Toroid 

XBL 8 3 1 -7898 



LOCATION 

MAGNET 

TRACKING 

CERENKOV COUNTER 

SHOWER COUNTERS 

TIME OF FLIGHT 

LUMI NOSITY MONITOR 

REFERENCES 

DELCO 
PEP e+e- ring 
SLAC, Stanford, CA, USA 

Open-geometry (aperture I cosO I < 0. 78) 
Pole-tip diameter 101 cm, separation 125 cm 
B0 = 3.3  kG, fBdl = 1 . 8  kG- m 

Central (cylindrical) drift chambers: 
94 cm maximum wire length, 1 2-49 cm radius 
Low mass (2.3% Xo) 
Depth (z) measurement by narrow angle stereo 
1 6  points on tracks with I cosO I < 0.69 
Outer ( planar) drift chambers: 
285 cm wire length, 1 60 cm <radius> 
Depth measurement by wide angle stereo 
6 points on tracks with I cosO I < 0.65 
Multiple hit digital electronics ( 4 ns bin width) 
"p/P = v(2%-iJ2--+-T6o/;)2 

I atm. isobutane threshold counter ()', = I 9. 1 )  
3 6  cells each with (pTP-coated) 5" RCA 8854 quantacon 
Radiator length 55- 1 1 0 cm, <p.e. > = 1 8, <N0>=80 cm-1 
"• = 300 ps 
Acceptance I cosO I < 0. 62 

Barrel ( I  cosO I < 0.62) : 
48 Pb-scintillator counters, 6Xo 
Pole-tip (0.79 < l cosO I < 0.98) : 
36 Pb-scintillator BBQ counters, 5Xo 

52 counters 
324 cm length, 1 80 cm <radius> "' = 350 ps 
Acceptance I cosO I < 0.67 

12 Pb-scintillator BBQ counters, 16Xo 
Acceptance 25-68 mrad relative to beam axis 

I .  W. Bacino et a l . ,  Phys. Rev. Lett. 40 ( 1 978) 67 1 .  
2 .  W .  E .  Slater e t  al. ,  Nucl. Instr. & Meth. 154 ( 1 978) 223. 
3. D. Ouimette et al., IEEE Trans. NS 29, No. I ( 1 982) 290. 

1 4 3  
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CYLI N D R I C A L  D R I F T  
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LOCATION 

MAGNET 

TRACKING 

POLE-TIP 
CALORIMETER 

HEXAGONAL 
CALORIMETER 

MLON 
DETECTOR 

TRIGGER 

REFERENCES 

TPC 

PEP e+e- ring, Interaction Region ( I R) 2 
SLAC, Stanford, CA. USA 

1982-83: 4 kG Al coil solenoid ( 1 . 32X., coil package) 
1984: 14.5 kG superconducting coil (0. 86X., package) 
Diameter = 2. 1 5  m, length = 3.0 m 

Time Projection Chamber (TPC) 
2.0 m long (in z) at 20 to 100 cm radius (r) 
Argon-methane ( &Oo/c-20%) at 8. 5 atm. 
Max. drift l . O  m in 20 µSec, 75 kV /m drift electric field 

1 4 5  

183 proportional wire hits on tracks with ! cos 8 1  < 0.7 1 ,  each wire gives r,z and amplitude for six 60° sectors at 
each end and provides dE/dx meas. by multiple ionization sampling 

1 5  3-dim. space points from induced cathode signals on several of 13,824 channels to give r, ¢, and z (from the drift 
time), for I cos 81 < 0.71 

?.2 3-d points and ?. 1 5  wire hits over 97% of 411" sterad 
Track pair resolution of 1-2 cm 
dE/dx ±3.5% for Bhabhas 

±4.0% for tracks in jet events with 2: 1 20 samples 
crp/p2 = ±3.6% for p2: 2 GeV/c 

position resolution in bending plane is 190 microns and in axial (z) direction 340 microns; presently low magnet 
field and drift distortions increase crp/p2 

Inner drift chamber at 13 to 19 cm radius 
8 .5  atm Ar-CH4 ( 80%--20%), 150 microns in bend plane 
1 . 2  m long covering 95% of 411", with 4 axial layers 

Outer drift chamber at 1 . 1 9  to 1 . 24 m radius 
I atm Ar-CH4 (80o/o--20%), 200 microns in bend plane 
3 m long covering 77% of 411", with 3 axial layers 

Gas, proJXlrtional mode, sampling Pb-laminate calorimeter 
2 modules, 1 3. 5Xo deep, at z = I .  I m, covering 18% of 411" 
Argon-methane ( 80o/o--203) at 8. 5 atm; total of 51 samples 
Three 60° stereo views, each with 13 and 4 samples in depth 
Projective strip geometry with 8 mrad angular segment 
•E/E � ± 1 1  %/YE, below JO GeV 

±6.0% for Bhabhas at 14. 5 GeV 

Gas, limited Geiger mode, sampling Pb-laminate calorimeter 
6 modules, lOXo deep, 4.2 m long at 1 . 2  m radius 
Argon-ethyl bromide (96%-4%) at I atm. 
Solid angle coverage of 75% (90% including PTC) 
3 correlated 60° stereo views using wire and cathode signals in 40 samples (27 and 13 samples in depth) 
Projective strip geometry with 9 mrad angular segment 
•E/E � ± 14%/ YE, below I GeV 

± 1 2% for Bhabhas at 14.5 GeV 

Magnet flux return + 2 layers iron, total 810 g/cm 
Triangular, double layer, extruded Al proportional tubes 
Argon-methane ( 80o/o--20%) at l atm. 
3 layers with axial wires and 4th layer at 90 deg. 
Endcap with 3 layers provides 98% of 411' sterad coverage 
Resolution = I cm, expect 3 mm when operated as drift tube 

2:2 charged over 85% of 411'" sterad; neutral energy of 2:4 GeV, or energy in two or more calorimeter modules of 
2: 1 . 5  GeV; 2:1 charged and neutral energy of 2:750 MeV or energy in two or more calorimeter modules of 
2: 1 . 5  GeV 

I. TPC: H. Aihara et al., IEEE Trans. NS 30 ( 1983). 
2. JDC: W. Gorn et al.,  I.EEE Trans. NS 26 ( 1979) 67. 
3. HEX: H. Aihara et al., IEEE Trans. NS 30 ( 1983). 
4. MLON: J. Bakken et al., IEEE Trans. NS 30 ( 1983). 
5. TRIG: M. Ronan et al.,  IEEE Trans. NS 29 ( 1 982\ 421 
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Fi g .  1 5  - Channed quark to DH fragmentation functi on . < c> = 0 . 59 + 0 . 05 .  
(MARK II )  

·Fi g .  1 6  - Cha rmed quark t o  D H  frag�1entation functi on . < c >  = 0 . 6  2:_ 0 . 1 . ( DELCO) 

Fi g .  1 7  - (a) Charmed quark fragmentati on functi o n .  Funct i onal form of Peterson 
et al . for E = 0 . 2 5 .  
( b )  Bottom qUark fragmentation function for the Eh val ues s hown . 
These correspond to the fitted val ues obta i ned from the study of 
semi el ectron i c  decays in the Mark I I .  
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2 .  Fl avor Taggi ng 
There are two fortunate ci rcumstances whi ch a l l ow fl avor tagging even though 

compl ete parti cl e i denti ficat i on is not always avai l abl e .  These are charm tagg­
i n g  v i a  D*+ i denti fi cation and charm and bottom tagging v ia  l epton i denti fication 
from semi l epton i c  decays . 

Charm Fl avor Tagging v ia  D*+ Identi fi cati on 
D*+ i denti fi cation is pos s i b l e  even wi thout K-i denti fi cation due to the very 

t i ght ki nemat i cal constrai n t  i n  the decay D*+ + n+D0 where the bachelor n+ 

has a k i neti c energy of 5 . 7 MeV i n  the Drl c .m .  sytt���+ Thi s  feature i s  expl� i ted 
by pl otting the mass di fference � = M{ D*+) - M ( D 0 }  whi ch gi ves a peak centered at 
� = 1 45 . 4  + 0. 2 MeV.  Here the D0 ·i s  primari l y  observed through i ts D0 + K-n+ 

( Br = 3 . 0  � 0 . 6% )  decay mode , and i f  K- i denti fi cation i s  avai l abl e ( DELCO } through 
the D0 + K-n+n+n- ( Br = 8 . 5 ±. 2 . 1 % )  decay mode . Furthermore a charm associ ated 
" satel l i te enhancement" S0 , di scussed bel ow ,  can a l so serve i n  D*+ tagg ing .  

A Charm Associ ated Enhancement 
As i l l ustrated by the Mark I I  data from SPEAR in a K-n+ mass p l ot as i de from 

the D0 peak at M ( K-n+) = 1 . 863 GeV there i s  a second broader charm assoc iated 
" satel l i te" peak S0 wi th M ::. l . 61 GeV and r :::_ 0 . 1 2  GeV . ( see Fi gure 5 ) .  
These val ues are approxi mate s i nce the S 0  enhancement i s  skewed towards l ow mass 
val ues . The mass i nterval 1 . 48 - l . 68 GeV contai ns about 90% of the enhancement .  

Fi gure 6 s hows that the S0 enhancement pers i sts at the various SPEAR energy 
reg i ons : 3 . 77 GeV the o/ 1 ' ,  3 . 9  - 4 . 5 GeV and 4 . 5  - 5 . 5  GeV. Furthermore it i s  
absent a t  the o/ and o/ 1 energies . Th i s  i ndi cates that the S0 satel l i te enhance­
men t  is charm associated and we i nterpret it as primari ly due to the more copi ous 
decay mode D0 + K-n+n° , Br= 9 . 3 ±. 2 . 8% with perhaps a smal l contri buti on from the 
D+ + K-n+n+ decay mode . The way th i s  comparati vely s harp S0 enhancement arises 
is i l l ustrated in Fi gure 7 wh i ch gi ves the features of the Da l i tz p l ot for the 
decay D0 + K-n+n ° .  We  note that t h i s  decay mode proceeds v ia  the two i ntermed i ate 
state { pseudo scalar meson + vector meson ) channel s :  

and D0 + K*-n+ as wel l as a thi rd channel D0 + K*0n° 
4 K-no  4 K-n+ 

( l )  

whkh i s  o f  no relevance here and i s  not shown on the Dal itz p lot .  I n  v iew of 
the fact that we have the decay of JP 

= 0- { the D0 ) to a JP = 0- and JP 
= , ­

state i t  must proceed via LP = , - i n  rel at i ve orbi tal angul ar momentum between 
the pseudo scal ar and vector meson . As a consequence of the angular momentum 
add i t i on L + J ( V )  = 0 the vector meson is produced ful ly al i gned and hence with 
a cos2e di stribut i on i n  the vector meson c .m .  Thi s  expresses i tsel f as a mass­
squared di stri buti on a l ong the p+ and K*- bands wh i ch peak at the ends of these 
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Fi g .  5 - The 0°  resonance and S0 enhancement. The s i gnal s correspond to 1 340 
0° events and 1 470 S0  events . The S0  s i gnal thus more then doubl es 
the number of charm tags for the K-n+ decay mode . ( a )  The curves i s  
a fi t to background and the 0° s i 9nal . (b )  The curve i s  a fi t to 
background and the S0 s i gnal . ( c )  The data with background ( a s  
determined from the above fits ) s ubtracted. Mark II at SPEAR. 

Fi g .  6 - The D0 and S0 s i gnal s for 3 energy regi ons as noted with backaround s ubtracted. Mark II at SPEAR. · 
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Mark I I  at SPEAR .  
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bands . Fi gure 8 s hows these as refl ected i nto M ( K-TI+ ) eval uated by a Monte Carl o 
cal cul ation .  Fi gure 9 shows a poss i b l e  fi t to the 5° peak wi th 2/3 of the i ntens i ­
ty ascri bed t o  the p+ band and 1 / 3  to the K*- band with n o  account taken of  poss i­
b le  interference between the  two bands . Thus the 5° peak i s  expl ai ned as an  en­
hancement i n  M ( K-TI+) , primari ly due to the D0 ->- K-TI+Tio decay mode . 2 •3] 

The associ ated TI 0  in the rel evant portion of the Dal itz pl ot i s  of rather 
l ow momentum in the D0 c . m .  system. Thi s i mpl i es a rather l ow TI0 detection ef­
fi ci ency and procl uded the di rect observation of the 5° enhancement in the Mark I I  
study o f  the D0 ->- K-TI+Tio Dal itz p lot .  3J 

What i s  important i n  what fo l l ows i s  that si nce the 5° peak corresponds to a 
low momentum TI0 ( i n  the 0° c . m . ) ,  mass di fference Lio = M ( ·rr+o0 ) - M ( D0 )  
which has an experimental ful l  wi dth of "' 2 MeV i n  the Mark I I  at PEP , i s  sti l l  
appl i cable a s  Lis = M (TI+S 0 )  - M(S0 ) al though the ful l wi dth now broadens to "' 1 0  
MeV. Fi gure 1 0  shows a Monte Carl o cal cul ation at 5 . 2 GeV i ncl ud ing the detector 
resol ution. The cal cuati on at 29 GeV is very s im'i l ar and i s  in good agreement 
with the observed experimental di stri buti ons . 

D*+ Studies at .P-EP 
Fi gure 1 1  shows the Li di stri bution for the Mark I I  data at 29 GeV , here a 

cut on M( K-TI+ } of l . 76 - 1 . 96 GeV was appl i ed to sel ect the 0° ban d .  The Li 
di stri butions are shown for the i! val ues i! > 0 . 4  and the more restri cti ve i! > 

0 . 6. Here i! = E ( D*)/Ebeam· Fi gure 1 2  shows the M ( K-TI+) di stri butions for a Li 
interval of 1 43 - 147 MeV .  

Physi cs Resul ts from D*+ Studies 
There are four physi cs results whi ch  are obtai ned from the i denti fied D* 

mesons .  
( i ) The charmed q uark fragmentati on function . One finds that the charmed 

quark fragmentation i nto D* ' s  occurs at consi derably hi gher z va l ues 
then for the l i ght q uarks . <Z> '.':'.. 0 . 6 .  (Mark I I  and DELCO . )  

{ i i ) The cross section for D*+ production . Thi s  i ncl usive cross section 
o ( D*+ ) " 0 . 2  - 0 . 25 nb is rather l arge and corresponds to an R val ue 
of R "' 2 . 0  - 2 . 5 . Thus D* producti on ( i f  we al l ow a s imi l ar cross 
secti on for 0*0 ) essenti al ly saturates the expected charm q uark 
production , namely :  

4 1 RC = 3 Cg + 9) ( 2 )  

for charmed and bottom q uark pa irs ( ass umi ng the l atter primari ly 
proceed vi a charm decay ) .  Here , 2 Rc = 2 x � = 3 . 33 i s  expected for 
the i ncl usi ve charm production R val ue ( both charges and a l l  
charmed mesons and Baryons ) .  ( Mark I I  and DELCO . )  
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( b )  The � s i gnal from D*+ decays wi th M ( K-n+ ) i n  the 5° reg ion .  
Monte Carlo cal cu l ations at Ecm = 5 . 2  GeV .  Resu l ts at 29 GeV are 
essentia l ly the same . 

F ig .  1 1  - Experimental � di stri buti ons at E cm = 29 GeV ,  for M (K-n+) M0o :t:_ 0 .  l GeV/c2 and 2 cuts on 2 .  Mark 1 I  a t  PEP . 

Fi g .  1 2  - Experimental M ( K-n+ ) di stri bution E = 29  GeV for 2 cuts on 2. The 
0° s i gnal i s  cl ear whi l e  the 5°  is smal l si nce a narrow � reg ion , 
1 43- 1 47  MeV ,  i s  shown here . Mark I I  at PEP .  
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M(D•-DO) Gev 

XBL 835-9650 
Fi g .  1 3  ( b )  

Fi g .  1 3  - Scatter pl ot o f  s i n  en* ' nR vs . 6 for M ( K-n+ ) = M00 � 0 . 3  GeV/c2 .  
Th i s  data thus conta i ns botn 0° and 5 °  s i gnal s .  K and/or n by 
Cere�kov i denti fi cati on : ( a )  11 ri ght si gn" n8 ; ( b )  11wrong s i gn1 1  
n8 ; i . e . ,  background .  ( DELCO) . 
cr ( D*+ }  = 0 . 1 8  � 0 . 04 � 0 . 06 nb from these data . 
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( i i i )  The D*+ g i ves tagged D0 events whi ch are used for a D0 l i feti me 
measurement i n  the Mark I I  Vertex detector. 

( i v )  The angul a r  di stri bution and asymmetry o f  the charged q uark di stri bu­
t i on rel ati ve to the e+ di rection ( so far only resul ts from TASSO are 
avai l ab l e ,  see tal k by Yamada at th i s  conference ) .  

The mass constraint [;, wh i ch characteri zes D* events , can be expressed 
di fferently as wel l .  The k i neti c energy of the bache lor p ion 11� i n  the decay 
DH _,_ 118 D0 has a ki neti c energy of T; � 5. 7 MeV i n  the D* rest system ( or a 
momentum of p* "' 40 MeV/c ) . Thi s  i rnp�ies that p* i s  the maxi mum transverse TI � momentum 118 ca� have i n  the l aboratory system. i . e . , p si n G < p* where G i s  11B - 11B the l aboratory angl e between the D* di recti on and the 1[B d i recti on .  

Thi s feature was emphas i zed by the DELCO experi ment .  
s how a scatter p l ot from DELCO of s i n  G vs . [;, .  Typ i cal 

I n  Figures 1 4 and 1 5 
p val ues a re " 400 
11B MeV/ c hence al l D* events shoul d occur for s i n e �  0 . 1 . As can be noted from 

Fi gures 1 4a and b thi s i s  i n deed the case . I n  the DELCO experi ment the Cerenkov 
counters were used for K and/or 11 i denti fi cation and thus they were ab le to 
separate " ri ght si gn 118" candi dates , i . e . , 118D0 from "wrong s i gn 118" events i . e . , 
116- D0 • The l atter can be cons i dered as a measure of the background . 

Furthermore i n  view of the Cerenkov i denti fi cations the DELCO experi ment was 
al so abl e to study DH candi dates wi th the D0 decay mode D0 _,_ K-11- ·/11+ , see 
Figures 1 5a and b .  
The Charmed Quark Fragmentation Funct ion 

The resu lts that emerged from the Mark I I  experiment 4 ] are that the heavy 
quark fragmentati on functi on D� peaks at consi derably h i gher z val ues then those 
for l i ght quarks .  The q ual i tati ve features are , that j ust l i ke i n  the case of 
11 ° decay for exampl e ,  the heavy parti cl e  ( proto n )  carri es a l a rge fraction of 

the 11 ° momentum. In our case the charmed meson carri es off a l arge fracti on of 
the charmed q uark momentum. Thi s i dea has been cast i n to a quanti tat i ve form by 
Peterson et al . 5 J  who s uggest the express ion : 

DH = 
A 

Q z [l - l /z - EQJ\l - z)J2 ( 3 )  

where A i s  a norma l i zation constan t and Eq i s  a con stant c haracter i sti c of the 
i ndi vi dual quark mass . Ec ":. 0 . 25 g·i ves a reasonabl e fit to the data for charmed 
q uarks . The res u lts from the DELCO experiment are very s imi l ar .  See Fi gures 1 5 ,  
1 6 and 1 7 . 
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Semi�toni c  Charm and Bottom Decays 
Prompt l epton production i n  hadroni c events from hi gh energy e+e- ann i h i l a­

t ion provi des a tag for the presence of hadrons conta i n i ng charm ( c )  or bottom 
( b )  quarks . The product i on rates and momentum spectra of such l eptons depend on 
the semi l epton i c  branching rat ios and the momentum s pectra of the parent hadrons .  
Furthermore the momentum spectra of these hadrons provi de i n formation on the 
fragmentat i on properti es of c and b quarks . As i n  the case of charmed quark 
fragmentation the b quarks fragment predomi nantly i nto hi gh momentum hadrons . 

A. Studi es i n  the Mark I I  Detector 
In the Mark I I  analys i s  the tota l  momentum and trans verse momentum spectra 

of prompt e l ectrons i n  hadron i c  events are measured . The transverse momentum p . .L 

i s  measured wi th respect to the thrust axi s defi ned by a l l the charged part i c l es 
i n  the event .  The hard p� di stri bution of el ectrons from bottom decays rel ati ve 
to chann decays al l ows one to separate the contri butions of b and c quarks to the 
prompt el ectron s i gnal . 

The Mark I I  data ,  corresponds to an i ntegrated l umi nos i ty of 35 pb- 1 . The 
el ectron-hadron separati on a l gori thm i s  based on meas urements of the rat io  ri _ 

Ei /p , where E i i s  the energy deposi t ion i n  one of three group ings , i = l - 3 ,  of 
l ayers i n  the Mark I I L i q u i d  Argon -Lead calorimeter. Each of these groupi ngs 
combines a l l  l ayers i n  the fi rst 8 radi ation l engths wh ich have the same stri p 
orientati on .  To min i mi ze the effects o f  nei ghboring parti c les , parti cul arly 
photons , the energy deposi t ion E i is taken from a n arrow l ateral region , comparab le  
i n  s i ze to one stri p width (:::_ 4 cm) , centered about the extrapol ated parti c le  
traj ectory. The a l gori thm demands that each val ue of  ri and  that i:ri be greater 
than an appropri ate rnin imum val ue .  The el ectron i denti fi cation effi c i ency was 
detenni ned wi th el ectrons from B habha events and photon convers ions . Thi s 
effi c iency vari es from 78% at l GeV/c to 93% at the hi ghest momenta . 

The probabi l i ty , as a functi on of p and pL , that a hadron wi l l  be mis i denti ­
fied as an e 1 ectron was determi ned from: Hadron ·j nteracti ons i n  the ca 1 ori meter 
exposed i n  a p ion test beam as wel l  as wi th p ions from the decay '!' _,. 2 ( 11

\r- ) 11° i n  
data from SPEAR. Acc idental overlap with nearby photons was estimated from j et 
studi es . The mi s i denti fi cation probabi l i t i es are typ i cal ly 0 . 5% ,  but can be as 
l arge as 35; for a track momentum 1 GeV/c in the core of a jet .  

A hadroni c event sampl e was sel ected by requ iri ng  Nch ."._ 5 and  total detected 
+ energy E- + E0  > Ecm/4.  There were a total of 1 0691 such events . To e l i mi nate 

real e l ec trons wh i ch are not par·t of the prompt s i gnal , a vi sual scan was per­
formed to remove a smal l n umber of el ectron candi dates ari s i nn frnm : 
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Fi g .  18  - Observed prompt el ectron momentum spectra i n  4 regions of transverse 
momentum p .L . Background contri butions uns haded. ( Mark I I )  

Fi g .  1 9  - Prompt el ectron momentum s pectra i n  4 regions of transverse momentum 
p .L . Two sets of error bars are shown for each data poi nt .  The 
smal l er ones are stati s ti cal only . The l arger ones are the stati s ­
ti cal and systemati c errors added i n  quadrature . The hi ghest momentum 
b in  i n cl udes al l momenta > 6 GeV/c .  The hi stograms show the resu lts  
of the fi t .  The three contri but ions s hown are ( i )  b primary ( sol i d ) , 
( i i )  c secondary ( di agonal ly hatched ) ,  and ( i i i ) c primary ( unshaded ) .  
( Mark I I )  

Fi g .  20 - Di fferent i al cross secti ons for prompt el ectrons wi th p > 2 GeV/c :  
( a )  total momentum a nd  ( b ) transverse momentum .  Two sets of error 
ba rs are shown for each data po i n t  as in fi gure . ( Mark I I )  
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0 

T pa i r  production ; 
beam-gas i nteract ion s ;  
the process e+e- � e+e- + hadrons ; 
background el ectrons from photon conversions and Dal i tz decays were 
removed by a pai r fi ndi ng  a l gorithm, which removes about 70% of the 
el ectrons . 

After removal of these backgrounds on an event by event bas i s ,  930 el ectron 
candi dates with p > 1 GeV/c remai ned. These were part i t ioned i n to 24 p, p.L 

Background contri but ions lQ_ �� bin  from mi s i denti fi ed hadrons , and  el ectron 
pai rs was cal cul ated. In Fi gure l 8  the observed el ectron spectra are s hown . I n  
three of the l owest momen tum and transverse momentum bins [Fi gure 1 8a :  p < 3 . 0  
GeV/c and Fi gure 1 8b :  p < 2 . 0  GeV/c]  backgro unds accoun t for a l most 75% of  the 
observed s i gnal . I n  the rema in i ng  bi ns , however,  the background l evel s are much 
l ess  severe .  Exel udi ng  these three bins , the background fractions for Fi gure 
1 9  a re 46% , 36% , 30% , and 23% respect i vely .  Fi gure 2 0  shows the total momentum 
and transverse momentum di fferentia l  cross sections for prompt el ectrons with p > 
2 GeV/c .  Two sets of errors are pl otted for each poi nt .  The sma l l er error bars 
represent the stati sti ca l  errors . The l arger ones show the quadrati c sum of the 
stati st i cal and systematic errors . The systematic errors are dominated by the 
uncertai nty "in the hadron mi s i denti fi cat ion probabi l i ti es .  The total i nc l us i ve 
cross secti on fo r th i s  samp le  i s  1 4 . 4  ±_ 1 . 6  ±_ 5 . 2  pb . 

A maxi mum l i kel i hood fi t to the observed popul ations i n  the various p , P L 
b ins  was performed l eavi ng  out the 3 h i gh  background bins and account ing  for the 
s i gnal above background in terms of the fo l l owi ng  contr ibutions : 

( i ) Bottom decays in bo events ( b  primary )  
( i i )  Cha rm decays i n  bo events ( c  secondary) 
( i i i )  Charm decays i n  c�c events ( c  pri mary) 

To represent contri butions ( i ) - ( i i i )  a Monte Car lo  s imul ation wi th a Feynman­
Fi el d hadroni zat i on model and g l uon rad i at i on as incorporated by Al i et a l . 6] 

was performed. The semi l epton i c  el ectron spectra produced by the heavy meson 
decay model s in the Monte Carl o agreed sati s factori ly wi th measured spectra from 
the DELCO ( charm) and CLEO ( bottom) experiments . 

In the fi t sc was fi xed at 0 . 25 i n  accordance with the D*+ res u l ts gi ven 
above. The remai n i ng  parameters were : 

Be( b )  = ( 1 1 . 6 ±_ 2 . l  _:!: 1 . 7 ) %  
Be ( c l  = ( 6 . 3  ! 1 . 2 ! 2 . 1 )% and 

= 0 030 + 0 . 032 + 0. 023 
Sb ' - 0 . 01 8  - 0 . 01 4  
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The histograms i n  F igures 1 8  a nd  1 9  show the resul ts of  the fi t a nd  the rel ati ve 
contri buti ons of ( i )  - ( i i i )  to the prompt el ectron s i gnal i n  each p ,  p i bi n .  
The x2/D . F. of the fi t i s  1 4 . 0/ 1 8 . Here we must note that the Be ( c )  and Be( b ) 
val ues are averages over charged and neutral branchi ng  rat ios wei ghted by the 
correspondi ng  experimental producti on rati os . Thus i n  the case of charmed 
part icl es , s i nce D+ and 0° are primari ly produced v i a  D* ' s  and s ince only the D*+ 
feeds the D+ mesons a o+ / 0° product ion rat i o  of "' j to i- i s  expected. A di fferent 
parameteri zation was a l so stud i ed namely the form i!a ( ;!- 1 ) ,  which  gi ves qual i ta­
t i vely s i mi l a r  resul ts . For ei ther of these parameterizat ion s ,  the average val ue 
of zb is <Z> b = 0 . 75 .:':_ 0 . 05 .:':_ 0 . 04 .  

B .  Studies i n  the MAC Detector -------
A very s i mi l ar analysi s was recently performed for semi l epton i c  muon decays 

in the MAC detector. Here again the data was di v ided i nto P and P � bins  (20 
bins i n  a l l ) . 

For the MAC analys i s ,  chambers coveri ng  al l of the central hadron cal orimeter 
and much of the encaps are used,  subtending a total sol i d  ang l e  of 77% of 4-rr . 

The samp le  for thei r analys i s  consi sts of 25 , 000 mul ti hadron events , each 
having more than 4 charged prongs and energy deposi ted i n  al l calorimeters greater 
than the beam energy . The sampl e corresponds to an i ntegrated l umi nos i ty of 54 
pb- 1 at about 29 GeV center-of-mass energy . Wi thi n these events , tracks recon­
structed in the dri ft chambers s urroundi ng  the calorimeter consti tute muon 
candi ates . A momentum assi gnment was made for each of these tracks by extra­
pol at ing  it back through the toro idal  magnet ic  fiel d of the cal orimeter to the 
primary event vertex, tak ing  i nto account the i on i zation l oss of the part i c l e  i n  
the cal ori meter. The momentum resol ution was about 30%, mostly due to mul tipl e 
s catteri ng .  

Di scrimi nation against punch-through was achi eved for muon candi dates wi th 
p > 2 GeV/c by rej ecting tracks ; 

whose path l ength through the i ron i n  the cal ori meters was l ess  than 
about 80 cm (one-th i rd of candi dates removed by th i s  cut ) ; 
wi th evi dence i n  the outer dri ft chamber of more than one part i cl e  
having  emerged from the cal ori meter i n  the same vi c in ity ( 1 7% o f  
candi dates removed ) ;  
wi th i oni zation i n  the outermost ca l ori meter l ayer i n  more than two 
adj acent segments ( 5% of  candi dates removed ) ;  
a few non- hadron i c  events were remo ved from the rema in ing  sampl e by 
scann i n g .  

The fi nal sampl e contained 476 events . 
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Fi g .  2 1  - P.1. spectrum of muons w ith  bb (dashed curve ) ,  cc ( dot-dashed ) , back­
ground from decay and punch-thro ugh ( dotted ) , and total (sol i d  curve ) 
predi cti on s .  ( MAC ) 

Fi g .  22 - To tal momentum of muons wi th p .1- > 1 . 5  GeV/ c .  Dashed curves are 
the be5t fits obtai ned w ith the b fragmentati on fi xed to a narrow 
range of z .  The sol i d  curve i s  the best overa l l  fi t .  ( MAC ) 

Fi g .  2 3  - The shaded reg ion i s  the enve l ope of acceptable b quark fragmentation 
functions .  The curve represents the Peterson et a l . function for 
Eb = 0 . 008. (MAC)  
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A Monte Carl o model was used to  fi nd the  l evel of background remain ing  i n  
the s ampl e from � and  K decays . Th i s  was found to  be  ( 23  � 1 ) % .  

The punch-through background was determi ned empi ri cal ly from hadronic decays 
of tau l eptons .  From a sampl e  of 1 600 tau pai r  events , roughly 3 muon candi dates 
in hadron i c  jets attri butabl e to punch-through were found .  Di fferences between 
the energy spectra of tau and mul t i hadron jets were accounted for by tak ing the 
rat i o  of the energy depos i ted i n  the outermost calori meter l ayer i n  the two 
sampl es . From these studies , the punch-through fraction i n  the i ncl usi ve muon 
s ample  was found to be ( 9  � 7 )% .  

Fi gure 2 1  shows the  P J.. spectrum of the  observed muons , al ong with  Monte 
Carl o predi cti ons for muons from b and c quarks , and the overal l { decay pl us 
punch-through ) background prediction . 

The background i s  concentrated at l ow val ues of pJ.. , and i s  wel l separated 
from the bb predi cted spectrum. 

Fi gure 22 shows the momentum spectrum for muons with PJ.. > l .  5 GeV/ c ,  the 
regi ons contain ing  the hi ghest fracti on of bb events . The das hed l i nes i l l ustrate 
the effect of fixing the b fragmentat ion function at parti cul ar val ues of z ,  and 
a l l owing the c fragmentat i on function and the semi leptoni c  branch i ng fracti ons of 
both quarks to vary to obtai n  best  fi t to the p by pJ.. array . Low val ues of 
<Zb> are cl early rul ed out.  The sol i d  curve is the predi cted spectrum for the 
bes t fi t ,  al lowing al l parameters to vary .  

The semimuon i c  branchi ng  rat io for the b quark , averaged over the neutral 
and charged B mesons was found to be ( 1 5 . 5  � � : � ) .  The c fragmentation function 
was not determi ned by the data ,  wi th the one-s i gma envel ope al lowing 0 . 1 7  < 
<Zc> < 0 . 67.  The semimuoni c c branching fraction was found to be ( 7 . 6  � � : � ) % ,  
the l arge uncertai nty bei ng due to the dependence of  the branch ing fraction on 
the exact fragmentat ion function . 

I f  the functi onal form for fragmentat ion , suggested by Peterson et al . ,5J 
was used, they found that sb = 0 . 008 � �: ��� · but wi th a somewhat worse chi ­
squared than for a more sharply peaked functi on .  ( See curve i n  Fi gure 23. )  

3 .  T and 0° Li fetime Measurements i n  the  Mark I I  Detector .  
Recentl y a vertex detector7] was i nstal l ed i n  the Mark I I .  Thi s i s  a h igh  

preci s i on dri ft chamber which  a l l ows one to  probe decay l engths i n  the submi l l i ­
meter reg ion .  Th i s  devi ce ( see Fi gure 24)  has achi eved a resol ution comparable 
to the decay l engths be ing measured. 

It is a rel ati vely s hort cyl i ndri cal dri ft chamber, 1 . 2 r n  l on g ,  with seven 
axial l ayers of dri ft cel l s .  Four are about 1 1  cm from the beam l i ne ,  and three 
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Cylindrical 

Aluminum Shell 

Beryl l i u m  Vacuum Chamber 

4 Inner Layers 
3 Outer Layers 

Fi g .  24 - The Mark I I  Vertex detector. 

M A R K  II - PEP ,,, lb) 
, , ,  

Fi g .  25 - ( a )  e+e- + ,+,- as  seen "in the Mark I I  detector at PEP ; ( b )  cl ose-up 
of the same event in the vertex detector ;  ( c )  extreme close-up of 
the same event showi ng part ic le  trajectories extrapo l ated to the 
vi ci n ity of the interaction po int .  
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at  about 30  cm. To keep mul t ip le  s catter i ng to  a minimum the chamber ha s  been 
bui l t  di rectly around  a beryl l i um beam p ipe 0 . 6% of a rad iat ion l ength thi ck .  
The beam p ipe serves a s  the i nner gas seal for t he chamber. The average resol u­
t i on per l ayer i n  hadron i c  events is about 1 00 µ .  

A study of the measured di stance between the two tracks in  Bhabha events 
after extrapol at ion to the ori g i n  g ive a di stri bution of the di stance between them 
wi th a �  1 00 µ. An i ntegrated l umi nos i ty of 20 pb- 1 was accumul ated at Ecm = 29 
GeV with thi s chamber. 

T Li fetime 
The T l i fetime provi des a sens it ive check of the standard model of weak 

i nteracti on s .  With the assumpti on that T decay proceeds i n  di rect anal ogy wi th 
muon decay , and that T neutrino is mas s le s s .  The tau l i fetime can be re lated to 
the muon l i fetime , namely : 

Experimental ly 

so 

T = T 

B ( •  + evv) = 1 7 . 6  .:!:_ 1 . 1 % 

T = 2 . 8  + 0 . 2  X l 0- 1 3 S T -

where the error refl ects the uncertainty i n  the el ectron i c  branchi ng rati o .  

(4)  

( 5 )  

( 6 )  

A number o f  mode l s  have been consi dered under whi ch thi s s impl e predi ction coul d 
fai l 8 , 9 , l OJ . 

Furthermore the tau l i fetime woul d be extended i f  the tau neutrino were 
mass i ve enough so as to s i gn i fi cantly l imi t the phase space of the decay. 

Tau l eptons are pai r-produced in e+e- anni hi l ations , so that each tau has the 
beam energy. Thus the l i feti me can be measured by determi n i ng the average decay 
l ength of the taus . At PEP with Ecm = 29  GeV , i t  is expected to be about 700 µ .  

The decay l ength can be measured when the tau decays i n  the three-charged-prong 
topol ogy .  It i s  the di stance between the production poi nt ,  i . e . , the beam pos i tion , 
and the pos it ion of the decay vertex .  

Events are sel ected i n  wh ich  at  l east one of the taus has  decayed i n  the 
three-charged prongs topol ogy and the total charged of the prongs i s  zero . The 
three part ic le  i nvariant mass i s  requi red to be i n  the range 0. 7 < m3'IT < 1 .  5 
GeV/c2 ,  and tau pai rs produced by the two-photon process are rej ected. Fi gure 25  
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26 - Hori zontal and verti cal hadron i c  vertex posi tions rel ati ve to 
the beam pos i t i o n .  (MARK I I )  

2 7  - Ca l cul ated error i n  the decay l ength .  (MARK I I )  
2 8  - Measured decay l engths . (MARK I I )  
2 9  - Variation of the T l i fetime V1i th the mass of  the T neutri no .  

( MARK I I )  
30 - Measured proper times for the seven 0° events . ( MARK I I )  
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shows such a n  event i n  the Mark I I  detector. 

The rms beam s i ze at PEP is 500 µ hori zonta l ly and about 50 µ vert i cal l y .  
The average beam pos ition i s  remarkably stab le  from one fi l l  t o  the next . Thi s 
was measured by fi nding the average i ntersecti on point for an ensemb le  of wel l ­
measured tracks .  As a cross check , thi s determi nation o f  the beam pos i tion was 
compared to the vertex posit ion measured in hadroni c  event s .  Figure 26 shows that 
these methods agree. The width of  the �x di stri bution is cons i stent with the 
known beam s i ze ,  and the wi dth of the �Y di stribution i s  cons i stent with the 
vertex resol uti on ,  i ndi cati ng that the beams are stabl e .  

The decay vertex pos it ion and it s  error el l i pse are determi ned from the three 
pion trajectori es and the i r  associ ated errors wi th a ch i -square mi n imi zation 
procedure . Events wi th a vertex chi -squared per degree of freedom greater than 
6 were excl uded . The best estimate for the projected decayl ength is then gi ven 
in terms of the decay vertex pos it ion rel ati ve to the beam pos i tion ( xv ,yv) ,  the 
sum of the beam an d vertex error matri ces ( cri j ) ,  and the T di rection cos i nes (tx ' 
ty ) by the fol l owing express ion : 

The tau di recti on i s  wel l approximated by the di recti on of the 3TI system. 
the decay length i s :  

where p31T i s  the total momentum o f  the three pion system. 

( 7 )  

Then 

( 8 )  

Fi gure 2 7  shows the cal cul ated error i n  the decayl ength , which  depends on  the 
open i ng ang les and ori entation of the decay , the tracki ng errors , and the beam 
s i ze .  

The measured decay l engths are shown i n  Fi gure 28 ,  where only those events 
with decaylength errors l ess than 1 . 5  mm are i ncl uded . The mean of the di str i bu­
t i on is obvi ously pos i t i ve and it s  shape is asymmetri c .  The d·i stri bution i s  
fi tted wi th a maximum l i kel i hood techni que wh i c h  takes the decayl ength error i nto 
account event-by-event .  The fitting function i s  the convo l ution of the Gauss i an 
decay l ength error with an exponential decay distri buti on . The average decay 
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l ength is 71 0 2:. 1 20 µ .  

After correction for hadron contamination and i n it ial state radi at ion , thi s 
yi el ds : T = 3. 31 + 0 . 57 + 0. 60 x 1 0- 1 3  s ,  where the fi rst error i s  the stati sti -T - -

cal error and the second i s  the systemati c .  The measurement i s  compared to the 
other measurements wh i ch have appeared i n  the l i terature in Table I .  The n umber 
of decays stud i ed and the average decay 1 ength error are al so shown for compari son . 

Table I 
T Le[>ton Li fetime Measurements . 

Average Decay 
Experiments Number of Length Error T ( 1  o- 1 3  s )  

Deca s mm T 

TASSO 5gg 1 0  0 . 8  + 2 . 2 
MARK I I  1 26 4 4 . 6  + 1 . 9 
MAC 280 4 4 . 1 + 1 . 2 + 1 . l 
CELLO 78 6 4 7 � 3 . 9  . - 2 . 9  

MARK I I  
Vertex Detector 71 0 . 9 3 . 31 + . 57 + . 60 

Theory 
( Un i versal coupl i ng strength ) 2 . 8  + 0 . 2  

Al l o f  the measurements are cons i stent wi th the expected l i fetime .  The 
present experiment confi rms that the tau coupl es to the charged weak current wi th 
uni versal strength wi thi n  the errors , 

gT/ge = 0 . 92 + 0. 086 + 0. 090 ( 9 )  

I f  one assumes that the coupl i ng has the uni versal strength , one can set a l i mi t 
on the mass of the tau neutri no .  Fi gure 29 shows how the l i fetime vari es as a 
functi on of the tau neutri no mass 1 1 ]  al ong wi th the 90% confi dence l evel upper 
l imit set by thi s measurement .  One finds mv < 0 . 49 GeV/c2 , wh i ch is compati b le  
1•i th the 0 . 25 GeV/c2 l imit deduced earl ier ftom the shape of the decay l epton 
spectrum 1 2 ] . 
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0 °  Li fetime 
As Kalmus1 3] reported at the Par i s  conference, charmed meson l i fetimes seem 

to be stabl i zi ng  as fol l ows : The 0° l i fetime i s  about 4 x 1 0- 1 3  s ,  about hal f 
the o+ l i fetime of 9 x l o- 1 3  s .  

The 0 °  l i fetime was measured wi th the Mark I I  vertex detector using a sampl e 
of D0 ' s  wh ich  had been cl eanly i dent ifi ed by the mai n  tracki ng  chamber . At the 
moment the mai n vi rtue of thi s measurement is that it is subject to very 
d i fferent systemati c errors from the earl ier measurements . Li ke the other, 
measurements however i t  a lso suffers from l ow stati sti cs . An i ntegrated l uminos i ­
ty o f  1 7  pb- 1 gave seven wel l -measured 0 °  decays . 

The c lean event sampl e comes about by sel ecti n g  D0 ' s  from D* decays . For 
the l i fetime analysis below, events with � > 0. 6 were sel ected. They seem to be 
essenti al ly  free of background .  The h igh  momentum cut al so makes it unl i kely that 
these D* ' s have origi nated from B decays . 

The decay vertex i s  determi ned by vertexing the K and n from the 0 ° .  The 
decay l ength is then determi ned wi th the same techn i que used in the tau analys i s  
above. The average decay l ength i s  about 500 µ ,  and the average vertex error 
about 700 µ .  Fi gure 30 shows each of the 7 measurements wi th i ts error. A 
s imi l ar maximum l i kel i hood fi t as for the ' above gi ves a 0° l i fetime of 

•oo 3. 7 ±. � : �  ±. 1 . 0 x l 0- 1 3  s 

Th i s  resul t i s  i n  agreement with the current worl d average . 

Limits on the 8 Meson Li fetime 
I f  thei r decays were not suppressed , the hadrons conta i n i ng the b quark 

woul d be expected to decay wi th a l i fetime 

( 1 0 )  

,oB "' ' µ  . (mµ) s • l = l o- 1 s s ( 1 1 ) 
mb 9 

The ( qu�l i tati ve ) factor 9 comes from the number of ava i l abl e final states . The 
B meson l i fetime i s  expected to be l onger , however , s i nce the decay i s  s uppressed 
by the presumably sma l l  mi xing between the second and thi rd quark generati ons .  
The B meson l i fetime thus gives a measure of the quark mixi n g ,  at l east if one 
assumes un i versal weak coupl i ng strength14 J . 
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Two experiments have obtai ned upper l i mi ts for t h e  B l i fetime by measuring 
the average impact parameter o f  energet i c  muons .  Events are sel ected wh ich  have 
hi gh  mass j ets and an i denti fi ed h igh-momentum muon as d i s cussed above .  Us ing  
the thrust axi s as  an estimate o f  the  B meson di recti on , a s i gned impact para­
meter can be determined from the l epton trajectory and the known beam pos i t i o n .  

The upper l imits obtai ned are as  fol l ows : The JADE experiment finds TB < 
1 . 4  x 1 0- 1 2  s and the MAC experiment finds 'B < 3 . 7  x 1 0- 1 2  s ,  both l i mi ts at the 
95% confi dence l evel . Thus there i s  as yet no evi dence for a B l i fetime accessi ­
b l e  to current measurements .  A Mark I I  measurement i s  i n  progres s on the e l ectron 
tagged events di scussed above . When compl eted , thi s shou l d  have a sens i t i v i ty of 
3 x l o- 13 sec . 

4 .  E l ectro Weak  I nterferen ce E ffects . 
As shown i n  Yamada ' s  tal k at th i s  conference the resu lts  from the f i ve PETRA 

Groups : TASSO , JADE , MARK J ,  CELLO , and PLUTO make a very convinc ing  case for 
El ectro-Weak i n terference.  I n  thi s respect the h i gher energy ava i l abl e at PETRA , 
mai n ly 34 GeV, compared to the energy at P E P ,  29 GeV ,  hel ps . Tab l es I I  and I I I  
show the co rrespondi ng  resul ts . Here we must note that Mark I I  uses a more 
l i mi ted i n terval i n  cos e vi z .  lcos e l  < 0 . 7 whi l e  MAC uses nearly ful l cos e 
range. Figures 31 to 34 show the rel evant angul ar di stribution s .  

The above experiments compa red thei r data to the Q E D  cal cul at i on wi th a3 
corrections according to Behrend and Kl e i s s 1 5J . 

Detector 

Mark I I  
j cos EJI < 0 . 7  

MAC 
lcos el  < 0 . 94 

TABLE I I  
The Data Sets 

E l ectro-Weak Interference Effects 

Lumi nosity Number of  
Parti c les  pb- 1 Events 

µµ 50 . 0  2 703 

T T  46. 6 1 607 
ee 50 . 0  4 0 , 989 

µµ 40. 0 3067 
ee 40. 0 

Bkgrnd.  % 

2 . 4  

1 4 . 8  
0 . 06 

4 . 2  
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Asym = ( -4 . 4 + 1 . 9 ) % .  Dotted curve is  QED  wi th a 3 correction s .  
(MARK I I )  
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Asym = ( -4 .  l .:!:. 2 . 7 ) % .  Dotted curve is  QED with a 3 correctio n .  
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Fi g .  34 - ( a )  Angul ar  di stri bution for Bhabha scatter ing .  ( b )  Ratio of  
experimental to  QED  di stri but ions .  Curve corresponds to fi t with 
s i n 2ew as gi ven . 



TABLE I I I  
Results From El ectroweak Interference Effects . 

Res ul ts Mark I I  

gegµ 
a a 0 . 25 ±. o . 1 1  ±. 0 . 02 

e T gaga 0 . 2 3  ±. 0. 1 5  ±. 0 . 02 

g2 v 0 . 03 ±. 0 . 05 ±. 0 . 03 

s i n2 0w 0 . 22 ±. 0 . 06 
g2 a (al  1 )  0 . 22 ±. 0 . 07 ±. 0 . 02 

5 .  Searches for New and " Pecul i ar Part icl es . "  

MAC 

0 . 31 ±. 0 . 08 

0 . 24 ±. 0 . 085 

1 7 1  

Many searches whi ch have been made for new part i c l es have been presented at  
the 1 982 Paris conference or  have been publ i shed earl i er.  Here I wi l l  only 
touch on a few new or augmented res ul ts . 

Study of µµy and µµyy Events 
In  a search for e+e- + µ*µ and e+e- + µ+*µ- * the MAC Group has presented 

m ( µy) and cos e di str ibuti ons , see Figures 35 to 37 . The concl usion from these µ 
meas urements i s  that the resul ts are consi stent wi th 3rd and 4th order QED ( the 
curves in the fi gures ) .  I t  i s  i nterest i ng to note that due to i nterference 
between i n i ti al and fi nal state radi ation effects purely QED processes give ri se 
to very consi derably asymmetd es in the µ angul ar di stri butions . Fi gure 37 
shows a p lot of Mµ-y vers us Mµ+y for the µµyy events .  There µ*µ* production woul d 
show up as an enhancement al ong the 45° axi s of thi s fi gure . The dotted l i nes 
show the experimental uncertainty in th i s  region .  Thi s pl aces a l imi t on 
cr ( µ*µ* )/o(µµ) < 2 x 1 0- 3 for 2 < Mµ* < 14 GeV/c2 at the 90% CL . 

Search for e+e- + '¥ + x and e+e- + T + x .  
A search for '¥ and T production via decays i nto l epton pai rs was made i n  the 

Mark I I  detector.  Thi s  is based on a total l umi nosi ty of 35 pb- 1 yielding 6276 
hadron events wh ich were restri cted to have the i r  thrust axi s within Jcos ef < 
0 . 7 .  Lepton pai rs were sel ected as fol l ows : 

At l east one l epton had p > 1 GeV/c rel ati ve to the thrust axi s ;  
Both l epton have momenta ranging between 1 . 4  - 1 1  GeV/ c ;  
Only pai rs o f  ee or µµ were accepted .  

Wi th these cri teri a the effi c iency for '¥ detection i s  estimated at 1 . 5% .  
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( a )  The m (µy )  d i stri but i on for the µµy final  state ( 282 events ) .  
The sol i d  curve i s  the a 3  order QED  predi ction . ( b) Di stri bution 
of  m ( µy )  for the µµyy fi nal state (2 1  events ) .  The curve is the 
a 4  QED cal cul ation .  ( MAC ) 

( a )  Po l ar angl e d i stri bution of muons for the µµy final  state 
Asym = ( -2 1 . 6 + 4 . 1 ) % .  The so l i d  curve i s  the a 3  order QED 
predi cti on Asym(QED)  = ( -2 1 . 1  + 1 . 3 ) % .  (b)  Muon angul ar di stri bution 
for the µµyy fi nal state Asym ;- ( -38 + 1 4 ) % .  The curve i s  the a" 
order QED cal cu lati on Asym(QED)  = ( - 36. 6 .:1:_ 4 . 8 ) % .  ( MAC)  

Scatter p l ot of  the i n variant masses of  µ+y and µ-
y combi nations 

for the µµyy final  state . Dashed l i nes i ndi cate a range of two 
standard devi ations  of the µ r  mas s  reso l ution about the 45°  l i ne .  
(MAC) 

Fi g .  38 - Search  for e+e-
-> qi + x and e+e - -> T + x at Ecrn 

= 29 GeV. (Mark I I )  
The shaded events correspond to the expected i nva r.i ant mass di stri bu­
t i qn from a Monte Carl o cal cul ation with 5 quark fl avors . The dotted 
curve is the qi s i gnal expected from the " non-perturbati ve model . "  
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Perturbati ve QCD  cal cul ations gi ve l evel s "' l Q- 3 to  1 0-4 of  a(µµ) for 
a(e+e- + '¥ + x) whi ch are too smal l to observe wi th present stati sti cs . However 
some non -perturbati ve models 1 6] suggest 

a (ee + 'l'x ) 1 0- 1 a (µ µ ) l Opb ( 1 2 )  

A s tudy of µ µ  and ee pai rs i n  haadron i c  events yiel ded the data i n  Fi gure 3 8  for 
both '¥ and T ( 9 . 4 )  regi on .  Al so shown i s  the '¥ s i gnal expected on the above non­
perturbati ve model . No candi dates were found whi ch pl aces a 90% CL upper l imi t 
on a (ee + '¥ + x) < 4 . 4  pb , and a ( ee + T + x )  < 4 .  7 pb .  Thi s same search corre­
sponds to a sampl e of 940 bb decays . The fl avor changi ng neutral currents in b 
decay for M( 9,+9,- ) > l . 6 GeV gi ves the l imi t Br (b  + 9,+9,-x) < 0 . 8% .  Furthermore 
a l imi t Br (b  + '¥ + x) < 4 . 9% at the 90% CL i s  al so obtai ned . However i n  the 
latter case we heard of the observation of such a decay mode by the CLEO Group 
presented by Thorndyke at this conferen ce . They fi nd Br (b  + '¥ + x) = ( 0 . 64 .:':_ 
0 . 2 3) % .  

6 .  Part i c l e  I denti fi cat ion with the TPC .  
So far the TPC Group have ana lyzed 5 pb- 1 o f  PEP data and some early resul ts 

are shown herewi th .  

The dE/dx Capabi l i ty .  
Fi gure 39a shows the dE/dx measuremen ts o n  a s ing le  cosmi c ray muon a s  seen 

i n  some 1 80 wires .  

Note the h i gh pul ses due to  the Landau fl uctuations ! Fi gure 39b gi ves the 
corresponding pul se height d i stri bution and shows the l ocation of the pul se 
he i ght cutoff at the 65% l evel . Thi s  sti l l  l eaves s i gnal s from 1 67 wi res and 
yiel ds the " truncated mean dE/dx" val ue .  

F igure 40 gi ves thi s truncated dE/ dx d i stri bution vs . momentum for hadron i c  
events and Fi gure 41 gi ves corresponding Monte Carlo resul ts . P'ions , kaons ,  
protons , and el ectrons are cl early separated bel ow the mi n i mum ion i zi ng region . 
As an exampl e ,  F igure 42 gi ves the dE/dx rati o  to that for pi ons for 0 . 45 < p < 
0 .  74 GeV/ c .  Figure 43 gi ves the correspondi ng resul ts for 2 .  7 < p < 4 . 1  GeV/c 
and shows part i al K ,p  separati on in the rel at i vi st i c  ri se reg ion . 

Fi gure 44 gi ves the rr ,  K ,  and p fractional di s tri butions obtained from the 
above .  

Fi nal ly the TPC Group presented a prompt µ rate i n  hadroni c events . Fi gure 
45 s hows thei r resul ts compared wi th res ul ts from several PETRA Groups . For 
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Fi g .  39 - ( a )  dE/dx measurements on a s i ng le  cosmi c ray muon . Up to 1 80 
i ndi vi dual dE/dx measurements are made on the track .  ( b )  The 
corresponding pul se hei ght di stri bution . The truncated mean 
val ue i s  determi ned by a cut sel ecti ng the l owest 65% of the 
si gnal s .  (TPC) 

Fi g .  40 - Truncated mean dE/dx di stri butions for part i cl es from hadron i c  
events a t  PEP. (TPC) 

Fi g .  41 - Monte Carl o cal cul ations of  truncated mean dE/dx di stri butions 
for the TPC running  condi t ions at PEP. 
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Fi g .  42 - Rati o  of measured dE/dx to expected dE/dx for pions . Momentum 
range 0 . 45 < p < 0. 740 GeV/c .  (TPC )  

F1 g .  43 - Rati o  of measured c.JE/cix to  expected dE/dx for pions . Momentum 
range 2 .  7 < p < 4 . 1  GeV/c .  ( TPC) 

Fi g .  44 - Charged hadron fraction for ;r ,  K ,  and p .  Hadron i c  events at 
PEP . (TPC )  

Fi g .  45 - Percentage of p rompt muons i n  hadroni c  events at PEP . TPC resul ts compared to PETRA resul t s .  
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for _p > 2 GeV/c .  Al so shown is  the expected rate from Monte Carlo ca l culation 
µ 

wi th and wi thout the presence of a top quark at the PEP energy ( 2 9  GeV) . 
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Recent PETRA resul ts on  Q ED ,  el ectro-weak interactions a nd  new part ic le  
searches are reviewed. Pure QED reactions are studied and  the val i di ty of  QED i s  
tested a t  s ,., 1 200 GeV2 • Effects of el ectro-weak interaction are observed .  They 
are cons i stent with the standard model prediction s .  There i s  no ev i dence found 
for new particl es i ncl udi ng topponium, supersymmetri c particl e s ,  heavy l eptons , 
exci ted l eptons and fundamental sca lar  parti c l es . 
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I ntroduction 

PETRA was operated mostly around IS =  34 . 5  GeV i n  the past year .  S ince the 
beg inning of PETRA , an integrated l uminos ity of approx imately 80 pb- 1 has been accu­
mul ated at each i nteract ion reg i on .  The weighted average energy is about 34 . 5  GeV . 
After the energy increase in Summer 1 98 2 ,  a h igh  energy scanning for topponium 
was performed above 38 GeV . 

A l arge number of resul ts have been publ i shed or reported at conferences 
from the five experiments: CELLO , JADE ,  MARK-J ,  PLUTO and TASSO . In th i s  report , 
recent results of these experiments are reviewed on QED , el ectro-weak interactions 
and new part icl e searches . Al though deta i l ed descri ption of analyses are not i n­
cl uded i n  th i s  summary , they can be found in the orig i nal references . 

Topics covered here are the fol l owi ng . 

1 )  QED and el ectro-weak i nteractions 

+ -e e + yy 

Rhad 

+ -+ e e 
+ - + -+ µ µ 0 r T 

charm quark tagg ing by D* detect ion 

2) Search for new particles 

toppon i um 
super-symmetric l eptons 
exci ted 1 eptons 
heavy l eptons 
charged H i gg ' s or techn ipi ons 

The Study of QED and El ectro-Weak Interactions 

+ -e e + yy 

Thi s  reaction i s  a pure QED process .  The val i d ity of the theory can be 
eval uated by a cut off parameter , A ,  as fol l ows 1 ) : 

da 
on 

a2 1 + x2 [ s2 2 J s �1 _ x 
1 :!: - ( 1  - x ) , x =: cose 

2A� ( 1 )  



� 0.10 ) � § 0.05 
.g 

JADE 
e•e- - yy 

o YS=14 GeV 
' fS'= 22 GeV 
• fS' = 34.6 GeV 

U01 '-----L-----'-------"'----' 0.0 0.25 0.5 
case 

0.75 1.0 
35596 

Fi g . 1 :  The differential cross section 
of the reaction e+e- -� yy for c .m .  
energies 1 4. 0 ,  22 . 0 and 34 . 6  GeV . The 
l i nes show the l owest order QED 
expectations .  
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Exact Q ED corresponds to  A = 00 •  The 
di fferential cross section from re­
cent JADE resul ts is shown i n  F ig . 1� 
The agreement between the data and 
the QED predicti ons is very good . 
For the val ue of A ,  the 95% C . L .  
l ower l imi t i s  about 6 0  GeV . L imi ts 
on the cut off parameters from al l 
the experiments are summarized i n  
Tabl e 1 • 

Table  1 

A+ 

A -

95% C . L .  l ower l im its on the cut off parameters , A+ , 
for e+e- + yy i n  GeV 

CELL03 )  JADE2 )  t1ARK-J4 )  TASS05 )  PLUT06 )  

59 6 1  58 42 46 

47 57 34 36 

The rad iative correcti on is g i ven by the formul a  

( 2) 

where 8 i s  the correction which depends on the beam energy , scattering ang le  and 
event sel ecti on cri teria such as the energy threshol d for detection and the 
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CE LLO 

da 
d o.co! 

0.0 10.0 20.0 30.0 40.0 50.0 
1Xcol [deg.J 35112 

F ig . 2 :  The acol l i nearity angle distri­
bution of the photons . The h i stogram i s  
the a3 QED prediction . 

J ADE 
80 

e•e- ... yyy 

6 0  j 
U) 
c 4 0  Cl> > Cl> 
0 

.._ Cl> .0 E 20 :J c 

0.5 1.0 

Ey/ Ebeam 35510 

Fi g . 3 :  The photon energy di stribution 
normal i zed by the beam energy for 
e+e- + yyy events . The h i stogram is the 
a3 QED expectation . 

acol l i neari ty angl e .  I t  i s  usua l l y  cal culated by taking i nto account processes 
of the order a3 ?) . A s imi l ar  correct ion is appl ied to the smal l angl e Bhabha 
scattering8 • 9 ) , wh ich is used to obta i n  l uminosity .  For the conditions of the 
PETRA experi ments , the correction amounts to the order of ± 1 0% .  In order to 
examine the val i d i ty of the rad iative correction , i t  i s  necessary to study 
effects of h i gher order processes . They were tested by some groups . Fi g . 2  shows 
the acol l i neari ty d i stribution of yy measured by CELLO .  JADE analysed yyy ann i ­
h i l ation events and various features were stud ied .  The energy di stribution of 
the produced photons is shown in F i g . 3 .  Both resul ts demonstrate good agreement 
between data and a3 prediction s .  

+ - + -e e + e e 

Test of QED for the Bhabha scattering used to be done in terms of cut off 
parameters defined by the formula 

dcr = a 2  [ 1 0  + 4x + 2x2 
F2 ( t )  _ 2 ( 1 +x2 ) F ( t )  Fs ( s ) + ( 1 +x2 ) F25 ( s )J ( 3 )  d?l 4S" ( 1  - x)2 t 1 -x t 
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s 
+ s:J\f" ' 

t 
+ �  ( 4 ) 

High stati stics data is ava i l abl e now at h i gh energ i es .  The differential 
cross sect i on measured by TASSO i s  shown i n  Fig . 41 0 ) . The data is con s i stent 
wi th A± = oo ,  and 95% C . L .  l imits are g i ven to A+ a s  

A_ > 2 5 1  GeV , A+ > 1 50 GeV . 

The l imi t on A_ i s  l a rger than on A+ . Th i s  tendency is seen i n  the data of other 
experiments2 ) . It might be an effect of the weak interacti on , wh i ch cou l d  cause 
a smal l deviation from the QED cross section at 34 GeV . 
Bhabha scatteri ng cross section i s  mod i fi ed i n  the el ectro-weak theory a s  
fol l ows 1 n :  

lO 1 .-----.----,,----,----,-,----,--,-TA_:S_:_;SO 

10' 

� � 
.gl� 

10-1 

10-2 ����-'--�---'--.L _ _L___J -0.8 -0.6 --0.4 -0.2 0.2 0 4 0.6 0.8 
cas e 

F ig . 4 :  The di fferenti al c ross section 
OTB1iabha scattering at 1 2 ,  22 and 
34 GeV . The curves are pred ictions of 
l owest order QED . 

( 1 -cose) 2 { 1  + < gv-gA Jx}2 + 

� ( 1 +cose) 2 { ( 1  s 
+ t + ( gV+gA ) 2 

(% i; + xl l 2+ ( 1  s ( g  -g ) 2 • + t + V A 

s 2 J <1 1; + xl l } ( 5 )  

2 2 
I; = 

GFMZ t GFMZ s ( 6 )  t-NZ ' x -- --

2/2rra: 2/Zrra: s -Mz 

I; and x are the measures of the weak 
effect i ncl uding the Fermi coupl i ng 
constant and the z0 propagator . They 
are non-negl ig ib l e at PETRA energ i es . 
For i n stance, at S = 1 200 GeV2 , x = - 0 . 25 
for Mzo = 90 GeV . gA and gv a re the 

el ectron axial vector and vector weak charge . I n  the standard model , wh ich  i s  
successful i n  many aspects 1 2 l , they are expressed t o  be 

gv = � ( - 1 + 4s i n2 ew l , gA = - � ( 7 )  
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For s i n2ew = 0 . 2291 3 ) , gv almost van i shes . Expected deviations from l owest order 
QED are shown in Fi g . 5  for various val ues of s i n2ew . The cross section becomes 
smal l est for s i n2ew = 0 . 2 5 ,  where gV = 0 .  Data from each experiment is compared 
wi th the QED and el ectro-weak predictions in F i g . 62 • 1 0 • 1 4 • 1 5 ) . Al though both pre­
diction s  are cons i stent with data , a better f it  i s  obta i ned for el ectro-weak 
prediction s .  

'/, 
10 

liw 
5 

-5 

e•e- --+ e• e­
d o- = �ED ( J  � ) 
dQ d Q  • uw 

sin2 'ltw = 0.25 

- 0.8 - 04 0 0.4 0.8 

cos � 
35788 

[i_g_.J_:_ Expected deviation of the 
Bna6lia scattering cross section from 
QED due to el ectro-weak i nteraction 
at IS' =  35 GeV . The curves corres­
pond to di fferent val ues of s in2 8w . 

H i gher order QED was al so examined 
for Bhabha scattering. The acopl anarity 
angl e di stribution 1 0 l and the photon 
spectrum of eey events2 )  are shown in  
F ig . 7  and  8 ,  respectively. I n  both cases 
good agreement with a3 QED is observed. 

+ - + -e e + µ µ 

At the present PETRA energy th i s  
reaction shows the cl eanest el ectro­
weak effect among many reaction s .  The 
di fferential cross secti on is wri tten 
as 1 6 ) : 

do a 2 [( ) e µ ( e µ e µ ) 2 2 
d0 45 1 + cos 2 e  { 1 + 2gvgvx + gvgv + gAgA x } 

(8 ) 

In the standard model with s i n2ew = 0 . 229 , one expects only a smal l effect of 20 
in the total cros s section , where the interference term van ishes and the pure 
weak contribut i on is not l arge enough at PETRA energ i es .  The rat i o ,  R , of the 
total cross section to the QED expectation i s  shown in Fig .9 1 7 ) . On ly

µ�tati stical 
errors are shown in the f igure .  Systematic errors of the absol ute normal i zation 
are between 3 and 5% , depending on the experiment .  The rati o i s  consi stent with 
1 .  0 .  

Cl ean dev iation from QED i s  observed i n  the forward backward ( F/B ) asymmetry 
of the muon angu lar  d i stribut ion :  
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F ig . 6 :  The rati o  of the d ifferenti al c ross secti on to the QED prediction for 
the reacti on e+e- + e+e- . The curves are expectations of el ectro-weak interaction .  
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F i g . 7 :  The acopl anarity ang l e  d i stri ­
bution for the reaction e+e - + e+e- . The 
hi stogram is the a3 QED pred iction . For 
the curves see the text for the scal ar 
l epton search . 
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F i g . 8 :  The photon spectrum normal i zed 
� beam energy for the reaction 
e+e-+ e+e-y .  The g i stogram i s  the a3 Q ED prediction I ,  
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Rµµ 

0.8 

0 

X CELLO 0 JADE 
e MARK J 
A TASSO 
+ MAC 

500 1000 1500 

{ g� = % . g� :0 
or A _ = 150 GeV 

s(GeV2) 

Fig . 9 :  The rati o  of the total cross secti on to the QED 
prediction for e+e- + µ+µ- . The l i ne at R�µ = 1 is the 
QED expectation and al so the el ectro-weak interact ion 
with gV = 0 ,  gA = 1 / 2 .  The broken l i nes show the expec­
ted deviations  for the g iven cut off parameters , wh ich 
are defined s imil arly as  ( 4 ) for e+e- + v+µ- . 

For g� g� 
34 . 5  GeV . 

A ( F-B ) / ( F+B )  

{ and Mzo 90 GeV , the expected asyITTTietry i s  -9 .4% at 

( 9 )  

Recent resul ts of the muon ang le  di stri bution are shown i n  Fi g . 1 0 1 7 • 1 8) . 
Nice agreement between the observation and the el ectro-weak interaction pre­
diction is see n .  Each group made a careful study of systematics of the detector 
and the analys i s .  Systematic errors on the charge asymmetry are l ess than 1 % .  
Estimated asymmetry va l ues for the ful l angle range l cose ! < 1 . 0  are summari zed 
in Tabl e  2. The average of al l observation is ( - 1 1 . 3  ± 1 . 3 ) % .  The data has been 
corrected for the asymmetry due to the pure a3 QED processe s ,  wh ich amounts to 
a few %. H i gher order corrections  wh ich i nvol ve both QED and wea k interacti on 
have not been made . 

The energy dependence of the muon asymmetry i s  shown in Fi g . 1 1 .  The data are 
compared with the expectations of di fferent z0 ma sses . By f itting al l the PETRA 
data to the formul a  

A 2 7 1 0-4 egµ s e gA
µ 

µµ = • 

• 

gA A S7iii?;=-f ' 
gA = 

z 
1 - 2 ' ( 1 0 )  



185  

TABLE 2 

Summary of the muon forward backward asymmetry1 7 • 1 8 • 1 9 • 20 • 2 1 ) 

/S (GeV ) Asymmetry ± s t .  err . :!: ( sy s . err. ) (% )  

C ELLO 34 . 2  - 6 .4 ± 6 . 4  
JADE 34 . 5  - 1 1 . 6 ± 1 . 9  ± ( 1 )  
MARK-J 34 . 6  - 1 1 . 7 ± 1 . 7 :!: ( 1 ) 
PLUTO 34 . 7 - 1 2 . 0  ± 3 . 2 ± ( 1 )  
TASSO 34 . 5  - 9 . 1  :!: 2 . 3  ± ( 0 . 5 ) 

average 34 . 5  - 1 1 . 3 :!: 1 .  3 

1.0 f!te- - µ ... -
1.0 VS= 34.7 GeV 

z ,� 0.8 PLUTO 0.6 _!_ _9li_ "O 8 "" N dcos� 0.6 "O 

- lz 0.4 \ QED +Weak 0.4 0.2 ( fit ) OED+Weak 
0.2 (fit} 

-0.8 - 0.4 0 0.4 0.8 0 1.0 -0.8 -0.4 0 + 0.4 + 0.8 
MARK J cos � 

z l� 
0.8 

"O � 0.6 
- lz 0.4 Fi g . 1 0 :  The muon angl e di stri -

�for the react i on 0.2 e+e- + µ+µ- . The sol i d  l i nes 
are fits  to a ( 1 +cos2 8+ b case )  

- 0.8 -0.4 0 0.4 0 8  and the broken l i nes to 
1.0 a ' ( 1 +cos2e) . 

TASSO 
d;> 0.8 

�1� 0.6 
- lz 0.4 

0.2 Vs ::: 34.4 GeV 

-0.8 - 0.4 0 0.4 0.8 
cos � 3 5 3 7 6  
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� The s dependence of the muon F/B 
asymmetry . The curves show the expectati ons 
by the equation ( 1 0 ) for d ifferent zo masses . 

95% C . L .  l i mi ts on the z0 mass 
is obta i ned as  55 < Mzo < 

1 1 0  GeV . 

Deta i l ed i n vestigations  
are  al so done for radiati ve 
corrections on µ-pa i r  ann i h i -
1 ation . The acol l i nearity 
di stri bution and the photon 
energy di stri buti on for µµy 
events are studied by MARK-J 
and JADE,  respectively.  They 
are compared wi th the QED pre­
di cti ons in Fi g . 1 2 and 1 3 .  They 
agree wel l .  H i gher order QED 

corrections to the F/B a symmetry has been tested by these groups . a3 QED contri ­
butes to the F/B asymmetry i n  two d ifferent ways . One i s  an i n terference of the 
l owest order process and the box diagram in e+e- + µ+µ- , and the other is a n  
i n terference o f  the i n it ia l  state rad i ation a n d  the final  state rad iat ion i n  
e+e- + µµy . They contribute oppo s i tely  to the a symmetry and both effects are 
mixed in the data with a certa i n  rati o ,  depending on the sel ecti on cr iteria of the 
events22 ). The MARK-J group studied  the F/B asymmetry as a funct i on of the col l i ne­
ari ty angl e between the muons 1 9 l. The expected asymmetry is cal cul ated by the pro­
gram of Berends , Kl ei ss and Jada ch wi th and wi thout the weak effect23 ) . They are 

Acollinearity distribution for µ µ candidates with Pmax> 0.5 Pbeam 
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F i g . 1 2 : The acol l i nearity ang l e  
OTS1"il1Jution o f  e+e- + µ+µ- . 
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F i g . 1 3 : The norma l i zed hard photon 
energy d i stribut i on for the reaction 
e+e- + µ+µ-y .  
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shown i n  F i g . 1 4 .  D ifferent contributions from pure QED  i n  two reg i on s  ( �=0 , �>O) 
are c l early seen . When the weak effect is i ncl uded,  the a symmetry val ue decrea­
ses about 1 0% for the smal l � regi o n ,  but l ess  for the l arge � reg i on . It i s  
understood i f  one consi ders that the effecti ve µ-pair  energy i s  l ower for the 
l a rger �. s i nce i n it i al rad iat ion emi t s  h i gher energy . Observed data are compared 
wi th the pred i ction i ncl ud i ng the experimental resol ution in F i g . 1 5 . The 
agreement is good with in  stati stics . When th i s  h i gher order correcti on is made 
to the MARK-J data , the asymmetry is enhanced by ( 0 .6  "' 0 . 7 ) % 1 9 )  
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F i g . 1 4 :  The acol l i neari ty angle  
dependence of the muon F/B 
a symmetry wh ich are expected when 
the h i gher order effects are i n­
cl uded . The two cases are shown : 
a )  pure QED and b )  QED + Weak .  
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MARK J F i g . 1 5 : The acol l i near i ty 
angie-dependence of the muon F/B 
asymmetry. The h i s togram is the 
expectation of h i gher order effects 
i ncl uding both a3 QED and h i gher 
order el ectro-weak processes 23 ) .  

Simi l a r  exami na t i on of the 
QED + Weak 
( including detector QED a symmetry was done by the 
resolut ion) JADE g roup u s i ng µµy events l S ) . 
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20' S ince l a rge angl e photons above 

acollinearity angle � ""' 1 GeV are requ i red to be detected,  
the i nterference effect i s  more 
enhanced than in the case of the 

MARK-J study , where radiation goes ma i nl y  i nto the beam p i pe .  The muon ang l e  
d i str ibution for these events with EY > � Eb i s  shown i n  F i g . 1 6 .  The F/B 
asymmetry is pl otted as a function of the photon energy in F ig . 1 7 together wi th 
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the QED and the h igher order el ectroweak expectati ons23 l . The data agrees with 
the both expectat ions  wi th i n  stati stics . 

Angular Distribution of muons in µµy 
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F i g . 1 6 :  The muon angl e di stri but i on 
TOr"tlie react i on e+e- + µµy . The 
h i stogram is the expectat i on of a3 
Qrn22 J .  
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F i g . 1 7 : The muon F/B asymmetry pl otted 
asa-l'Unction of the photon enerty nor­
mal i zed by the beam energy for 
e+e- + µµy . The h i stograms are the 
expectat ion of QED and h i gher order 
el ectro-weak cal cul at i on23 ) . 

S imi l a r  el ectro-weak effects appear i n  th is  react i on l i ke the muon 
product i on .  The resul ts are summari zed in F i g . 1 8 and Tab l e  3 1 8 • 1 9 •20 •24) . 
The averaged asymmetry of al l the experiments i s  

<A,,> = ( - 7 . 6  ± 2 . 3 ) % 

at the mean energy of 34 . 5  GeV. The data agrees wi th the standard model pre­
d icti ons . 



Tabl e  3 
The forward backward a symmetry of e+e- + T+T­
i n  % ;  only stati sti cal errors are g i ven . 
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By comparing  the muon a symmetry and the tau asymmetry ,  the un i versa l i ty o f  gA 
can be tested . 

1 .49 ± 0 . 32 
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U s i ng t h e  val ue of g� , wh ich  i s  obta i n ed by the ve scattering data comb i ned 
wi th the e+e- col l id ing experiments data25) , 

g� = -0 . 52 ± 0 . 02 ( stat)  ± 0 . 02 ( syst) , 

we obta i n  from ( 1 0 )  for Mzo = 90 GeV , 

g� -0 . 56 ± 0 . 07 

and g� -0 . 38 ± 0 . 1 2 . 

These val ues are con s i s tent wi th the un iversal i ty and they are a l l  cons i stent 
wi th -0 . 5 ,  wh i ch i s  expected in the s tandard model . 

A new feature wh i ch can be studied for e+e- � ,+,- i s  the measurement of 
the T pol ari zati on . I t  i s  pos s i bl e  because the momentum s pectrum of the decay 
product depends on the T pol ari zat i on26 ) . At the PETRA energi e s  the T pol arizat i on 
i s  approxi matel y expressed as  

( e T T e 2cose ) 2x gvgA + gvgA � . 
1 +cos e 

The formul a  conta i ns new comb i nati ons of coupl ing  constant s .  The CELLO g roup 
made the f i rs t  attempt to measure the pol a ri zation by analys ing the 

( 1 1 ) 

T�pv , rrv , evv , µvv decays27 l . F i g . 1 9  shows the momentum di stributi ons of p ,  rr ,  

e and µ after the background subtracti on .  The difference of the pol ari zat ion i n  
the forward hemi sphere and the backward hemi sphere g i ves  the contribution from 
the second term of the equat i on ( 1 1 ) .  The i r  resul t i s  

( 1  ± 22 ) % .  

Comb ined with the val ue o f  g� , g �  i s  -0 . 05 � 1 . 4 .  Al though the error i s  sti l l  
l arge , the val ue i s  cons i s tent wi th the uni versal i ty and the standard model . 

Assumi ng the un i versal i ty ,  the data of e+e- + e+e- and e+e- + µ+µ- are 
comb i ned to est imate the va l ues  of gA and gV . The 95% C . L .  contour for ( gv , gA ) 
wh ich i s  obta i ned by each experiment ,  i s  presented in F i g . 202 • 1 4 • 1 9 • 20 l together 
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wi th the  ve  scatteri ng resul t .  The  s imul ataneously al l owed reg i on of  a l l  the 
experiments i s  cons i s tent wi th the standard model pred ict ion wi th s i n2ew = 0 . 23 . 

Test of l arger gauge groups 

S i nce the data i s  wel l descri bed by the GSW standard model , one can put 
a l imit  on the ex i s tence of the extra vector current wh i ch appears in the 
extended gauge group S U ( 2 ) L X U ( 1 )  X G28 ) . For such groups the vector coupl i ng  
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i s  mod i fi ed as  

2 1 . 2 2 gv = 4 ( 1 -4 s i n  ew) + 4C ( 1 2 )  

b y  assuming  the uni versal i ty .  The effect o f  the addi t i onal term can b e  tested 
only in the e+e- i nteraction s .  L im its on the val ue  of C ( 95% C . L . )  are l i sted 
in Tabl e 42 , 1 4 , 1 9 , 20 ) . 
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F i g . 20 :  The contours of the 95% C . L .  
�for _ (gV , gA ) obta i ned_by the 
comb i ned f i ts to e+e- + e+e and 
e+e- + µ+µ- . 

Tabl e  4 

95% C . L . l imits on the exi stence 
of an extra vector coupl ing , c .  

CELLO 
JADE 
MARK-J 
TASSO 

0 . 03 1 
0 . 03 1 
0 . 025 
0 . 0 1 2  

El ectro-weak Effects i n  the Hadron Production 

I n  the quark parton picture , the mu l t i hadron production is an anal ogue 
of the muon pa i r  ann i h i l ation .  When the d i fferences of the el ectric charge , 
the weak charge , the col our factor and the QCO correcti on are taken i nto account,  
the total cross secti on can be wri tten s imi l ar to the muon producti on29 • The 
expected weak effect in the standard model i s  shown in F i g . 2 1  as a funct i on of 
s i n2e • The dev iat ion i s  minute at  the PETRA energ i e s .  Prec i se measurements 
of th: hadron i c  cross section were performed by JADE3o ) , MARK-J31 )  and TASso32) . 
S i nce domi nant errors are systematic  errors , they were exten s i ve ly  stud ied and 
reduced to the l evel of 3 � 6% .  The resul ts are shown i n  F i g . 22 .  Fits are made 



1 . 1  
Raco+WEAK 

RQCD 1 .0 

0.9 

0 0.25 0.5 
sin2 �w 

0.75 
3 5 3 6 8  

F i g . 2 1 : Expected dev i ation of the h adron total 
cross section from the one photon process cross 
secti on due to the el ectro-weak effect as a 
functi on of s i n 2 8w. 

Tabl e 5 

Quark and l epton weak coupl i ng  constants 
in the standard model 

q ,  1 gA gv 

1 1 ( 1 8 . 2 ) u '  c 2 2 3 s i n  ew 

d , s ,b 1 1 + j s i n2ew) - 2 2 ( - 1 

e , µ , i: 1 
- 2 -J. ( - 1  + 4s in2ew) 

asymmetry for l cose l < 1 . 0 ,  

AD* = -0 . 28 ! 0 . 1 3 .  
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to  the data i n  the context of  
the standard model . The 
val ues of s i n2ew , wh ich g ive 
the best f i t ,  are l i sted i n  
Tabl e 6 .  They are cons i stent 
wi th the val ues obta i ned 
by the measurements of the 
pure l epton i n teracti ons . 

I t  i s  i nteresti ng to 
study the weak coupl ing  
constant of each quark 
fl avour .  Charm quark tag­
g i ng was tried by TASSO by 
detecti ng the D* mesons 
in the hadron fi nal states33) . 
The D* i dent if ication was 
done by observ i ng the smal l 
mass difference of the Krrrr 
and Krr system34 l . The ob­
served D* angu l ar  d i stri ­
bution shows a forward 
backward asymmetry as shown 
i n  F i g . 2 3 .  Si nce the D* has 
a hard fragmentation func ­
tion , it may wel l  refl ect 
the orig inal C quark 
di rection .  A fit to the data 
i s  made with the formu l a  
N ( 1  + acose + cos2e ) . I t  
g ives the extrapol ated 

The equati on ( 1 0 )  is mod i f i ed for fracti onal l y charged quarks i n  such a way 
that the r . h . s .  i s  dev i ded by the quark e l ectric charge . The TASSO group per­
formed the fi rst measurement of g� by comb i n i ng the D* asymmetry with the val ue 
of g� , wh i ch i s  estimated from al l the muon asymmetry data of the PETRA experiments 
assuming the uni versa l i ty ,  thus 
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Tabl e 6 

Fi g . 22 :  The rat i o ,  R ,  of the hadron 
total cross section to the po i ntl i ke 
muon pa i r  cross section i s  shown as 
a functi on of the total energy . The 
second error is the sys tematic  nor­
ma l i zat ion error. The sol i d  curves 
present the expectat i ons by the 
standard model for the i ndicated 
val ues of s i n2ew wi th the QCD correc ­
t ion .  The broken l i ne i s  the pre­
d ict ion of the s i mpl e quark parton 
model wi thout the QCD correct i on and 
the weak contribution . 

e gc -0 . 49 0 . 23 . gA = ± A 

g�2 µ2 
0 . 3 0  ± 0 . 04 , - gA 

gc 
A 0 . 89 :!: 0 . 44 . 

The resul t agrees w ith the standard 
model pred ict ion ,  

s i n2ew va l ues obta i ned by f i tting R 

JADE :  0 . 23 ± 0 . 05 as 0 . 20 :!: 0 . 08 at IS =  30 GeV 

MARK-J :  0 . 4 1 0 .  1 2  0 . 1 7  f i xed ± 0 . 1 5  as 

TASSO : =. 40 :!: 0 .  1 5  ± 0 . 0 2 as 0 . 1 8 f ixed 
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F ig . 23 :  The angul ar di stri ­
�of D* i n  the reaction 
e+e- + D*± + X. 
The sol i d  l i ne shows the 
best fi t ,  from wh ich  the 
extrapol ated asymmetry of 
- 0 . 28 ± 0 . 1 3 is obta i ned for J cose J < 1 . 0 .  
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Search for New Parti cl es 

Toppon i um 

Much effort has been made a t  PETRA to search for the top quark , wh i ch makes 
the th i rd generat ion doub let  wi th the b-quark35 l . Both the open top production 
and the toppon i um format ion were searched for up to 36 . 72 GeV by 1 98 1 36 l . After 
the energy increase of PETRA in Summer 1 98 2 ,  energy scann ing for the ground 
state toppon i um was performed between 37 . 94 and 38 .63 GeV .  The resu l ts from 
JAD E ,  MARK-J and TASSO are shown i n  F ig . 2437) . There i s  no ev i dence for a 
narrow resonance observed. The combi ned data g i ves the u pper l imi t ( 90% C . L . )  
on the r ee Bhad to be 0 . 8  keV , wh ich  is s i gn ificantly smal l er than ,,, 4 keV wh i ch 
i s  expected for the Q = 2/3 toppon i um ground state . 

There i s  no evidence for broad or spherical events , wh i ch are expected 
from the open top ,  up to the hi ghest scanned energy . 

The search wi l l  be conti nued by further i ncrea s i ng the PETRA energy i n  
Spr i ng 1 983 .  There i s  a good reason to bel ieve that the top quark ex i s t s .  
Some model s as sume that the bottom quark i s  a l eft- and  ri ght-handed s i ngl et 
and the top quark does not ex i s t .  In such model s the bottom quark may decay by 
the fl avour chang ing neutral current.  The branching rat i o  of the b + µ+µ-X 
decay i s  predi cted to be l a rger than 1 % .  Dimuon i ncl u s i ve events were searched 
for by the MARK-J group and no evidence was found . They got the 95% C . L .  l imit 
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fj_g_._2_4 :  The resul ts o f  the narrow resonance search by the energy scann i ng � 37 . 94 and 38 . 63 GeV. The combi ned data of the three experiments sets 
90% C . L .  upper l imit on the reeBhad to be 0 .8 keV . 

of 0 .  7% on the branch ing  rat i o ,  wh i ch excl udes the f ive quark model s w ith the 
weak s i ng let  bottom quark . 

Supersymmetric Partic les  

Supersymmetri c model s39 l ant i c i pate scalar partners to al l the fermions 
and fermion partners to a l l  the bosons . There are model s wh i ch g i ve di fferent 
mass  sca les but there are not any defi n i te pred ict ion s .  Much work i s  l eft to 
experimental i nvestigations . Sca lar  l eptons and heavy photinos ( sp in  1 / 2  
partner of the photon ) were searched at PETRA . 

The scal ar l epton search was done under the assumptions that the two types 
of scal ar l epton , s1 and t1 , wh ich correspond to the l eft handed and the right 
handed l epton , have the same mass  and that they are pa i r  produced and decay 
i nto l eptons of the same l epton number and unobservabl e  mass l ess photi nos . 
The cross secti on i s  gi ven for ( se + te l by 
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( 1 3 )  

where K = 1 i s  assumed. The formul a  g i ves the cross section for ( Sµ + tµ ) and 
(S + t ) , if K = o40) . T T 

The way the sca l ar l eptons show up depends on the i r  masses . When they are 
l i ght and the i r  decay products sati s fy the l epton pa i r  sel ection cond i t i ons , 
e . g .  on the momenta and the acol l i nearity ang l e ,  they i ncrease the cross sections 
of the correspond i ng l epton reacti ons such as e+e- + e+e- and e+e- + µ+µ- . If 
the i r  mas ses are heavy , the decay products do not sati sfy the cuts for the two 
body reacti ons because of the l arge mi s s i ng momentum and energy . However , they 
can be detected by exami n i ng the acopl anar i ty angl e or the acopl anarity ang l e  
of  the final state l epton s .  As we have seen i n  the beg i nn i ng of th i s  report , 
the observed di stri buti on of these angl es are wel l expl a i ned by a3 QED. Further­
more , the QED background wi th hard photons can be removed by requ i ri ng that 
there i s  noth i ng detected i n  the reco i l  d i rection of the acopl anar l epton pa i r .  
Th i s  l ast  method shou l d  prov i de a cl ean s i gnal for the scal ar l eptons i f  one 
i s  sure about the mi ss ing  energy . Each group used i ts own method among these 
techn i ques . In some cases two methods are comb i ned to cover a wi de mass range . 

I n  F ig . 7  the acopl anar ity d i stribution of Bhabha scattering measured by 
TASSO i s  shown together w ith the expected dev i at i on s  from QED if scal ar el ectrons 
of mass  3 GeV or 1 4  GeV are mixed 1 0 ) . They obta i ned the upper l imi ts on the 
scal ar e and/or µ product ion cross sect ions as shown i n  Fig . 25 .  For the pointl i ke 
scal ar e ( µ ) ,  the mas s  l imit i s  1 6 . 6  GeV ( 1 6 . 4  GeV) ( 95% C . L . ) .  

TASSO 10 

0 8  - e+e- -+s.s. F i g . 25 :  The upper 1 im it  on the ]"' --- e+e--+sµSµ rat io  of the observe ii to the 
. . theoreti cal sea 1 ar 1 epton pro-

·� ·: duct i on cross sect ions . The l ow f � 0 6  part i s  estimated from the °o £0 mass  
0 absol ute cross secti on of the 
] QED reacti ons , e+e- -+ e+e- , and 0 4  e+e- + µ+µ- at cos e�  O .  The h i gh . � mass part i s  obta i ned from the � 
=> al l owed devi at i on of the acopl a-02 - /'\ nari ty di stribution of the QED ............ ', ', pred ict ion s .  

0 0 10 12 " 16 18 
Moss (GeVl 34071 
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CELLO ,  JADE and MARK-J used the l ast method . They l ooked for acopl anar 
l epton pa i r  events w i th mi ss ing  transverse momenta . They found no events . The 
upper l imi t on the mass  of each scal ar  l epton is summari zed in Tabl e 1 1 0 •4 1  •42 •43 ) .  

Tab le  7 

The upper l im i ts ( 95% C . L . ) on the mass of sca l a r  l eptons in GeV 

se ,te sµ , tµ s, ' t, 

CELLO 1 6 . 8  1 6  1 5 . 3  

JADE 1 6  1 7  1 4  

MARK-J 1 5 1 4  

TASSO 1 6 . 6  1 6 . 4 

The CELLO group sea rched for the ma ssive photino wh i ch may be produced i n  
pa i r  by sca l a r  el ectron exchange and decay i nto a photon a nd  a massl ess grav i ­
ti no3 ) . The s imi l ar method as above was appl i ed to  the yy f ina l  state . They 
requi red that both photons have l ow energ i es ,  wh ich sati sfy the rel ati on 

E 
(-r;-) < 0 . 5 ,  where Eb i s  the beam energy . The acopl anari ty angl e cou l d  be 

smal l for the l i ght mass photinos . There was no event found , wh ich sati sfy the 
sel ect i on cond i ti on s .  Si nce both photinos must decay in the detector to be de­
tected , the l i mit on the phot ino mass  is g i ven as a functi on of a parameter , d , 
wh i ch detenn i nes the photino l i fet ime as44l  

The res u l t  i s  shown in 

Exc i ted Leptons 

Fi g . 26 for m Se 

( 1 4 ) 

40 GeV . 

I f  l eptons are compos i te part ic l es45 l , there may be an exc i ted l epton , l * , 
whi ch coupl es to the ground state l epton by the fol l owing i nteracti on 1 l 46 ) : 
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F ig . 26 :  95 C . L .  l imits on the mass  of 
li1a.SSlVe phot ino  versus the scal e para­
meter d .  For deta i l s see ref .  3 ) . 
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L >-e - Fµv + h . c . ,  ( 1 5 ) i n t  = � 1/11 * crµv 1/11 

where A i s  the coupl i ng constant of 1 1 *y 
rel ati ve to the el ectric charge and Ml * i s  
the mass of the exc i ted l epton . The i nter­
action ( 1 5 ) mod if ies  the c ros s sect i on 
for the react i on e+e- + yy due to e* ex­
change s .  The react i on can be wel l des­
cri bed by QED a s  we have seen . The cut off 
parameter A+ for the react i on i s  rel ated 
to Me* and \ as  fol l o�s 1 ) . 

2 + - Me* 
A+ ( e  e + yy) = T ( 1 6 )  

Hence , Tab l e 1 g i ves the 95% C . L .  l ower 
l im i ts on Me* for \ =  1 ,  i . e .  Me* > 61 GeV . 

A di rect search of e* was done by JADE by study i ng the ey mass  comb i nations  
i n  the reaction e+e- + e+e-y 2 ) . The  resu l t  i s  shown i n  F i g . 27 , wh i ch i s  i n  good 
agreement wi th the a 3 QED expectat i on8 ) . Upper l imits  on the coupl i ng  constant ,  
A ,  are obta i ned u s i ng the cross sect ion 1 •46 )  

2na2A 2 tt2 + ( t-M�* ) 2 s2 + dCJ 
Cit T7 + s 

e* 

The l imit i s  compared w i th what i s  obta i ned from 
It  i s  reduced substantia l ly  for  Me* < 34 GeV . 

" ]  ( s -Me*)  
t . 

the equat i on ( 1 6 ) 

( 1 7 ) 

i n  F i g . 28 . 

Simi l ar stud ies  were done for the exc i ted muons and no evidence was found47l .  
Recent resul ts from JADE1 8 ) are shown for the reacti on e+e- + µ+µ-y i n  F i g . 29 
and 30 .  The i nvariant mass  di stri buti on of the µy system agrees wel l  wi th the a 3 

QED pred iction . The 95% C . L .  upper l im it  on the coupl ing  constant i s  obta i ned 
from the cross section for the reaction e+e- + µ*+µ - + µ*-µ+ 1 ,46 )  

( 1 8 ) 

where M i s  the ma ss of µ* . 
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El ectron Type Neutral Heavy Lepton 

Acopl anar events with cl ear  m i s s i ng 
energy are a good s i gnal for new par­
t icl es as we have d i scussed in the sca­
l ar l epton search .  The same rec i pe 
can be appl ied to hadron i c  events . Such 
analyses requ ire more careful and e la­
borated event s imu l ati ons  because of the 
quark fragmentation . On the other hand ,  
one ga i ns i n  the number of  expected 
events for certa i n  new part i c l es for 
wh i ch hadronic  decay dominates .  For in­
stance , heavy l eptons wh ich decay weakly 
v ia  v i rtual weak bosons are expected 
to have l arger hadron ic branch i ng ratios 
than pure l epton i c  ones , when they are 
heavy . 

A systematic search for new heavy 
l eptons was done by JADE by such a me­
thod48 l , wh ich i ncl uded a search for 
the e lectron type neutral heavy l epton 

Eo 49) . It is produced i n  
wi th V-A o r  V+A coupl i n g .  

h . + - o - "E"O + t e reacti on e e + E +ve or E + ve by w- exchange 
E0 decays weakly v ia  v i rtual W� i nto e- + ( ( ud ) , ( c s ) , 

ev , µv or TV) . I n  the i r  analys i s  the decay i s  treated l i ke a decay of the heavy 
sequent ial l epton50 l . When the neutri no  carries a h i gh momentum, the total trans­
verse momentum of the observed particl es may be l a rgely unba l anced . The acopl ana­
rity angl e of the two jet axes wi th respect to the beam is cal cul ated and events 
wi th l arge acopl anari ty were searched . The observed acopl anarity is shown i n  
F i g . 3 1 . The data i s  con s i stent wi th the expectation from the normal mul t i hadron 
events and there are two events l eft above the i ndicated cut. The 95% C . L .  l imits 
on the E0 mass  are obtai ned based on the l eft events , a l though they are con s i stent 
wi th the background from the reaction e+e- + y + hadrons , where the photon escapes 
through the sma l l  detector gap .  The l imits are 

ME ?: 24 . 5  GeV 
0 

ME ;:: 2 2 . 5  GeV 
0 

( for V+A coupl i ng )  

( for V-A coupl i ng )  
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F i g . 3 1 :  The acoplana r i ty angl e d i stri -
1lii"fi0il"of the two jet axes . The data 
agrees wi th the Monte Carl o s imul at i on 
of the normal mul ti hadron events , wh ich  
i s  shown by  the curve . The dashed 
h i s togram is the expectation for E0 . 
The sol i d  h i stogram i s  the expecta t i on 
for the sequentia l  heavy l eptons . 
See ref .  48. 

A s im i l a r  analys i s  was done to 
l ook  for heavy sequential  l e ptons , L± ,  
o f  wh i ch mass  l im it  ( 95% C . L . )  was ob­
ta i ned to be ML > 18 GeV . 

Charged H i gg ' s  or Tech ipi ons  

Extens i ve searches for po i ntl i ke 
charged scal ars , charged H i gg • s5 1 l or 
techn i p i ons52) , were performed4 1 ,43 , 53 � 
In the standard model only the neutral 
H i gg ' s  part i c l e  is expected as  the 
fundamental scal ar .  Al though it i s  an 
essent i al test of the standard model 
to l ook for i t ,  there are not any 
adequate reactions  at present energ i es 
wi thout the toppon ium .  On the other 
hand,  one can do a reverse test by 
1 ook i ng for what i s  not needed 
in the standard model . The charged 
H i gg ' s  appears if more than one H i gg ' s  
mu l ti p l et i s  used for the purpose of 
the spontaneous symmetry brea k i n g .  The 
techn i p i on appears if the symmetry i s  
dynami ca l l y  broken . 

These pa rtic l es are pa i r  produced as e+e- + H+H- and decay preferably i nto 
heavy partic l e s .  The l epton i c  decay is expected to be domi nated by the TV mode and 
the hadron i c  decay is expected to go ma i n l y  i nto cb pa i rs .  The CELLO , JADE and 
MARK-J group studied the case where one or both of H± decay i nto TV. For such 
decays the m i s s i ng energy is l arge ,  and the same methods ,  wh i ch are descr ibed i n  
the sca l a r  l epton search o r  heavy l epton search are used . The detection eff i c i ency 
for the events changes as a function of the branch ing  rat i o  i nto TV . S i nce no 
ev idence for such part i c l es i s  foun d ,  the mass l im its are g i ven as the contours 
in the (BTv' MH±) pl ane as  shown in F i g . 32 . The TASSO group i nvest i gated four 
jet events wh i ch a re cons i stent w i th the pure hadron i c  decays of H+H- pa i rs . They 
stud ied the two case s :  H+ + cs ( 1 00%) and (H + cs ) : ( H+cb ) = 1 : 1 .  They excl uded the 
area of the smal l H _,. TV branch i ng rat io  as shown in F i g . 32 .  
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From the combi ned data o f  al l the 
experiments , one can concl ude that the 
ex i stence of the charged H i gg ' s  part ic l es 
or the techi n i pi ons i s  excl uded between 
5 GeV and 1 3  GeV . 

In concl u s i on ,  the val i d i ty of QED 
is tested at s ... 1 200 GeV . Cl ear el ectro­
weak effects are observed i n  the 
a symmetry of µ ,  T and poss ib ly  c quark s .  
T he  standard model predi cti ons agree 
wi th the data . The top or toppon i um 
has not been seen yet .  There are no 
evi dences found for new part i cl es such 
a s  super symmetric parti c l e s , exci ted 
l eptons , heavf l eptons or fundamental 
charged sca l ars .  

The maximum energy of PETRA wi l l  
be i ncreased to 43 GeV i n  Spri ng and 
the i nvestigati ons wi l l  be conti nued .  
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. N . Abstract :  Results of the nucleon structure functions F2 for iron and deute-
rium, measured by the EMC , are presented . Their ratio differs significantly 
from unity . Consequences for quark- and gluon-distributions inside nuclei 
are discussed as well as several phenomenological model s  which could be used 
to describe the observed effec t .  
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I .  Introduction 

The European Muon Collaboration (EMC) has performed extensive measurements 
f h 1 f · F · I · h muon nucleon i' nteracti' ons 1 )  o t e nuc eon structure unction 2 in 1ig energy 

using targets of liquid hydrogen2) , deuterium3 )  and of iron4) . In this contribu-
. . N . . tion results on the nucleon structure function F2 for iron and deuterium are com-

pared . Their ratio shows a significant deviation from unity (EMC-effect ) .  This 
leads to the conclusion that quark and gluon momentum distributions for nucleons 
embedded in nuclei are different from those in free nucleons . The results , pos­
sible implications and several phenomenological models which could be used to 
understand the observed effect will be discussed in detai l .  

N 2 .  The nucleon structure function F2 , quark and gluon distributions 

In the quark parton model the nucleon structure function F2 (x) represents 
the momentum distribution of the charged quarks inside the nucleon . For the deu­
teron it is given by 

5 I 
= T8 x (u + u + d + d + c + c + s + s) - 3 x (c-s) 

( I )  

F� and F� are the structure functions for a free proton and a free neutron . x is 
defined as Q2 /2M v ,  where Q2 is the square of the four momentum transfer from the p 
lepton to the nucleon, Mp i s  the proton mass and v is the energy transferred from 
the lepton to the nucleon. In an infinite momentum frame qf (x) is the probability 

2 5 
that a quark of flavour f carries the fraction x of the nucleon momentum. Zq = T8 
is the mean square of the quark charge number s .  
I f  nuclear effects are neglected the nucleon structure function F� for iron i s  
given by 

F� (Fe) = �6 ( 30 F� + 26 F� ) F� (D) ( 1 -k (x) ) ,  

with 

k(x) 

(2) 

(3) 

k (x) is a correction factor which takes into account that iron is no perfect iso-
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scalar target and that proton and neutron structure functions are different . 
Approximating F� byS) 
F� : ( I  - o . 75 x) F� (4) 

one gets for x 0 . 65 ,  the highest x-value covered by the EMC data, a correction 
of � 2 . 3% .  
Gluons do not contribute directly t o  the cross 
scattering. But the evaluation of the momentum 
only 45% of the nucleon momentum is carried by 

section obtained in deep inelastic 
I N sum rule J0 F2 (x) dx shows that 

charged quarks , 55% is carried by 
neutral constituents ,  the gluons , and the momentum sum rule has to be modified to 

J1 (FN + x • g (x ) )  dx 
0 2 

5 
T8 (5 ) 

g (x) is the momentum distribution of the gluons inside the nucleon . g (x) and q (x) 
are correlated by the elementary process of gluon emission by quarks and the cre­
ation of quark-antiquark-pairs out of gluons . Due to these processes and gluon­
gluon interactions the momentum distributions become Q2-dependent .  The coupling 
of g (x) and q (x) and their Q2-dependence is expressed by the Altarelli-Parisi­
equations6 l . Thus the analysis of the pattern of scalebreaking of the structure 
functions in terms of these equations allows a determination of the gluon distri­
bution g (x) and its Q2-dependence7 l . 
With these preliminaries it is obvious that i f  nuclear effects cause a change of 
the momentum distribution of quarks there also will be a corresponding change of 
the momentum distribution of gluons. 

3 . Models for nuclear effects 

In the models which have been used so far to calculate the modifications of 
N the nucleon structure function F2 due to nuclear effects it is common to view 

the nucleus as a dilute gas of slowly moving nucleons weakly bound to each other 
and having their internal properties like mass , radius or spin unchanged compared 
to the free nucleus case. The effective quark momentum distribution measured in 
deep inelastic lepton nucleus scattering is then a convolution of the quark mo­
mentum distribution inside a nucleon and the momentum distribution of the nuc­
leons inside the nucleus . The methods used to calculate the corrections for deu­
terium8 )  are simply transferred to the nucleus case . The results depend a lot on 
the assumptions made on the shape and tails of the nucleon momentum-distributions 
and the momentum balance in the scattering process .  These assumptions are only 
poorly known . In fig . I the ratio of the structure function F� for a nucleus , 



210  

with mass number A , to the sum of the free nucleon structure functions for proton 
and neutron, weighted with the corresponding nuc leon numbers ,  is plotted as a 
function of x for an iron nucleus . The solid l ine in this figure shows the re­
sults of Bodek and Ritchie9 ) who use a Fermi-gas-model I O) including high momen­
tum tai l s 1 I ) , The dot-dashed l ine indicates how the result would change if the 
high momentum tail would not be included in the calculations and the triple-dot­
dashed line shows the result one would obtain when the kinematics is calculated 
with an (A- 1 ) nucleus as a spectator for all momenta. 
In the Few-Nucleon-Correlation Model of Frankfurt and Strikman 1 2 ) the momentum 
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0.6 

,�Sodek. Ritchie (9 I 
·- Frankfurt. Strrkmon ft2l 

----- Berlod el ol. (13 I 

---

0.2 0.4 0.6 x 
distribution i s  produced by quark plus gluon exchange between pairs of neighboured 
nucleons . Their result is represented by the dotted line in fig .  I ,  

As wel l  Bodek and Ritchie as Frankfurt and Strikman use non-relativistic wave 
functions . Berlad ,  Dar and Eilam1 3 ) argue that in highly relativistic interactions 
l ike deep inelastic scattering the momentum distribution of nucleons in a nucleus 
can not be deduced from its non-relativistic wave function. To calculate the ef­
fective momentum distribution of quarks in nuclei they instead present a quark­
parton variety of the Col lective-Tube-Model 1 4 ) where the nucleus is viewed in an 
infinite momentum frame and is lorentz-contracted to several 'pancakes ' of over­
lapping nucleons , The main result of their calculations (dashed line in fig .  I )  
is that there is a high probabi lity for quarks and gluons to carry a larger mo­
mentum fraction than in a free nuc leon , This causes the effective quark and gluon 
momentum distributions to be enhanced at high x and to extend for above x = I ,  
the kinematical limit being x = A. 
The results of all these calculations show a similar behaviour . The ratio 
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F�/ (Z F� + (A-Z) F�) is rising with x for x > 0 . 2 .  The value is about 1 . 2 - 1 . 3  
at x = 0 . 65 and increases rapidly to higher values of x .  Below x � 0 . 45 - 0 . 5  it 
is a few percent smaller than one with very little x dependence . (For the deute­
ron these corrections are much smaller than for iron as can be seen by a compa­
rison with the curve labeled D which shows the deuterium corrections according 
to Bodek and Ritchie) . 
Apart from the similarities in the global behaviour there are significant diffe­
rences in the details .  This, and the fact that they in addition depend on poorly 
known assumptions, is the reason why several groups like BCDMS, CDHS or EMC do not 
correct their structure function values for these effects and present only effec­
tive distributions while most of the other groups apply a correction without tel­
ling explicitely how their assumptions and the corresponding corrections look 
like. 
But in a nucleus the nucleons are packed much tighter together than in the deute­
ron which is a loosely bound system with a mean nucleon distance of about 4 fm 
compared to the mean nucleon charge radius of � 0 . 8  fm. Therefore apart from ki­
nematical smearing their in addition might be a lot of other nuclear effects 
which can affect the quark momentum distribution and are not included in the cor­
rections described so far . 

4 . The data 

The EMC iron and deuterium data provide a good 
tool to look for these nuclear effects . Apart from the different targets these 
data have been taken with the identical apparatus and have been treated with the 

same analysis chain. Therefore a comparison can be made where the systematic 
errors are well understood . The nuclear corrections for deuterium are smaller 
than � 3% in the kinematic region covered by the experiment . Therefore the 
measured deuteron structure function can be interpreted as the representation of 
quark distributions inside free nucleons , while the iron-structure function (if 
corrected for a hypothetical target with the same number of protons and neutrons 
according to equation (3) ) represent these distributions for nucleons inside a 
nucleus . 
The iron data are the final data set for the four muon beam energies of 1 20 ,  200 , 

. N 1 µ Fe 250 and 280 GeV. The values of the nucleon structure function F2 (Fe) = S6 F2 
are shown in fig. 2a as a function of Q2 for fixed values of x. The data are cor­
rected for the non-isoscalarity of iron according to equation (3) , no Fermi-mo­
tion correction has been applied . The errors shown are statistical only. Apart 
from statistical fluctuations there is perfect agreement between these four data 
sets and the x and Q2 dependence is very well defined . It is worthwhile to men­
tion that points ,  where different data sets overlap correspond to events taken in 
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different parts of the apparatus and have comp letely different systematic errors 
for each energy . The solid lines represent a simple parametrization of the iron 
data , the dashed lines indicate where one would expect the deuterium data accor­
ding to the Fermi-motion corrections a la Bodek and Ritchie . 
The deuterium data have been obtained with a single muon beam energy of 280 GeV. 

N I µD The values of F2 (D) = 2 F2 , not corrected for Fermi motion, are shown in 
fig .  2b. The curves are identical to those of fig . 2a, which means that the deu­
terium data should be wel l  represented by the dashed l ine if the simple nuclear 
models were correct . Obviously this is not the case . At low x the structure 
function for deuterium should be 2-3% larger than for iron but it is smaller by 
about 1 5% ,  at high x the iron data should be larger than the deuterium data by 
about 20-25%, but they are smaller than the deuterium data by about 1 5% .  This 
means that at x = 0 . 65 there is a discrepancy of 35-40% between model s  and ex­
perimental result .  Within the limits of statistical and systematic errors there 
is no or l ittle q2 dependence of this behaviour within the region of overlap as 
can be seen by a comparison of the l ines and the data point s .  The ratio of the 

N N measured nucleon structure functions F2 (Fe ) /F2 (D) has been calculated point 
by point using only data points with a total systematic error smaller than 1 5% .  
For each x-value the result has been averaged over Q2 • The corresponding Q2-range 
is determined by the deuterium data and varies from 9 < Q2 < 27 GeV2 for x = 0 . 05 
over 1 1 . 5 .'.':_ Q2 .'.':_ 90 GeV2 for x = 0 . 25 up to 36 .'.':_ Q2 <

-

1 70
-
GeV2 for x = 0 . 65 .  

The x dependence o f  the ratio i s  shown i n  fig . 3 where the error bars are sta­
tistical only. The ratio is fall ing from � 1 . 1 5  at x = 0 . 05 to a value of � 0 . 8 9  
a t  x = 0 . 6 5 .  I n  terms of quark distributions this means that a t  high x (valence 
region) where an enhancement of the effective quark momentum distribution in iron 
compared to the free nucleon case is predicted , it is depleted , while at low x 
(sea region) where only little difference is expected there is an increase . 

Having no model for this behaviour available we have performed a straight line 
fit of the form 

F� (Fe ) /F� (D) a + bx 

which for the slope b gives the result 

b - 0 . 5 2  ± 0 . 04 (statistical ) ± 0 . 2 1  ( systematic ) . 

ro calculate the systematic error of the s lope we have assumed that even in the 
ratio none of the individual systematic errors cancels which c learly is the most 

N conservative assumption. We have distorted the measured F2 values by the indivi-
iual systematic errors of the data sets (increasing the iron data for all errors 
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and lowering the deuterium data and vice versa) , calculated the slope for each 
error and added the differences quadratically . The possible effect of the syste­
matic uncertainties on the slope i s  indicated by the shaded area in fig . 3. Un­
certainties in the relative normalisation of the two data sets will not change 
the slope of the observed x-dependence but can only move it up and down by up 
to seven percent . The difference F� (Fe ) - F� (D) however is very sensitive to 
the relative normalisation . 
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5 .  Comparison to other data 

In the high Q2 region of our data there are no results of other experiments 
available which have measured the nucleon structure function for nuclear targets 
and deuterium with the identical apparatus .  To get further informations one there­
fore has to combine data of different experiments .  This is a lways very problema­
tic because there might be different systematic uncertainties which can not be 
taken into account in the same way as for data of one experiment alone . Neverthe­
less we have compared our data to the deuterium data of the CHIO group l S ) and the 
carbon data of the BCDMS group 1 6 ) which are in the same Q2 range . The results are 
shown in fig .  4 where in addit ion to the EMC results the ratios of the EMC iron 
data to the CHIO deuterium data and of the BCDMS carbon data to the EMC deuterium 
data are plotted . Independent ly which EMC data set i s  used the ratios show a si­
milar x dependence and one can conclude that a real physics effect i s  observed . 

But there i s  still more information. After the EMC results have been presented 
the SLAC-MIT-Rochester group has reanalyzed their electron-deuterium6 ) and empty 
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target steel data 1 7 ) . The steel data cover a kinematic range 4 < Q2 < 2 1 Gev2 and 
0. 25 < x < 0 . 90 .  The result is shown in fig. 5 . It confirms the effect seen in 
the EMC data. In the region 0 . 3  - 0 . 65 the agreement is perfect .  As well the x 
dependence as the magnitude of the ratio is nearly identical which gives us fur­
ther confidence that our absolute normalisation is well determined and the syste­
matic errors quoted are conservative limits .  At x > 0 . 7 the ratio is rising 
again suggesting that for x > 0 . 8  the effects of Fermi motion become dominant .  

An additional preliminary data set of  this group obtained with an empty aluminium 
target 1 8 ) extends the low Q2 data also to lower x. Also these data show a rise 
of the ratio with decreasing x ,  the slope being a little bit less steep than for 
the EMC iron data. Finally one should remember that photoproduction 1 9 ) and low 
energy low Q2-dataZO ) show that at very low x (Q2 ) the ratio fal l s  again below 
one to a value around 0 . 8 .  

6 .  Consequences 

Taking all these informations together the fol lowing picture emerges :  quark 
distributions measured in deep inelastic scattering off nuclei are far from be­
ing identical with those in free nucleons . In the valence region (x>0 . 3 ) a de­
pletion of the quark momentum distribution in nuclei compared to the free nuc­
leon case is observed while in the sea-region (x<0. 3 ) there is a significant in­
crease . This behaviour depends only little on Q2 and probably also on mass number 
A. In addition at very low x there are the effects of shadowing (Q2 and A depen­
dent ) and at high x the kinematical smearing due to the nucleon motion inside the 
nucleus can cause the quark distribution to extend far above x = I , the kinemati­
cal limit being x = A. 
As a consequence also the gluon distribution wi ll be different . Gluon- and Sea­
distributions extracted so far from neutrino-iron2 1 ) or neutrino-marble22 ) 

structure functions represent the dis tributions in these nuc lei and not in free 
nucleons . 
Probably there is little effect on the QCD analysis of data obtained with a nuc­
lear target23 ) . But one should keep in mind that the Altarelli-Parisi-equations6 ) 

require an integration from x to I .  In the case of nuclear targets the integral 
has to be extended to x=A , the x-dependence of the structure functions , even if 
made QCD compatible ,  being unknown. Fortunately the contribution of this region 
to the integral is suppressed by the splitting functions , therefore it may not 
influence the final result very much. But obviously a QCD-analysis combining data 
sets of different nuclear targets should no longer be done . 
Of course there is some impact on the interpretation of nucleon-nucleus scattering 
data, where in the analysis the same structure functions for incoming nucleon and 
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target nucleon are being used , 
But there is also another important consequence .  We observe a change of quark 
distribution due to nuclear effects .  Therefore these results may help a lot for 
the understanding of nuclear physics in terms of quarks and gluons which has 
started to develop during the last years .  

7 .  Further models for nuclear effects . 

At the time when the EMC-data have been first presented the effect appeared 
quite surprising and many people argued that one could hardly think of any effect 
which could produce the observed behaviour . They obviously didn ' t  realize that 
there have been many publications25 ) and a lot of conferences26 ) where ' quarks 
(mesons ) in nuclei ' have been the main topic and where several phenomena have 
been discussed which indeed can change the quark distributions in nuclear matter 
compared to the free nucleon case .  But to my knowledge there didn ' t  exist theo­
retical predictions how these effects could influence the nucleon structure func­
tions obtained in deep inelastic lepton nucleus scattering. 
In the mean time several calculations have been published . They are still in an 
early stage and do not reproduce all features of the data . For an experimentalist 
it is rather difficult to j udge how serious one of these models is compared to 
the others . During many discussions I have learned that in this field for each 
argument there might exist a counter-argument which is as convincing. Therefore 
without a clear judgement I wil l  just list the most popular phenomenological 
models to indicate which effects may contribute. 
����g�

_
£!

_
���!�£�-E��!�� ·  Nucleons which are embedded in nuclei might change their 

internal properties like mass or radius due to a distortion of the surrounding 
pion cloud by the attraction to other nucleons . There are two extreme models for 
the change of the nucleon radius R inside the nucleus . An increase of R by about 

27 )  56 28 ) 30% has been proposed to explain inelastic electron - Fe data , the other 
model29 ) demands that nucleons inside a nucleus should be compressed to bags of 
very small radii by a very significant pion cloud to get compatibi lity of the bag 
model of the nucleon with classical nuclear physics .  There is some doubt on the 
accuracy of both calculations30• 3 1 ) . Nevertheless one should keep in mind that 
there is no evidence to suggest that the nucleon should not change its size when 
put inside a nucleus32 ) . Furthermore a collective change of the structure of each 
individual nucleon is probably the most easiest way to produce the large effect 
seen in our data . 

!�£��E-���i���E� · A fraction of the nucleons may transform by a spin-flip of a 
single quark caused by a quark plus gluon or pion exchange between nucleons into 
excited baryon states l ike l ' s33 ) . The contamination of l ' s  has been extensively 
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s tudied for the deuteron case and there found to be small 34 ) A larger fraction 
has been predicted for 3He , 3H 35 ) . Some authors calculate that the � ·  admixture 
should also be sma l l  in large nuclei36 ) . Szwed3 7 )  claims that there is evidence 
for a big contamination. His calculations (dashed-dotted l ine in f ig .  6 :  1 5% 
�-admixture , dashed-triple-dotted l ine : 9% � and 3 . 3% decrease of gluon momentum) 
show that the assumption of a 9- 1 5% contamination of �-isobars in iron together 
with a small decrease of gluon momentum is sufficient to exp lain the observed 
difference of the structure functions for bound and free nucleons . 

��!£ig��E�-�£�£�� · In the MIT-bag mode138) the free nucleon is a three-valence­
quark- ( pq> ) -bag with a radius of - I fm. The average spacing between nucleons 
in heavy nuclei is about 1 . 8 fm. Therefore it has been assumed that a nucleus 
does not only consi s t  of a collection of individual : 3q>bags but that some of the 
nucleons overlap and form mul tiquark states like [ 6q> , [ 9q> , bags39) . It i s  
very likely that these states wil l  behave differently than individual nucleons 

1.3 

§ 1,2 
zu'." 
...... 
� 1.1 

Z N  u. 
1,0 

(19 

(18 

(12 

.:_-: ::::: Szwed !37) 
· ···· Pirner, Vary [43 I 

--··--Dote . Nakamura [44 ) 
----Fo1ssner, Kim !l.5] 

-- Ericson, Thomas [52] 

�. / 

. .. � · ::�: .. �.����r�.'t . . . . . . . . . . . . . . .,�1 
· -��-==-.:::.:.-· -·  

(\4 x 0.6 o.s 

and especially that the momentum distributions for quarks in a multiquark-bag will 
be different than in a free nucleon. Thi s  model has been applied to several 
examples40) , especially it has been used to describe the ' anomalous nuclear en­
hancement ' in large pt hadron production off nuclear targets

4 1 ) and elastic and 
inelastic e-3He and e-4He scattering data42 ) . Using the concept of mul t iquark 
states several authors have tried to explain the observed Fe/D rat io . Pirner and 
Vary43 )  have used in their calculations for iron the same cluster probabil ities 

3 they have found for He (p
[ Jq> 

= 0 . 84 , p [ 6q> ' 0 . 1 6 ,  p
f 9q> 

= q[ 1 2q> 
= • • •  = 0) 

and a modified sea distribution for the [6q> state s .  l'he result (dotted line in 
fig . 6 ) shows some increase of the Fe/D ratio at low and high x but in total the 
agreement with the experimental data is rather poor. Date44 ) has also included 
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multiquark c lusters with more than six valence quark s .  He found that to get 
fair agreement with the data (double-dashed-double dotted l ine in fig . 6 ) the sea 
quarks in mult iquark c lusters have to be enhanced while the gluons are rather 
suppressed compared to the free nucleon case .  Faissner and Kim45 )  s tarted from 
the observation that nucleons inside a nucleus tend to form c lusters .  They as­
sumed that all these clusters are a-particles , each a being a I 1 2q> bag with an 
radius which is Ji; times larger than the radius of a I 3q> bag. Thi s  larger radius 
corresponds via the uncertainty relation to a shift of the quark momenta to lower x. 
This causes , s imilar to the arguments of Jaffe46 ) an increase of the momentum 
distribution at low x and an associated decrease at high x .  The dashed l ine in 
fig. 6 shows the result of their calculations i f  a contaminat ion of 3 a-clusters 
is assumed . It fits the data rather well .  In my opinion their input is rather 
unl ikely but it is interesting to note that a collective increase of the radii 
of all nucleons by 1 0- 1 5% can produce s imilar results . 
��E£2l��i£�_£f_g��E�� · Baym47 ) has pointed out that many nucleon bags may overlap 
when the baryon density inside a nucleus becomes high enough. Then not only mul­
tiquark bags can form but also s ingle quarks wil l  be able to flow in a chain of 
overlapping bags freely through the whole nucleus .  This free flow of quarks (co­
lour ) which poss ibly may be observable in nuclei at normal density is known as 
"percolation" . The long range of these percolating quarks will again cause an 
increase of the momentum distribution at low x and an associated depletion at 
high x46 ) . A s imilar picture is the model of Nikolaev and Zakharov48 ) where the 
low momentum quarks can spread out over the whole nucleus . There they can gain 
momentum due to interactions with quarks of other nucleons with higher momentum 
until their range i s  reduced to that of one nucleon. This causes a redistribution 
of quark momenta and produces shadowing at very low x and ant ishadowing at medium 
low x. 
���i�i2��l-��� · Due to the mutual interactions (exchange of mesons or equivalent­
ly qq pairs ) between the nucleons inside a nucleus there might exis t  an additio­
nal nuclear sea . Hence the quark sea in the nucleus is more than the intrinsic 
sea of individual nucleons . This addi tional sea per nucleon is concentrated at 
low x and could cause partly the observed enhancement of the iron data at low x. 
It is predicted to rise l inearly with mass number A and should also be observable 
in Drell-Yan data49) . 
g���i:E��l_£i2�� · A similar idea i s  to attribute the whole change in the nuclear 
sea to qq pairs in the form of quasi-real p ions . The role of p ions inside the 
nucleus has been discussed s ince a long timeSO) and they are a basic ingredient 
of recent theoretical developments l ike the ' c loudy bag mode l ' ZS , S I ) . It has been 
suggested by Llewellyn Smith23 ) that the whole enhancement of the Fe/D ratio at 
low x is due to the presence of a few (6- 1 0) extra p ions in the iron nucleus com-
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pared to  the free nucleon and Ericson and Thomas52 ) have shown that the magnitude 
and x-dependence of the effect are wel l  reproduced (for x < 0 . 3 )  with this assump­
tion (full curve in fig . 6 ) . They also conclude that the enhancement should de­
pend approximately l inarly on A and that in nuclei with a large neutron-excess 

+ TI are favoured over TI • 

8 .  Summary 

The EMC-effect has been observed in data of different experiment s and shows 
that quark and gluon momentum distributions for free nucleons are modified by 
nuclear effects if the nucleons are embedded in nuclei . This might be the link 
for the common understanding of nuclear and particle physics in terms of quarks 
and gluons . 

- There are many phenomena known and discussed which can change the effective 
quark distribution and with each of the models it is possible to reproduce at 
least approximately the experimental result .  But further and more detailed 
calculations are needed to sort out which effect i s  the most important one or 
which combination of effects is needed to describe al l  features of the data . 

- Especially we need quantitative predictions about the A-dependence , sea con­
figuration etc l ike in49 • 52 ) which can be tested in future experiments .  

- Of course we need more experimental data on more nuclear target s .  The measure­
ment of structure functions alone wil l  not be sufficient ,  but we also will have 
to look into hadronic final states and to study for ins tance the TI+/TI- or TI/K 
ratio or the J/� cross section etc for different target s ,  where ind ications of 
differences are already seen53 ) . In conclusion : we have made an interesting dis­
covery, but there is still a lot of work to be done until it wil l  be completely 
understood . 
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We have compared the deep inelastic electromagnetic structure functions of 
deuterium, aluminum and steel nuclei using data from two SLAC experiments .  The 
kinematic dependence of the ratio of aluminum and deuterium structure functions 
is similar to the dependence of the ratio of steel and deuterium structure func­
tions . The data cannot be understood simply by corrections due to Fermi motion 
effects , and indicate that the quark momentum distributions in the nucleon become 
distorted in the nuc leus. Our results are consistent with recent measurements 
with high energy muon beams . 
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The structure functions o f  the neutron ( F;n) and proton (F;p) have been 
detennined from deep-inelastic electron scattering experiments l , Z) using hydro­
gen and deuterium targets . Within the quark-parton model , these structure func­
tions , at sufficiently large momentum transfers , determine the quark momentum 
distributions in the nucleon . Detailed studies of the atomic weight dependence 
of inelastic electron scattering cross sections2 ' 3) have concentrated primarily 
in the low x, and low Q2 region where the application of the quark-parton model 
is not valid , and where other effects such as nuclear shadowing4 )  may be impor­
tant. The atomic weight dependence in the large x and large Q2 region has not 
been studied until recently . 

Recent results5 ' 6) from the European Muon Collaboration (EMC) indicate that 
there is a significant difference between the nucleon structure functions extrac­
ted from data obtained from muon-steel and muon-deuterium scattering experiment� 
This difference exhibits a trend which is opposite from that expected from Fermi 
motion effects . 7} Recent bag model calculations , 8} motivated by these recent 
result s ,  suggest that the quark distributions in a nucleon become distorted in a 
nucleus via mechanisms such as six quark bag state s .  

I n  this communication we report a n  observation o f  a significant difference 
between the structure functions of steel and deuterium and also between the 
structure functions of aluminum and deuterium extracted from deep inelastic elec­
tron scattering data taken in two experiments at the Stanford Linear Accelerator 
Center ( SLAC) . Such a comparison is important not only as a search for changes 
in the quark structure of nucleons in nuclei as a basic physics question , but 
also because all present high statistics muon and neutrino high energy scattering 
experiments utilize heavy nuclear targets . The nuclear corrections7 ' 8}mentioned 
above can affect the interpretation of the structure function results when com­
pared to the predictions of Quantum Chromodynamics ( QCD) , especially when data 
from different target nuclei have been combined in such a comparison . 

The SLAC experiments9 ' lO) ( experiments E87 and E49B) were designed to measure 
deep inelastic electron scattering from hydrogen and deuterium at large values 
of x and Q2 in order to extract the proton and neutron structure functions . In 
SLAC experimen£ll E87 the structure functions were extracted using hydrogen and 
deuterium targets and a steel empty target replica. In SLAC experimentlO ) E49B 
an aluminum empty target was used. Results on the ratio of neutron and proton 
structure functions were reported9 ' lO} in 1973 and 1974 and in a later comprehen­
sive article which described both experiments in detail and examined the scaling 
of the neutron and proton structure functions in the SLAC energy range . We 
have recently analysed the empty target data in order to compare the steel and 
deuterium and aluminum and deuterium structure functions . We comment briefly 
on those points of the experiment related to these comparisons . 
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I n  experiment E87 , the differential cross sections for the scattering of 

electrons from hydrogen , deuterium and steel were measured with the SLAC 8-GeV 

spectrometer at laboratory scattering angles ( 8 )  of 15° ,  19° , 26°and 34 ° .  In experi­

ment E49B similar measurements were made for hydrogen, deuterium and aluminum. 

At each angle , measurements were made over a range of scattered electron energy 

E' for several values of incident electron energy E between 4 . 5  and 20 GeV. In 

experiment E87 the electron beam passed through 14 cm long liquid hydrogen and 

liquid deuterium targets with walls made of 0 .  001" thick stainless steel. 
ll) 

The 

empty target contributions were measured using a steel empty target replica with 

0 . 007 " thick walls , chosen so that the amount of radiator in the steel target 

replica was nearly the same as that for the full targets . Thus the radiative 

corrections for full and empty target data were essentially identica1 .
12 • 13) 

The rates measured with the empty target replica were divided by the ratio of 

the wall thicknesses ( 7 . 0) before subtraction from the full target rate s .  The 

measurements with hydrogen, deuterium and empty replica targets were inter­

spersed to minimize systematic errors in the ratios . In the current analysi s ,  

we have used the data from the steel empty target replica to extract the struc­

ture functions for stee l .  For experiment E49B the liquid H
2 

and D
2 

target cells 

were cylinders 7 cm diameter with 0 . 00 3 "  thick aluminum walls .
14) 

Here the empty 

target contributions were measured using an aluminum empty replica with 0 . 018" 

thick walls again chosen so that the amount of radiator on the aluminum target 

replica was nearly the same as that for the full targets .  The electron contri­

bution from background processes such as �0 decay and electron pair production 

was determined by reversing the spectrometer polarity and measuring the charge 

symmetric positron cross sections . This background , which was substracted from 

the electron cross section , was significant ( < 30%) only at the lowest values 

of E
' 

/E . The measurements with hydrogen , deuterium and aluminum targets were 

interspersed to minimize systematic errors . 

The measured raw cross sections were corrected for the small acceptance 

differences between steel and deuterium and between aluminum and deuterium tar­

gets . 
15) 

A small correction ( 0 . 3% to 1 . 7%) was applied for the neutron excess 

in steel and aluminum ( using fits to neutron and proton data) 
9l 

so that CT
Fe 

and a
Ai as reported here are the cross sections per nucleon for hypothetical 

steel and aluminum nuclei with equal number of neutrons and protons .  The radi­

ative corrections
2 ' 16) 

changed the CT
AL

/a
0 

and a /a ratio by less than 1% .  
F e  D 

2 
Values of a

Ai/a
0 

and a
Fe

/a
0 

as a function of the variable x=Q /2MV are shown in 

figures la and lb respectively. The values were obtained by calculating the 

ratios at all kinematic points with W>l .  8 GeV /c
2 

and forming weighted averages
17) 

over small intervals in x. Here W= ( M
2

+2Mv-Q
2

)
� 

i s  the final state invariant 

mass ,  M is the mass of the proton , v = E - E
' 

is the energy transfer , and 
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Q2 4EE'sin2 8/2 is the invariant square of the four momentum transfer. 18 , 19)  
The random errors arising from counting statistics dominate the typically 

1% error in the cross sections obtained by adding in quadrature the errors from 
random fluctuation ( e . g .  flux monitors , liquid target densities and rate depend­
ent effects) . Only random errors are shown in the errors of the points in Fig­
ures la and lb. Most systematic errors in the cross sections ( solid angle , 
incident and scattered electron energy calibration , monitor calibration) and 
most uncertainties in the radiative corrections cancel in the ratios CTA£/CT0 and 
CTFe/CTD. 

The number of nucleons/cm2 in the steel empty target replica was measured 
to an accuracy of ± 0 . 8% by weighing sections cut out of the target in the region 
which was traversed by the beam and measuring the areas with a planimeter. The 
number of nucleons/cm 2 in the liquid deuterium target was determined to an 

10) of ± 0 . 8% .  We estimate an overall systematic error of ± 1 . 1% in the accuracy 
CT /CT ratio.  The systematic error in the CT , /CT ratio is ±3% at present and Fe D2 A� D2 a more accurate determination of the target mass is being performed in order to 
further reduce this error. The electron data show a significant x dependence 
between the steel and deuterium cross section s .  The observed effect is consis­
tent with recent results obtained with muons by the EMC collaboration. 5 ' 6)  

In view of the small statistical and systematic errors we conclude that the 
difference between the steel and deuterium cross sections is due to nuclear 
effects . The effects of Fermi motion of the nucleons in steel and aluminum 
nuclei and in the deuteron have been calculated by Bodek and Ritchie7) using an 
extension of the original calculations of Atwood and West20) for the deuteron . CTFe CTA£ 
The expected contributions from Fermi motion effects to the ratios Ci[) and Cf[) 
are shown in Figure 1 .  The cross sections for steel were expected to be larger 
than those for the deuteron for x > 0 . 5 ,  because the momentum spread of the wave 
function for nucleons bound in steel is larger than the momentum spread of the 
deuteron wave function . The behavior of the data for x < 0 . 80 is opposite to 
that expected from Fermi motion. However , the data suggest that for x > 0 . 8  the 
effects of Fermi motion become dominant . 

The variation of the data as shown in Figure 1 cannot in present models , be 
explained in terms of nuclear shadowing . Nuclear shadowing is expected to be 
important only a small values of x and Q2 where deviations from the quark parton 
model are expected due to effects such as the coupling between the photon and 
vector mesons 4 )  (or " higher twist" effects in the language of QCD) . Radiative 
corrections2 ' 16) are well understood and are not expected to result in the 
observed variation with x .  

Within the quark-parton model , the x distributions o f  the structure func-
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tions reflect the momentum distributions o f  the quarks in the nucleon. Thus the 
data indicate that the quark momentum distributions in the nucleon become dis­
torted in the presence of other nucleons in the nucleu s .  I n  addition to our 
data we have included in Figure la the ratio CTA£/CTD for <Q2>�1 . 2 (GeV/c) 2 as 
measured by Stein et al. , 2) and the CTA£/aD ratio as measured in photoproductioJ ll 
( Q2=0) . The three experiments taken together indicate that at small x and small 
Q2 the ratio exhibits a Q2 dependence suggesting that nuclear shadowing15)effects , 
which are presumably a higher twist effect in the language of QCD , may be impor­
tant . 

Figure lb shows our measurements of aFe/aD in a similar Q2 range, and the 
EMC data5 • 6)  at much higher Q2 . Also shown are values2 ) for acu/aD for <Q2> = 
l . 2 ( GeV/c) 2 as well as aFe/CTD from photoproduction data. 2 1) These data taken 
together also indicate that at low Q2 shadowing effects may cancel some of the 
nuclear enhancement at low x. These additional Q2 dependent nuclear higher 
twist effects like higher twist effects in the nucleon are expected to be smaller 
at large values of Q2 . Therefore , the ex�raction of AQCD from structure function 
data taken with nuclear targets at high Q are not affected by these terms . 

We have performed a linear fit the aA£/aD ratios for our data in the range 
0 . 2�x� 0 . 6  ( 2�g2< 20 (GeV/c) 2 and obtain an intercept at x=O of 1 . 10± 0 . 02 and a 
slope of - 0 . 3 0± 0 . 06 .  A similar fit to our aFe/aD results ( see figure lb) over 
the range 0 . 2<x<0 . 6  ( 4$Q2$2�2 0) yields an intercept at x=O of 1 . 15±0 . 04 and a 
s lope of -0. 45±0. 08. Our slope for steel is consistent with the slope of - 0 . 52± 
0 . 04±0 . 21 reported by the EMC collaboration. 5 ' 6) The fitted slopes ,  which are 
not affected by overall normalization uncertaintie s ,  indicate that the nuclear 
distortion in aluminum and steel exhibit a similar trend. 

The understanding of the mechanisms responsible for the distortion of the 
structure functions of nucleons bound in a large nucleus has been the subj ect 
of several recent theoretical papers . These include ideas such as six quark 
bag s , 8)  pions and quasipions in nuclei , 2 2) delta resonances in nuclei , 2 3 ) diquark 
states2 4) and percolation of quarks from nucleon to nucleon in a large nucleus� 5) 
The theoretical understanding of the effect is still in a very qualitative state 
and new experiments are being proposed2 6) to further investigate the structure 
fnnctions of various nuclei. 
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Figure l :  OA£/On ( a) and Ope/On ( b) versus x .  Only random errors are shown . 
The systematic errors is ± 3% and ± 1 . 1% for OA£/On ( E49B) and Ope/On ( E87) 
respectively. All data for W�l . 8  GeV are included . The data have been corrected 
for the small neutron excess and have not been corrected for Fermi motion effects . 
The curve indicates the expected ratio°i:f Fermi motion effects were the only 
effects present ( Ref. 7) . High Q2 data from EMC ( Re f .  5 ) , low Q2 data from Ref .  
9 ,  and OA£/On and Ope/on from photoproduction data ( Ref.  2 1) are shown for com­
parison. The systematic error in the EMC data is ±1 . 5% at x=0 . 35 and increases 
to ±6% for the points at x=0 . 0 5 and x=0 . 65 .  
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ABSTRACT 

Resul ts from a Fermi l a'l experiment to study p rompt 
neutri no p roducti on by 400 GeV p rotons on a tungsten 
target are presented. Assum i ng the p rompt neutrinos come 
from the decay of c harmed mesons and an 1\l .O dependence we 
f i nd a total DD p roducti on cross section -30 µ b /nucl eon , 
i n  good agreement w ith p revi ous CERN resul t s .  The best­
f i t  charm p roduction model i s  a ( DD ) = c ( l  - l x l ) 5 e-2mT wh ich g i ves a total c harm p roduction c ross s ecti on of 36 ± 5 ( stat . )  ± 7 ( sy s . )  µb /nucl eon . We fi nd a p rompt 
vµ /vµ rat i o  of 1 .09 ± 0 . 2 5 overal l ,  wi th no s i gn i fi cant 
dependence on neutri no energy . The p rompt 'J e/"µ rat i o  i s  
1 . 1 9  ± 0 . 22 overal l ,  consi stent wi th no e nergy dependence . 
L imi ts on the p roduction of supersymmetri c parti c l e s  a re 
a l so p resented. A l imi t on the g l u i no mass of z 4 GeV i s  
i n ferred from the ah sence of anomal ous neutral -current events . 

I NTRODUCT ION 
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T h e  fi rst p rompt neutri no experiments were carri ed out a t  �ERN i n  1977 . 1 -3] 
These s howed that there was an u nexpected source of neutri nos whi c� apparentl y 
came from the decay of shortl i ved parti cl e s .  I t  � radua l ly h ecame cl ear that 
the most l i kely source was the s em i l enton i c  decay of c harmed parti cl e s .  From 
the neutri no rates the total charm p roduct ion cross section was i n fe rred to <1 e 
- 100 µb i f  an A2/3 dependence on nucl eon n umb er was a s sumed. 

The i nterest i n  the resul ts frrnn the f i rst runs l ed to a second run a t  
CERN i n  1 979. The resul ts for t�e c h a rm p roduction c ross section4-5] g enera l ly 
agreed wi t� the fi rst ru n ' s .  However t�ere were sti l l  some i mportan t 
unanswered ques tions . 

I f  the p ro111pt neutrinos con1e f rom central !J roduction of char1Tied 1�eson pai rs 
which then decay se1�i l epton i cal l y ,  the fl ux of neutrinos ¢ ( v )  s houl d 'J e e riual to 
that for anti neutri nos . The resu l t s  For t ( ij ) /� (v )  were 
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CDHs6] 
BEBC4] 

cp (iiµ ) /cp (vµ ) 
cp (vµ ) /<Ii  ( v µ ) 
cp (iie l f<li (ve l 

C HARMS ]: cp (vµ ) /cp ( vµ ) 

+ 0. 2 1  
0.46 - 0. 16 
0.79 ± 0.62 
0. 6S ± 0.33 

+0.6 
1.3 ± -0. S 

Now thi s rati o i s  rea l l y  not very fundamental . The D and  D momentum spectra 
need not be the same , so cp (v ) =cp (v ) o nly  i f  i ntegrated over e nergy and  a ng l e. 

(1) 

We a l so have to assume o+=o-a n d  D 0 =D0 , whi ch  need not b e  the case . However 
t h i s  rati o i s  an i mportant one  i n  testi ng c h a rm p roduct i on model s, and  i t  wou l d  
b e  n i ce t o  k now what i t  i s. 

I f  the p rompt neutri nos come f rom the semi l eptoni c decay s of massive 
p arti c l es we expect cp (v e l=cp (vµ ) .  I n  t h i s  case the three experiments ag ree 
q u i te wel l ,  

C DHs6J <jl (v e l /cp (vµ ) +0. 2 2  
0.64 -0. 1 S 

BEBc4J <ji (v e l l<P ( vµ ) + 0.3 5  
0. 5 9  0.2 1 

CHARMS ] : <j> ( v e l /<jl (vµ ) 0.48 ± 0.16 
I f  t h i s  ratio were sig n i fi cantly d i fferent from one , i t  woul d  'J e  a very 
i mportant resul t .  Possib l e expl anations range f rom the mundane:  e . g . - a 
contami nation from nonprompt neutri nos ( mostly vµ l f rom p roton b eam 
i nteracti ons u p stream of the b eam dump; to the exotic :  e .g . - neutri no 
o sc i l l ations wh i c h  transform ve to vT or a nother spec i es of neutri no .  

(2 ) 

I n  addi t i o n ,  the C HARM g roups ]  reported a 2. 4 std. devi ati on excess of  
muonl ess events wi th vi sib l e  e nergy < 20  GeV . The CDHS g roup saw no effect h u t  
thei r e nergy th resho l d  w a s  somewhat h i gher.6 ]  

Immed iately fol l owi ng t � e  fi rst C E RN p rompt neu tri no experi ment our  g roup 
p roposed that a new b eam spec i fi cal ly  desig ned for orompt neutri nos b e  
i nstal l ed at  Ferrni l a':l .  The C ERN neutri no b eam was desi gned or ig i nal ly  for  
neutri nos from p i on and  k aon decay s  wh ich  a re p roduced a t  q u i te smal l  a ngl es to 
the p roton b earn. The detectors therefore can  be qui te far  a1vay . Prompt 
neutri nos ( p resumab ly )  are from the decays of  much •11ore 111a ssi ve parti cl es l i ke 
D mesons and  are produced wi t11 a much l a rger angul ar  sprea d ,  so that the CERN 
detectors are not wel l matched to the p ro;npt neu tri no b eam. Ideal ly  one shou l d  
u se a detector wi th much l a rger transverse d imensi ons for p rompt neutri nos .Q._".. 
move the detector much cl oser to the p roducti on target.  The on ly  real i st i c  
sol ution  f o r  u s  w a s  t h e  l atter. Th i s  w a s  made possib l e  th rough t h e  u se o f  a 
magnet i ze-d i r:rn b ea:n dur1p described 1.i el ow. 

PROMPT N EUTR i l�O BEAM ArJD DETECTOR 
The p rompt neutri no bea:n and detector a re shown schemat i ca l l y  i n  F i g u re 1 .  

A 1-i earn o f  400 GeV protons wi t'1 i ntensi ty a'rnut  2x 10 1 2  per h ea:n p u l se i s  
i nc i dent f ro111 the l eft.  The p roton h ean passes throu� � a vertical p i tchi nq 
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magnet and strikes one of several targets: tungsten, copper, or beryl l ium with 

either normal density or about one-third normal density. Only  the tungsten 
data have been analyzed so far. The target is fol l owed immediately by 1 1  m of 
magnetized iron with the magnetic fiel d horizontal. Thus muons are defl ected 
vertically. Hadrons are absorb ed in the dump, and most of the muons are ranged 
out or deflected away from the detector which is only 60 m from the target . 

The detector is preceded by a triple wal l of veto counters which are used 
to prevent triggers from charged particl es entering the detector. The detector 
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Figure 1 .  Fermilab prompt neutrino experiment 
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Figure 2 .  Fermilab prompt neutrino detector 
is shown i n  somewhat more detail in Figure 2 .  The sensitive volume consists of 
a calorimeter with lead plates. The total mass is about 1 75 metric tons and 
the fiducial mass is about 65 tons. The lead is divided i nto 30 modules, each 
with 1 2  lead p lates . (See inset of Fig. 2 . )  The modules are segmented 
vertically into 5 cell s. The lead plates are covered with teflon and immerserl 
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i n  l i qu i d  sc i nti l l ator. Sc i nti l l ati on l i ght travel s by total refl ecti on at  the 
l i qu i d-tefl on i nterface and i s  b rought to photo1'1Ul ti pl i er tubes at  ei ther end  
o f  each cel l .  There a re a total of  300 p hototubes on  the cal orimeter ,  each 
wi th i ts own a nal og-to- d i g i ta l  readout. Each of  the 30 ca lor imeter modu l es i s  
fol l owed by two PWC p l anes , one  w i th wi res hori zontal , the other wi th wi res 
verti cal . The wi res a re on 2 . 54 cm centers a n d  h ave i ndi vi dual a n a l og 
readouts7 J wi th a total o f  6000 w i res .  

The cal orimeter i s  fol l owed by a muon  spectrometer w i th sol i d  i ron magnets 
a n d  dri ft chambers to track the muons f rom vµ charged-c urrent events and  
measure thei r momenta . 

The dec i s i o n  to trigger the event readout was h ased on the pu l s e- h ei g ht 
i nformati on from the ca lor imeter phototub e s .  M i n i mum pul se-he ight  requi rements 
were i mposed on  overl appi ng g roups  of p hototube s .  Typi cal ly  about 24 tri ggers 
were recorded per  one- second l ong b eam s p i l l .  Of these �6  were due to cosmi c 
ray s ,  a nd  most o f  the rest came from muon i nteracti ons  i n  the f l oor or roof 
b l oc k s .  I n  a d d i t i o n ,  approx. 6 cosmi c ray tri ggers were recorded duri ng a 
o ne- s econd "b eam off" peri od; th i s  p rovi ded a s ampl e of cosm i c  ray tri ggers 
w h i c h  a l l owed correcti ons for  a ny cosmic ray events whi ch  faked real n eutri no 
events.  Ab out one i n  500 tri ggers y i e l ded a neutri no event wi thi n the fi duci al 
vol ume .  

T h e  tri ggeri ng eff ic i ency was mapped o u t  a s  a function of energy deposi ted 
a n d  posi tion  w i th i n  the c a l o ri meter by mak i ng use of  the i nteractions of  muons 
travers i ng the cal orimeter .  The  ratio  o f  muons whi ch s ati sfy the energy 
trigger requi rement to a l l  muons i n  a g i ven range of v i s ib l e energy i s  the 
triggeri ng effi c i ency for that Ev i s · The tri gger eff i c i ency averaged over the 
e nti re detector was ) 50% above about 6 . 5  GeV 

For our f i rst data run i n  1 981  only  the energy trigger was u sed .  For our  
1 982 run a muon  tri gger  was added. Thi s requ i red only a charged parti c l e  
1 eavi ng the c a l o ri meter and  travers i ng t'ie muon spectrometer wi th no front veto 
p u l se.  T h i s  trigger g reatly i mproved o u r  tri ggeri ng e ffic i ency for 
c harged- c u rrent muon events wi th l ow hadron i c  energy . Resu l ts from the 1 982 
run  a re j u st now b ecomi ng avai l ab l e . 

CHECKS AND CORRECT IONS 
As a di rec t check on  poss ibl e contami nati on of  nonprompt neutri nos from 

u pstream sources,  we had  a p i tchi ng magnet j ust u pstream of the p roduction  
target ( F i g .  1 ) .  Because o f  th i s ,  the p r�npt events s houl d � e  centered 
verti cal ly  i n  the d e tector,  whi l �  neutri nos f rom s o u rces ups �ream of the 
p i tch i ng magnet woul d '1 e centered ah o1 1t  2S c·� l ovier. "le saw no s i � n  of  any 
excess of events i n  the l ower h a l f of the detecto r .  

A s  further evi dence tha t w e  n re l ook i n1 a t  �eu tri nos w e  can  l ook a t  the 
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Bj orken x and y di stributi ons o f  the events . F i gure 3 compares the ob served 
xsJ=Q2 /[2mp ( Ev -Eµ ) ]  di strib utions for vµ wi th those expected. The y di stribu­
t i ons observed are a l so consi stent with those expected ( F i gure 4 ) .  Thus we 
concl ude we are l ook i ng at " garden-v.ari ety" neutri nos . 

The data conta i n  a s ign i fi cant fraction of nonprompt v ' s  from p i on and 
kaon decays .  We  expect our nonprompt b ackground to  b e  general ly l ower than 
those ob served i n  the CERN experiments b ecause our detector sub tends a much 
l arger fracti on of the prompt neutri nos . 
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dx 

00 0.5 1.0 
XBJ 
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F i gure 5 .  Extrapol a-
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The conventi onal way of subtracti ng the  nonprompts i s  to extrapol ate the  rate 
to i nfi n i te target dens i ty .  I t  i s  easy to show that the nonprompts g o  l i nearly 
to zero as l/p + O. F i g ure 5 shows the extrapol ati on for vari ous sub sets of 
our data . The "Oµ " events conta i n  the v e+v e events pl us  the vµ and vµ neutral 
c u rrent events . I f  the vµ + vµ neutral current events are sub tracted we can 
i sol ate the v e contributi on.  As expected ,  the nonprompt b ackground i n  the ve 
sampl e i s  q u i te smal l ;  the main source of nonprompt v e i s  the semi l epton i c  de­
cays of K ' s  and hyperons ,  whi ch are suppressed by l ong l i fetimes or smal l 
b ranchi ng rati os .  
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We  took g reat precautions wi th o u r  p roton b eam l i ne t o  mi nimi ze and 
u nderstand any b eam scrapi ng whi ch coul d be a source of  what appear to b e  
p rompt neutri nos . Over 30 l oss  moni tors were s i tuated a l l  a l ong the b eam l i ne . 
These moni tors were cal i brated di rectly i n  counts/ ( i nteracting proton) by 
i ntroduci ng foi l s  o f  known th i ckness at vari ous p l aces i n  the b eam and by 
i mprovi ng or  worseni ng the b eam vacuum. The upstream b ackground can b e  
cal cul ated readi ly i n  terms of  the nonprompt b ackg round from the target. Both 
come from essenti al ly the same mi x of p i on and k aon decays .  The resul t i s  

Upstream Background = 0 .5% ± 0 . 2 5% Nonprompts from Tungsten 

or  typ i cal ly < 1% of the p rompt s ignal . 
I n  add it ion there i s  a cal cul ab l e  b ackground from vacuum wi ndows , a i r ,  

etc.  j ust upstream of  the target. Th i s  was approx. 16% of  the prompts from 
tung sten . 

RESULTS AND D I SCUSSION 
Once we have the p rompt neutri no s i gnal i sol ated, the next step i s  to 

cal cul ate the the neutri no fl ux .  Th i s  i s  s tra ightforward and noncontrovers i al . 
The  v and v i nteraction cross secti ons are wel l known . The rest i nvol ves 
tri ggeri ng and geometri c effi ci enc ies .  Co rrecti ons have b een appl i ed for 
scanni ng l osse s ,  etc .  The to ta 1 numb er of i nteracting protons comes from a 
secondary emi ss ion moni tor cal ib rated frequently by standard foi l acti vat ion 
techni ques . 

To go from neutri no fl uxes to charm production cross sections does i nvol ve 
a numb er of assumpti ons . These are worth spel l i ng out i n  detai l :  
( 1 )  Sou rce i s  p+N+D+D+x ( not AcO ,  etc ) .  
( 2 ) Because the target i s  th i c� , we can get s igni fi cant contributi ons from 

secondary hadron s .  To account for th i s  w e  assume the D D  cross secti on 
vari es as sl . 3 and the p roton e l asti c i ty i s  0 . 3 . 

( 3 )  To get the cross secti ons for nucl eons from that for tungsten , the A 
dependence of  charm p roduction must b e  k nown . Conventi onal wi sdom suggests 
that for central p roducti on o f  DD pa irs ,  an Al .O dependence i s  to b e  
expected.  Th i s  is roug hly what is ob served for i/J /J production off nucl ei . 
We therefore assume an Al . O dependence i ndependent o f  x and Pr.  

( 4 ) The dependence o f  the cross sect i on on Feynman x and Pr i s  assumed to h e  

3 -bP  
E � = C ( l - l x l ) n e T 

dp 

Thi s factori zed form i s  found to h e  only a fai r approxi mation for other 
processes .  

( 3 )  



( 5 )  The b ranchi ng rati o o f  D+µ+vµ+X i s  taken to b e  .082. This i s  the 
average of D+ and D0 as compi l ed by the Pa rti cl e Data Group .  
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G i ven these assumptions we  can compute a total c harm production cross 
s ection and compare i t  wi th the CERN resul ts . Th i s  compari son i s  made i n  Tab l e  
I wi th the same assumpti ons u sed i n  a l l cases. I t  is evi dent from Tab l e I that 
the charm production cross sections are i n  good agreement i f  the same assump­
t i ons are u sed. 

We fi nd somewhat b etter fi ts to the data if e -bPT i n  E q .  3 i s  repl aced by 
e -b� where mT = ( mD2 + pT2 ) 1/2 . If n a nd b a re varied to g i ve the b est fi t 
to the data we fi nd for the 1 981  l-µ data 

n = 5 . 0  ± 1 .0 b = 2 .0 ± 0 . 5  
w i th a total DD producti on cross section of 36 ± 5 ( stat) ± 7  ( sys) µb . 

H i stori cal ly i t  has b een very d i ffi cul t to reconci l e  the charm production 
c ross sections ob served at 400 GeV wi th the much l arger c ross sections ob served 
at the CERN I SR .  However ,  F .  Hal zen at the Paris  Conference8J poi nted out that 
i f  an A2/3 dependence for charm production i s  assumed, the heavy target resul ts 
ri se s i gni fi cantly , and much better agreement i s  obtai ned. It i s  worth noti ng 
that the di fference b etween Al .O  and A2/3 i s  a factor of 5 . 7  for tung sten and 
4 .0 for copper. The u ncerta i nty i n  the A dependence is thus the l argest uncer­
ta i nty i n  extracti ng the nucl eon-nucl eon cross secti on from the b eam dump 
experiments . We expect to answer th i s  i mportant question soon when our copper 
and beryl l i um data are analyzed. 

Group 

T h i s  
exp' t 

CHARM 

B EBC 

CCFRS 

TABLE I 

a ( DD) From Beam Dump Experiments 
3 

[ Assumi ng E � 
dp 

Ang l e  Covered 

0-37 mr 

0-2 

0-2 

0-40 
( 350 GeV ) 

C sl . 3  Al .O 

Pa rti cl e 
Detected 

Vµ 

Ve , Vµ 

Vµ 
Ve 

µ 

-2 P  
( 1 - l x l l 3 e T J 

a ( DU) (µb /nucl eon) 

20 = 3 

14 ± 5 

45 ± 1 5  
26  ± 15 

15 ± 5 
( 18 at 400 GeV i f  sl . 3 ) 

Another important question i n  testi ng the charm production model s i s  the 
ratio of v and v fl uxes . We fi nd vµ fvµ = 1 .09  ± 0 . 2 5 .  Thus our resul t i s  con­
s i s tent w ith u n i ty ,  whi ch i s  as expected i n  model s w i th central DD production. 

Another i mportant test of the production model s i s  to determi ne whether 



238  

the energy and  Pr  spectra o f  the  p rompt neutri nos agree w i th those p redi cted. 
F i g u re 6 compares the oh served Pr  spectrum for p rompt vµ w ith those p redicted 
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for  the h est- f i t p roducti on  model . I n  F i a .  7 we compare the p rompt vµ enerqy 
spectrum w ith  the p redi c t i on o f  the model . The energy spectrum i s  cons i s tent 
wi th n = 5 � 1 .  A sub stant i a l  contrib uti on of  d i ffracti ve production  wi th a 
f l at spectrum i n  x o r  one wh i c h  i s  peaked at l x l > 0 . 5  wou l d  not b e  cons i stent 
wi th the data . 

A very i mportant questi on i s  the rati o  of p romp t  v e to vµ whi ch seems l ow 
i n  the CERN resul ts .  ( See  i ntroduct i on . )  F i qure 3 compares t h e  ve a n d  vµ 
y i el ds as a function  of neutri no energy for the 1 982 data . The data a re 
cons i stent wi th equal v e  and  vµ fl uxes a t � energ i es .  Overal l for thes-e data 

� = 1 . 1 9  ± 0 . 2 2  Vµ 

I n  a d d i t i on to p rompt neutri nos � �. h eam dumps a re a favori te hunti ng 
g round for new, rel ati vely weakly i nteracti ng parti cl es wh ich  can  penetrate 
l ots of s h i el di ng .  One examp l e  woul d  'l e the su persymmetri c counterpart of  the 
photon , the photi no y .  These m i q ht b e  p roducerl from t h e  rlecay of  q l u i no s .  The 
p hoti nos can i nteract i n  our detecto r to  produce muonl ess events w i th u nusual l y  
l arge Pr .  The  ah sence o f  such  a noma l ous  events al l ows us  to  set rather 
s tri ngent l i m its  o n  the exi stence of  q l u i nos of mass < 4 GeV / c2 wh ich  decay 
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i nto photi nos or  Go l dsti nos . U n fortunately t h e  l i mi ts a re d i fferent for  every 
g l ui no p roducti on/l i fetime/decay scenari o ,  a n d  i t  i s  hard to g i ve a conci se 
s ummary .  F i g u re 9 g i ves one  exampl e ,  that o f  g l u i nos whi ch decay quickly  to 
? qq w i th the y l ong-l i ved. As i s  typ i cal , the l i mi ts depend on some unknown 
p arameter i n  the theory .  In thi s case  i t  i s  11\p •  the mass of the l i ghtest 
scal ar quark , whi ch  i s  supposed to he l ess  than the mass of  the Z 0 •  For 
f u rther deta i l s ,  see Reference 9 .  

tl� • PROMPT l)/l+ ilµ 
- -o ... PROMPT l)e + Ve 

� 
"" T 9-=: 

40 80 120 
Ev (GeV) 

F i g u re 8 .  Compari son of  p rompt 
"µ a n d  " e y i el ds ( 1 982 data ) .  

-

160 
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4 
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for 9-i'qq with y staQle 

G 0.2 oA o.6 o.s 
m¢ / mi 

lD 

F i gu re 9 .  Examp l e  of l imi t o n  
supersymmetri c p a rti c l e s .  

SUMMARY AND P ROGNOSTI CATION OF  TH I NGS TO  COME 
I n  summary , we fi nd 

( 1 )  A charm p roducti on c ross secti on o f  approx.  3 6  µb /nucl eon ( a ssumi ng a n  
A l . O dependence) , i n  g ood agreement wi th t h e  CERN p rompt n eutri no experi­
ments.  

( 2 )  v /v = 1 . 0 as  expected for  DD p roducti on .  
( 3 )  " e/vµ 1 . 29  ± 0 . 2 1  whi ch i mpl i es no  exoti c sou rces ( or s i nks ! )  of  ei ther 

n eutrino spec i e s .  
( 4 )  P r  and  Ev di stribut i ons  consi stent wi th reasonab l e  charm p roduct i on model s .  
( 5 ) No s i g n  of  g l u i nos , etc. ( � > 4 GeV/ c2 ) .  
( 6 )  Charm production  model s wi th a l a rge component w i th a fl at  x dependence 

[ o r  harder] a re not consi stent wi th the n eutri no  e nergy spectrum. 
Data yet to be a nalyzed for b e ryl l i um and copper targets s houl d a nswer the 

q uesti on of  the A dependence . The analys i s of events w i th Ev <20 GeV i s  
d i ff i cu l t  b ecause b ackg rounds a re h i gher a n d  eff ic i enci es a re l ower. When thi s 
i s  compl ete , we hope to b e  ab l e  to shed some l i ght  on the excess o f  events seen 
by  the CHARM g roup for Ev 5 20  GeV . 
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I will report preliminary results on elastic neutrino-electron scattering 

from data taken with the 200 ton segmented l iquid scintillator - proportional 
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Prospects of �-f'esults from the comple ted analysis and further data taking are 

discussed. 

( t )  K.  Abe, L . A .  Ahrens,  K. Amako, S. H. Aronson, E. Beier, J. Callas, P. L .  

Connolly, D .  Cutts, D . C .  Doughty, R . S .  Dulude , S. Durkin, T . E .  Erickson, 

R . S .  Galik, B . G .  Gibbard, S . M. Heagy, D. Hedin, B. Hughlock, M. Hurley, S. 

Kabe , R . E .  Lanou, Jr. , Y. Maeda, A . K. Mann, M.D.  Marx, J . T. Massimo , T. 

Miyachi,  M . J .  Murtagh, S . J .  Murtagh, Y. Nagashima, F . M. Newcomer, T .  

Shinkawa, E.  Stern, Y. Suzuki , S .  Tatsumi, s. Terada , R .  Van Berg, D . H .  

White, H . H .  Williams, T .  York. 

( *) Supported in part through the Japan-USA Cooperative Research Project on 

High Energy Physics under the Japan Ministry of Education, Science , and 

Culture and the U . S. Department of Energy. 



242  

1 .  Introduction 

The elastic scattering of muon neutrinos and antineutrinos on electrons, 

e + ( 1 )  

is a purely leptonic process that allows a direct observation of the weak 

neutral current. With data from this process one can make a direct 

determination of the neutral current coupling constants g
V

' gA 
. These numbers 

can be interpreted within a given model to provide clean measurements of 

parameters such as sin2e or p • 
w 

To study elastic neutrino-electron scattering we have built a new neutrino 

detector1 at Brookhaven National Lab. Operation of the detector at the 

Brookhaven AGS has a number of advantages relative to FNAL or the SPS despite 

the lower cross section. Indeed, with 1 01 3  protons/pulse and 1 . 4 pulses/second 

the event rate at the AGS is comparable to that at other labs. The real 

difference in experiments at Brookhaven has to do with background : neutrino 

interactions at 1 GeV rather than 20 GeV have low multiplicities and have been 

well studied. Correspondingly, the backgrounds are simpler and easier to 

calculate and recognize. A recent development has been the recognition of the 

importance of coherent rr 0  production: 

( 2 )  

Calculations
( 2 )  and experiments ( 3 , 4 J  suggest that this process could be a 

serious background in the elastic neutrino-electron signal . With increasing 

energy the cross section for this process grows rapidly and becomes more 

sharply peaked in the forward direction, so low energy experiments have a 

decided advantage . 

2 .  The Detector 

The anticipated signal for elastic neutrino electron scattering is that of 

an isolated electromagnetic shower, constrained to be in the forward direction 

by the kinematic relation: 

E02 � 2m e ( 3 )  

Typically a t  Brookhaven energies the electron energy E i s  around 400 MeV, with 

the electron angle e then less than 50 milliradians . The total cross section 



for the elastic scattering is roughly 

cr v e + v e 
µ µ 

Reactions which can also give forward showers, like 

or 
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( 4 )  

( 5 )  

( 6 )  

and which ha,/e cross sections three orders of magnitude larger, can be serious 

sources of iackground. 

With/'these considerations in mind we have designed and built a new 

detector/at Brookhaven. Its basic design is to combine an active target with 

multip]e measurements of position and energy loss on a distance scale short 

compared to a radiation length . The target is liquid scintillator, contained 

within 4m long acrylic extrusions and packaged into planes 4m x 4m in area and 

8 . 9  cm thick. As shown in the insert on Figure 1 ,  each scintillator plane ( 1 6  

cells each with a phototube at both ends) is followed by 2 planes of 

thin-walled proportional drift tubes ( 54 wires/plane) ,  with alternating 

horizontal and vertical wires. Over 80% of the mass of the detector is liquid 

scintillator, permitting observation of energy deposits at the vertex as well 

as allowing approximately 75% of the total energy to be visible . The radiation 

length is 5 modules ( one module = 1 scintillator plus 2 PDT planes) ,  so 

multiple measurements of dE/dx in both the scintillator calorimeter and the 

PDTs are possible at an early stage in the growth of an electron shower .  This 

aspect of the detector enables good separation of electron tracks from photon 

showers. Together with energy loss measurements, the PDTs (with spatial 

resolution of 1 . 5mm) provide a determination of the electron angle [ important 

because of eqn. ( 3 ) ] with an accuracy approximately 

( 7 )  

This number i s  derived from early prototype tests; measurements are i n  progress 

in a test beam to study fully this and other aspects of the detector. 

The complete detector is shown in Figure 1 .  The total of 1 1 2 modules as 

described above ( calorimeter and 2 PDT planes) ,  1 72 metric tons, is followed by 
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1 0  modules or 3 0  metric tons o f  alternating scintillator planes and 1 radiation 

length Pb sheets. This "gamma catcher" provides an energy measurement for 

showers which begin late in the detector, allowing a fiducial region for shower 

vertex position that extends through module 1 02.  A spectrometer, using PDT 

planes, permits a determination of the momentum spectrum of a sample of 

quasi-elastic events to check the neutrino ( anti neutrino) spectrum and (v , v )  
composition of the beam. The total detector occupies a volume of 4 m  x 4m x 24m 

and is instrumented by approximately 4 000 phototubes and 1 4 , 000 PDT wires. 

The detector data collection is designed to be deadtimeless. A 10 µ sec. 

electronic gate enables all elements shortly before the arrival of the 2 . 5  µ sec 

neutrino burst. Both time and charge are recorded for every element with a 

signal above threshold. In data analysis, then, one can "time cluster" the 

hits and cleanly separate interactions ( or delayed µdecays) within this gate. 

Additionally, all elements have multihit capability. Data readout precedes in 

parallel through four microprocessors5 ; these also handle elaborate calibration 

and monitoring tasks between bursts. 

3 . Status of the Experiment 

We have had two data taking periods,  with the flux as summarized in Table 

1 .  The early data, taken with 1 / 2  the number of modules installed and without 

the "gamma catcher" or spectrometer, was summarized at Balaton
6

• I will 

discuss the analysis of the neutrino electron elastic scattering data from our 

major run, with the full detector. 

TABLE 1. EXP 734 Running Periods 

f!rotsms Q!l t;i.rge!;; 
MtlQl! detegtor ll beam) ( ;! !;lel!l!ll 

June-July 1 981  1 /2 6 . 3  x 1 01 8  5 . 0  x 1 01 7  

Dec . -Feb. 1 9 82 full 8 . 8  x 1 0 1 8  9 . 1 x 1 0 1 8  

The raw data from the v running with the full detector consisted of 

recorded ( time , charge ) for all hit elements for each of 1 . 25 x 1 06 bursts. 

This data was first passed through a conservative software filter designed to 

eliminate beam muons and neutrino interactions without electromagnetic shower 

characteristics. The sample surviving, 4 x 1 04 "time clusters" ,  was then 

scanned by physicists to select single showers within a 1 5° cone of the forward 

direction and eliminating events with extra tracks at the vertex, with multiple 
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showers, o r  with associated aide o r  front entering particles. The remaining 

1 575 events were subjected to a fiducial cut ( vertex within modules 6 to 1 02 

and PDT wire numbers 7-50 ) and an energy cut ( visible energy > 1 50 MeV) . 

The above selection process eliminated all but 1 048 events. Of these 

events, 257 were found to have an energy deposit of at least 5 MeV correlated 

in time but upstream of the vertex. As discussed below this feature is 

suggestive of a rr0 decay ; subtracting this data left 791  events, predominantly 

single electromagnetic showers. Using the PDT positions in the first 3 to 5 

modules of the shower (within 1 radiation length) we calculated the angle of 

the candidate electron; requiring this angle to be leas than 1 80 milliradiana 

reduced the sample to 392 events. Finally, to tag "electrons" and •protons" we 

made a separation baaed on the energy deposited in the PDT and calorimeter 

cells within the first three modules after the vertex. At this stage the 

signal was already relatively clean, so we were able to apply this cut loosely, 

retaining 95% of the electron signal while eliminating 50% of the photon-like 

background . Thia separation left 265 "electron" events and 1 27 "photon" 

events. 

We handle the rr0 and e-p backgrounds ( Eqna 5 and 6 )  remaining in our sample 

by making a cut baaed on the measured shower energy . Studies indicate that the 

electron from e-p events has much higher energy than from elastic neutrino 

electron scattering ; we require then that the visible shower energy be leas 

than 1 500 MeV. Forward photon showers from rr 0  producton, on the other hand, 

have energies that peak around 1 00 MeV . To reduce this contamination, we 

require that the visible shower energy Evia be at least 1 50 MeV, and we study 

separately the regions 1 50 < E
via 

< 300 and 300 < Evia < 1 500.  

Using the energy selections mentioned above, the data tagged by dE/dx 

measurements as "electron• or "photon" events has a dependence on e
2 as shown 

in Figures 2 and 3 .  Note that the kinematic constraint ,  Eqn. 3 ,  puts a 

restriction on e2 that varies with E such that electrons at Evia 1 500 MeV 

should fall within the first . 00 1  bin of Figure 2 ,  while at E
via 1 50 MeV the 

signal extends out to e2 
= . 005 ( radiana)

2 . On the other hand, photons from 

reaction ( 5 )  should be isotropic in the forward direction or flat in e 2
• 

Clearly in both energy regions there is a strong signal in the "election" 

sample with an essentially flat background having the same shape as the 

"photon" events. Shown also in Figs. 2 and 3 are the same distributions for 

events with associated upstream energy deposit .  The e 2 distribution of these 

showers is consistent with their being photons from rr 0  decay, as mentioned 

earlier. In figure 4, a plot of Ee
2 , we see for the full region 1 50 < E

via < 
1 500 MeV the pronounced signal in the "electron" sample. Note that although 
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the background i s  also peaked near zero ( due to the predominantly low energy of 
forward IT O  photons) the signal to noise is better than 2/ 1 .  

Using Figures 2 and 3 we can estimate the number of elastic neutrino­
electron events in our sample ; these numbers are given in Table 2 .  Together 
with the early data reported previous1y6 , our signal for neutrino-electron 
scattering total s 69 events. This sample should be compared with the 46 
neutrino-electron and 77 antineutrino-electron events reported by the CHARM 
group7 • 

.Rim. 
June-July 1 81 

Dec-Feb 1 82 

1 5o<Evis<300 

300<Evis< 1 500 

1 50<Evis< 1 500 

TABLE 2. f�el�m�ng�� v � + v � Qstg µ p 
Signal + Background Est. Background 

23 1 0 

26 9 

55 1 6  

8 1  25 

Signal 

1 3  

1 7  

39 

.5.Q. 

total 6 9  

Studies are now i n  progress of the detector performance with test beam 
electrons. Our signal/ background ratio for elastic neutrino electron events, 
already outstanding, should improve as we understand and optimize our angular 
and energy resolutions. Analysis of the anti-neutrino data is now underway as 
is the normalization of the events to a measured quasi-elastic rate. With new 
data from running later this year we expect to have approximately 1 20 events of 
the process vµ e + vµ e and an equal number of the anti-neutrino electron 
scattering v e + vµ e •  Analysis of this data should provide a direct µ 2 measurement of sin 8 to better than . 02 .  w 
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Figure 2 .  Distribution in e2 for events with 300 < E i < 15 00 MeV, and ( a )  v s 
tagged as "electrons" , ( b ) tagged as "photons " ,  and ( c ) with associated 
upstream energy deposi t .  



2 5 0  

('/J ..j.J 
p Q) 
> � 

('/J ..j.J 
p Q) > � 

('/J ..j.J 
p Q) > � 

1 0  

5 

0 
10 

5 

0 
10 

5 

0 
0 

(a) 

(b) 

(c) 

0.01  0.02 0.03 
@2 (radians2) 

Figure 3 .  Distribution in e2 for events with 1 50 < E . < 300 MeV, and ( a )  
vis 

tagged as "electrons" ,  ( b) tagged as "photons• ,  and ( c )  with associated 

upstream energy deposi t .  



45 

40 

35 

30 

rJJ -+-> 25 i:l Q) :> r:c:I 20 

15 

10  

5 

(a) 

0 .._..._...__,___,___,__.__.__..__.__.__.__.__,____.____.___.__.__,__,.___. 

10 (b) 

0 .__...__.__,___,___..__.__.__..__.__.__.__.__,____.____.____..__.__,._.1--.J 
0 5 10  15 20 

E92 (MeV-radians2) 

2 5 1  

Figure 4 .  Distribution in E82 for events with 1 50 < E . < 1 500 MeV , and ( a )  Vl.S 
tagged as "electrons" or ( b )  tagged as "photons". 





2 5 3  

STUDY OF A NEW DETECTOR FOR NEUTRINO-ELECTRON SCATTERING 

A tentative 

CHARM Co l laborat ion 
(presented by J . Panman) 

CERN , Geneva , Switze r l and 

des ign o f  

ABSTRACT 

a calorimeter dedicated to the study o f  
neutrino - e lectron scattering is pres ented . The study is based o n  the experience 
o f  the CHARM Co l l aborat ion with such techniques . 

Neutrino - e l ectron scattering was dis covered ten years ago by the Gargame l l e  
Co l l aboration 1 ) .  Several measurements o f  the cross s ections f o r  neut r ino and 
antineutrino s catter ing on e l ectrons have been performed in the meant ime . Taking 
a l l  experiments together , about 100 events have been observed in each channel . 
These results have been important for our understanding of the s t ructure of the 
weak neut ral current . The vector and axial vector coup l ing constants of the weak 
neutral current of the e l ectron are determined with a four - fo l d  amb iguity , two 
s ign ambiguities and an ambiguity under the exchange of gV and gA . Combining 

these results with those from \i e e 
PETRA 3 )  a unique s o lution emerges , 

. h e e l ectroweak interact ions , wit g A 

-+ \i e scattering2 ) and from e · e - -+ µ • µ - at e 
the one predicted by the standard model o f  
-0 . 523 ± 0 . 035 and• ) s in 2 0  = 0 . 215 ± 0 . 043 . 

The most precise determination of the value of s in 2 0  in the leptonic sector 
has been obtained by the CHARM C o l l aboration• ) ,  making use of the direct relation 
between the ratio of a (vµe ) and s in2 0 ,  
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R 
a(v e )  
__ µ_ 

a (v e )  µ 

l-4sin28 + ( 1 6 1 3 ) s in4 8 3 
l-4sin28 + 16 s in4 8 

In the v i c inity o f  s in2 8 = 0 . 22 this r e l at ion gives lls in2 8 - 0 . 1  llR and , hence , a 

very precise determination of the mixing ang l e . The detection e f f i ciency cancels 

in the ratio and many systemat i c  uncertaint ies are reduced . Us ing the i r  upgraded 

detecto r ,  incorporat ing now measurements of the shower barycentre in two 

orthogonal proj ect ions behind each target p l ate , the CHARM Co l l aboration w i l l  

further improve the accuracy o f  this resu lt , and expects t o  reach a stat istical 

precis ion o f  lls in2 8 - ± 0 . 02 after the wide-band beam run of 1 9 8 3 . 

The required precis ion to be obtained by future exper iments can be defined by 

cons idering the higher order correct ions to s in2 8 .  The e lect roweak theory 

predicts the Born t e rm ( Q2 - 0) of the mas s of the Z' as a function of s in2 8 

M = 
37 . 4  GeV 

z O sin8cos8 

First order e l ect roweak radiative correct ions shift Mz o by - 5 GeV 5 ) , e . g .  for 

s in2 8 0 . 220 ± 0 . 0 15 , as determined by the CHARM Col l aboration from s em i l eptonic 

neut r a l  current interact ions • )
, Wheater and Llew e l lyn-Smith 5 ) 

predict 

Mz o ( Born) = 90 ± 2 . 3  GeV 

Mz o (phys ica l )  = 94 . 6  ± 2 . 3  GeV 

and hence a shift of - 5 GeV . A precise experiment a l  determination of this shift 

wou l d  constitute a decis ive test of the under lying gauge theory . A s igni f icant 

test could be c l aimed i f  the present error on LIM wou ld be reduced to 0 . 7 GeV 

corresponding to an error on s in 2 8 of ± 0 . 005 7 ) . 

In order to achieve this s ens it ivity with this purely l eptonic process , the 

fol lowing exper iment a l  problems have to be so lved 

1 . EVENT RATE requir ing a large fiducial mas s and high s e l ection e f f i c i ency 

over a wide w indow of e l ectron energies ; 

2 .  BACKGROUND , dominant ly due to quas i - e lastic e l ectron-neutrino s catter ing 

and to coherent 11° production " ) has to be reduced by e f f i c ient e / 11 

discriminat ion and precise measurements of the shower direction ; 

3 .  MONITORING of the r e l at ive f lux o f  the d i f ferent beam components vµ ' vµ ' 

v
e 

and V
e 

is required to determine the ratio of o (v
µ

e ) / o (v
µ

e ) . 
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A tentative des ign o f  a new dedicated (v
µ

e )  detector has been discussed by the 

CHARM Col laboration . I t  i s  based on the p r inciple of a f ine-grain 

target -calorimeter and on the accumu lated experience o f  the CHARM C o l l aboration 

with instrumentation of this type .. The main concern of this study was the 

quest ion : can the pres ent technique used for v e studies 
µ 

be s u f f iciently 

improved to match the aim of As in2 8 = 0 . 005 or is a new technique required? 

The accuracy o f  shower d irect ion measurements depends mainly on three 

cont r ibutions : 

1 .  On the s amp l ing f requency and on the method used to count the number o f  

shower part icles N ;  

2 .  On the p l ate thickness and grain s ize of the calorimeter near the vertex ; 

3 .  On the late r a l  shower s amp l ing used t o  determine o f  barycent re o f  the 

shower . 

The l imiting accuracy is given by the Z number of the target material 

0 ( 8 )  - Z/IE canst . 

The mean Z of the pres ent marb l e  target is 1 3 ,  with glas s  a value of - 1 1  cou ld 

be achieved . I n  these l ight targets with a nucl eon absorption l ength of A
abs 

- 4 
radiation l engths , e l e ctromagnet ic and hadronic showers have very s im i l a r  

longitudinal pro f i les 8 ) .  The CHARM Col laborat ion has developed a new method to 

discriminate between e l ectromagnetic and hadronic showers in low Z materials 

based on the characteristic dif ference o f  the ir lateral pro f i l es ( s ee f igure 1 ) . 
A discr imination by a factor of - 100 has been achieved' ) . F igure 2 shows the 

resolut ion in shower direct ion measurements achieved with the present CHARM 

detector . 
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by the lateral energy 
deposition profile in the 
scintil lator p l anes of the 
CHARM I detector 



Fig . 2 Measured angular resolution for 
electron showers in the CHARM I 
and the upgraded CHARM I detector 

The structure of the new , dedicated detector i s  sketched in figure 3 .  It 
cons ists of 330 modul es o f  3. 5 x 3 .  5 m 2  surface area , each composed of a 4 en 

thick target p l ate (marb l e )  and of a p l ane o f  streamer tubes with cm wire 

spacing, read out by crossed cathode strips o f  2 cm spacing in two orthogonal 

proj ect ions . Using analog e l ectronics the centroid posit ion of a track or 

shower can be reconstructed with ± 2 mm accuracy . S imulat ing this structure 

us ing Monte Carlo methods (EG S )  we find an angu l ar resolut ion o f  0 ( 8 )  16 

mrad//E/ GeV and an energy resolut ion o f  a ( E ) /
E 

- 20%//E/GeV . Hence , we expect a 
reduction o f  background proport ional to a2 ( 8 )  by a factor of - 9 .  

The choice made o f  analog versus digit a l  readout o f  strips is i l lustrated in 

f igure 4 .  This conf iguration has a fidu c i a l  target we ight o f  - 320 tons , whereas 

the CHARM I detector has 70 tons . 

Monitoring of the beam compos it ion has been studied in det a i l  for the CHARM I 

experiments us ing quas i - e lastic vµ ('iiµ )  
lower neutrino energies by restrict ing 

events . This method can be extended to 

the value of Q2 to a sma l l  value to 
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STRIPS l 2cm STRIPS Fig. 3 Schematic sketch of a 

new dedicated CHARM II 
detector Tl 
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Fig . 4 Shower prof i l e  samp l i ng by 
detectors with analog and 
with digital measurements 
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equa l ize the cross sect ions for the neutr ino and the antineutrino induced 
react ions . The CHARM I I  detecto r ,  combined with a muon spectrometer , w i l l  
therefore d i rect ly monitor t h e  f lux ratio lf> ( v\1 ) / 1/> ( v\l ) to ± 2%, required t o  
evaluate the rat io R and the neutrino spectra . 

E l ectron neutrino - e l ect ron scattering has a ten t imes higher cros s sect ion 
than v\le s c attering . The beam contains approximat e ly 2% e l ectron neutrinos and 
antineutr inos . Aiming at a 5% measurement of R requires a knowledge of the (v e + 

v e ) f lux to better than ± 1 0% .  We think that this can be achieved by making 
dE/dx measurements in the p l ane fol lowing the vertex, at angles outs ide the 
forward peak . We have a l s o  been ab l e  to recognize inclusive v eN � eX events with 

y < 0 . 6 8 )  in the CHARM I calorimeter . 

We summarize this study in Table 1 which gives the s e l ection criter ia , the 
angu lar reso lution , the rate and background for v\le scattering which would be 
obtained for 10 1 9  protons on target . 

The s ame statist ics for v e would be obtained with 5 . 10 1 8  p r'otons . Hence , we 
\I 

expect to measure 

N (\J e )  
R = __ \.!_ xF 

N (v e )  
\1 

corresponding to 6 s in2 8 ± 0 . 005 . 

_1_3�
64

_
±_4-'-0 (F ± 

1364 ± 40 
2%) R ± 5% , 
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Tabl e  1 

Rates and background of v
w

e scattering in CHARM I and in 

CHARM II for 101 9 protons 

Se l ection 

Rate for 7 . 5  < E < 30 GeV 
e 

i L: e 
( 1  h i t )  

0 (8 )  a t  E = 15 GeV 
e 

Signal /background 

Rate for 2 . 5  < E < 30 GeV 
e 

CHARM I 

154 ± 2 7 

6 1% 

12 mrad 

1 / 2  

CHARM I I  

9 0 9  ± 33  

90% 

4 mrad 

l / 0 . 22 

1364 ± 40 

An additional physics result may be obtained on the value of p ,  derived from a 

measurement of the ratio of cross sect ions for v
µ

e � v
µ

e and for v
µ

e � µ -ve . The 

f lux monitoring is now internal and , apart from systematic uncertainties due to 

background subtraction , e lectron detection efficiency and spectrum determination , 

the statistical error of p would be ± 2% . 

The main conclusion that we draw from this study is that the experiment s eems 

to be feasible  using the presently developed f ine-grain calorimeter technique . 

Of course ,  many detai ls  have to be investigated further ,  mainly to optimize the 

performance to cost ratio . In particular , the combination of  digita l  and analog 

readout and the use of a different p late thickness are cons idered . 
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Abstract :  The neutral to charged current cross sect ion ratios for vµ- and vµ­
i nteracti ons  w i th proton and neutron separate ly  have been measured i n  BEBC , 
fi l l ed with deuteri um and exposed to the CERN SPS wi deband beams . From these 
rati os the neutral current ch i ral coupl i ng  constants are determi ned . From the 
observed neutral current cross section rati o for vµ-i nteractions on proton and 
neutron the rat io  between the l eft-handed coupl i ng constants i s  obta i ned . 
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I n  the framework o f  the quark parton model the neutral t o  charged current 
cross section rati os can be wri tten as [ 1 ] : 

Rk 
= fk 2 k 2 k 2 k 2 

1 UL + f2 dl + f 3 UR + f4 dR 

where k = (vµp ) ,  (vµn ) ,  ( vµp ) , (vµn ) .  

( 1 )  

The coeffi c i ents fk can be deri ved from the i ntegral s of quark dens ity 
di stri buti ons . The neutral current ch i ral coupl i ng  constants u� , d� , u� and 
d� were i ntroduced by Bjorken and Sehgal [ 2 , 3 1 .  We have measured for the fi rst 
time the four rat ios Rk s imu l taneous ly in one experiment . Thi s uni quely deter­
mi nes the va l ues of the four coupl i ng constants . 

In thi s experiment the bubbl e chamber BEBC fi l l ed w ith deuteri um was 
exposed to the CERN SPS wi deband neutri no and antineutrino beams , obtai ned 
from 400 GeV protons . Thi s ana lys i s  i s  based on a samp l e  of 38000 and 1 2 5000 
pi ctures taken in the vµ- and vµ-beam , respecti ve l y .  An event i s  c l ass i fied 
as a charged current i nteraction ( CC )  i f  i t  conta i ns at l east one parti c l e  
w i t h  momentum l arger than 4 GeV/c , i denti fied as a muon by h its i n  both pl anes 
of the external muon i denti fier ( EMI ) [ 4 ) .  Otherw i se i t  i s  c l as s i fi ed as a 
neutra l current candi date (NC ) .  For further anal ys i s  only events with total 
v i s i bl e  hadroni c energy Eh l arger than 5 GeV are used . An event i s  c lass if ied 
i n i t i al ly  as occurr ing  on neutron ( proton )  i f  i ts charged mu l ti pl i c i ty ,  
excl udi ng backward spectator protons , i s  even (odd ) .  To correct for forward 
spectators and deuteron rescattering effects event wei ghts are used as i n  [ 5 ] .  
The rescatteri n g  probabi l i ty i s  taken to be 0 . 1 2  ± 0 . 03 [ 6 ] .  

Important corrections have to be appl ied to the raw number of events . 
They come primari ly  from two di fferent sources : 
a )  the l imi ted geometri cal acceptance of the EMI and i ts el ectronic i neffi ­

c i ency l ead to a l oss of CC events and a contamination of the NC samp l e .  
b )  neutrino i nteracti ons  i n  the material  i n  front o f  the bubble chamber produce 

neutra l hadrons ( neutrons and K� ) which  may i nteract ins ide the chamber and 
contaminate the NC samp l e .  

The geometrical acceptance o f  the EMI a s  a funct i on o f  the momentum o f  the 
muon , i ts angle with the beam di rection and i ts charge , i s  determi ned wi th a 
s imu l at ion program whi ch uses the spati al di stri buti on of the neutri no i nter­
actions as i nput . The el ectronic effi c i ency of the EMI i s  determi ned from a 
sampl e  of throughgo ing  muons and turns out to be 97 ± 1 % .  Us ing  the geometr i ­
cal acceptance table and the el ectron i c  effi ci ency the l oss of CC-events and 
the contami nat i on in the NC-samp l e  are calcul ated starting from the observed 
CC events . Si nce the EMI -acceptance drops sharply for muons with momentum 
smal l er than 4 GeV/c , a di fferent method of correcti on i s  needed there . Th i s  
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correction i s  cal cu l ated us i ng a Monte Carl o program whi ch properly reproduces 
the observed features of the CC events w ith muon momentum l arger than 4 GeV/c . 

The correction of the NC samp le  for hadron i nduced events i s  performed 
us ing the B/AS method [ 9 ] .  This  method starts by attempti ng to associ ate NC 
cand idates to upstream i nteractions v i s i bl e  i n  the bubbl e chamber .  The number 
of events associ ated to an i nv i s i b l e  ori gi n  ( i n  front of the bubb le  c hamber) 
i s  obtai ned by mul ti plying the number of associ ated events with a factor B/AS . 
Thi s  factor i s  cal cul ated with a Monte Carl o program. Its val ue depends primari ­
ly on the dens i ty of matter i n  front of the bubb l e  chamber ( i nc l ud ing  i ts wal l )  
and the dens ity of the bubb le  chamber l i qui d .  It al so depends on the energy 
spectrum and the angul ar di stri but ion of the neutral hadrons produced i n  the 
neutri no interact ion s .  These quanti ties can be determi ned from the observed 
events and are used as i nput to the Monte Carl o program . 

The corrections for un i denti fied muons and hadron i nduced events are l arge 
with respect to the number of observed events and produce cons i derabl e syste­
mati c  uncertai nties . As pointed out earl i er [ 1 0 ]  the i r  effect can be strongly 
reduced by taki ng advantage of the fol l owing facts , observed in CC events : 
a )  i n  a neutrino i nteraction the total transverse momentum with respect to the 

beam di recti on i s  smal ler than the transverse momentum of the hadroni c  system 
al one . 

b )  the transverse momentum of an i nd iv idual hadron i s  smal l er than the trans-
verse momentum of the tota l hadron i c  system ( P� ) . 

Consequentl y ,  by con s i deri ng only events wi th P� l arger than some cutoff val ue 
the i nfl uence of the background can be drasti cal ly reduced . From the observed 
NC to CC rat io  as a functi on of the cutoff val ue it was dec i ded to use only 
events wi th P� l arger than 1 . 5 GeV/c . 

Further corrections have to be appl ied for :  hadrons bei ng i ncorrectly 
i denti fi ed as muon due to background h i ts i n  the EMI or decay in fl i ght , 
i nteractions caused by the el ectron ( anti ) neutr i no background i n  the beam and 
scann i ng  losses . 

After these corrections the CC samp le  i s  pure and complete . The corrected 
NC samp le  however sti l l  conta i ns a mi xture of v - and v -i nduced NC events . 

- 11 11 
In the neutri no beam the v -background i n  the NC sample i s  smal l as i ndi cated 11 
by the number of observed v - i nduced CC events ( 2% of the v -i nduced CC ) .  

11 11 
The correction to the NC samp le  i s  cal cul ated from the co�rected �umber of 
v -i nduced CC events , us ing  val ues of 0 . 25 and 0 . 50 for Rvp and Rvn respective-µ 
l y .  Si nce these correcti ons are rel at ively smal l the final val ues of Rvp and 
Rvn are not sens i ti ve to this correcti on . I n  the anti neutrino beam the back­
ground i n  the NC samp le  is l arge and enhanced by the cuts in Eh and P� : the 
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observed number of v - i nduced C C  events i s  � 40% o f  the number of v -i nduced µ µ 
CC events . The correction to the NC samp l e  i s  cal cul ated from the corrected 
number of vµ- i nduced CC events u s i ng the va l ues for Rvn and Rvp found i n  the 
neutr i no beam . 

The comp l ete ly  corrected numbers of events with Eh > 5 GeV and P� > 1 . 5 GeV/c 
are 

CC on CC on NC on NC on 
proton neutron proton neutron 

v -i nduced µ 8 1 4  ± 4 1  1 80 1  ± 5 0  400 ± 32 46 1 ± 35 

vµ-i nduced 8 1 7  ± 33 355 ± 22 2 1 1  ± 29  2 0 1  ± 31  

The resu l t i ng val ues for the neutral to charged current cross secti on ratios 
are : 

Rvp 0 . 49 ± . 0 5  Rvp 
= 0 . 26 ± . 04 wi th Eh > 5 GeV 

Rvn 0 . 26 ± .02 Rvn 0 . 57 ± . 09  and P� > 1 .5 GeV/c 

RvN 0 . 33 ± . 0 2  RvN 0 . 35 ± . 04  

The gi ven errors are stati stical on l y .  The ma i n  contri buti ons to  the sys ­
temati c errors come from : 
a )  the uncerta i nty i n  the val ue of B/AS , used to cal cul ate the hadron i nduced 

background . Thi s i ntroduces an uncerta i nty of � 5% in a l l  the ratios , but 
with comp lete pos i t i ve corre l ati on . 

b )  the uncerta i nty i n  the EMI -effi c i ency . Th i s  i ntroduces an uncertai nty of 
� 3% i n  al l the rati os , aga i n  with compl ete pos i t i ve corre l at i on . 

c )  the uncerta i nty i n  the rescattering probabi l i ty .  Th i s  i ntroduces an uncer­
tai nty of � 3% only in Rvp and Rvp , w ith compl ete pos i t i ve correl ation . 

The rati os on deuterium agree with resu l ts obta i ned on neon [ 1 1 l 
( RvN 

= 0 . 345 ± . 0 1 5  and RvN 
= 0 . 364 ± . 029 )  and w ith resu l ts obta i ned on other 

i sosca l ar targets [ 1 2 , 1 3 ] .  The val ue for Rvp agrees with resu l ts obta i ned i n  
hydrogen [ 1 0 , 1 4 ]  ( 0 . 5 1  ± . 04 ) . 

To obta i n  the va l ues of the chi ral coupl i ng constants from the four rati os 
on proton and neutron equat i on ( 1 )  has to be sol ved . The coeffi c ients fk are 
cal cul ated u s i ng the val ues of the i ntegra l s  of the quark den s i ty di stri bu­
ti ons U ,  U + S ,  D + S and U/D measured prev ious ly in th i s  experiment [ 6 , 1 5 ] .  
The contri but i on of  the strange quarks i s  taken i nto account us ing  the val ue 
of S/D g i ven i n  [ 1 6 ] .  The effect of the cuts i n  Eh and P� on the coeffi cients 
fk is determi ned with the prev ious ly  measured Monte Car lo  program [ 7 ,8 ] wh i ch 
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properly reproduces the features o f  the observed C C  events . Thi s program u ses 
the parametri zation of Buras and Gaemers [ 7  l for the dependence of the quark 
den s i ty di stri buti ons  on the Bjorken var iab le  x .  

The resu l t i n g  val ues for the coupl i ng constants are 

2 0 .  1 5  ± . 04 2 2 
= 0 . 33 ± . 03 UL UL + dL 

d2 0 . 1 8  ± . 0 4  2 2 0 . 02 ± . 02 L UR + dR 
2 0 . 03 ± . 02 2 - d2 - . 03 ± . 07 UR UL L 

d� =-0 . 0 1  ± . 0 2  2 UR - d2 
R . 04 ± . 04 

The error i nc l udes the effect of the s tati s t i cal  uncertai nties i n  the rat ios  
and in  the val ues of the quark den s i t i es u sed to cal cul ate the coeffi c i ents fk . 
I t  a l so i ncl udes the effect of the prev i ously menti oned systemati c uncerta i n ­
ties . The va l ues o f  the sums o f  the coupl i ngs agree wi th resu l ts obtai ned on 
other i soscal ar targets [ 1 1  , 1 2 , 1 3 ] .  The val ues found for u� and d� are i n  good 
agreement wi th the ones obta i ned by comb i n i ng Rvp measured i n  hydrogen w i th 
RvN and RvN measured i n  neon [ 1 1 ]  ( u� = 0 . 1 5  ± . 04 and d� = 0 . 1 9  ± . 0 5 ) . 

In the Gl ashow-Wei nberg-Sa l am model [ 1 7 ]  the coupl i ng constants depend on 
one common parameter : s i n2 ew . From a fi t of the coupl i n g  constants we obta i n  

s i n2ew = O .  1 9  ± . 0 3  wi th x2 
= 1 . 2  for 3 degrees o f  freedom . 

The systemati c uncerta i nty i n  s i n2 ew i s  of the order of . 0 2 . 

S i nce the r i ghthanded coupl i ng  constants are re l ati vely smal l ,  the rati o 
between the l efthanded coupl i ng constants can be obta i ned di rectly from the 
observed neutral current cross sect i on rat i o  between vµ- i nduced i nteract ions 
on proton and neutron . Fol l owi ng a procedure s imi l ar to the one used to obtai n  
the i nd i v i dual coupl i ng constants we f i nd 

0 . 66 ± . 2 1  ± . 1 3  

Th i s  resu l t  i s  not sen s i t i ve to the uncerta i nt ies i n  the i ntegra l s  of the quark 
den s i ty di s tri buti ons . The systemati c error comes only from the uncerta i nty i n  
the rescatteri ng probabi l i ty .  
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Two e xamp l e s  are  g iven o f  the  app l i c a t i on o f  a mul t iva­
r ia te  d i s c riminant an a l y s i s  to h i gh ene r gy phy s i c s . The f i r s t  one 
conce rns the me a su remen t  o f  the n eu t r a l  to charged  current c r o s s  
s e c t i on r at i o  f o r  v µ i n te r act i on s  o n  f r ee  p ro t on s . The s e cond ap­
p l i ca t i on  is re l at e d  to the de t e ct i on o f  t au-neu t r in o s  in bubb l e  
chamb e r s . 
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The mu l t i var i ate d i s c r iminan t  ana lys i s  i s  a s t andard ma­
th ema t i ca l  me thod  f o r  de a l in g  w i th p rob l ems of p a t te rn re cogn i ­
t i on 1 , Z ) . T h e  b as i c  i de as beh ind  i t s  app l i c a t i on  t o  t h e  ana l y s i s  
o f  b ubb le chamb e r  even t s  as p re s en t e d  he re , are the f o l l owing : 
Eve ry even t can be charact e r i s e d  by a "p at t e rn " ve c t o r  V ( x 1 , . . .  , 
xn ) i n  a n  d imens i on a l  s p a ce whe re x 1 , . . .  , xn are me a sured  k inema­
t i c a l  var iab l e s . D i f f e rent event type s ,  l i ke f o r  i n s t an ce ch arged 
an d neutra l current v i n t e r a c t i on s , a re then expe c t e d  to h ave on µ 
ave rage a d i f fe rent "p a t te rn " an d hence to c l u s t e r  in d i f fe rent 
domains  o f  the mul t i d i mens i on a l  s p ace . I f  the s p read  o f  the c l us ­
t e r s  i s  s ma l l  comp ared to t h e  s ep arat i on be tween t h em ,  i n d i v i dua l  
even t as s i gnmen t be comes p o s s i b le . The s e  b a s i c  i deas a r e  i l l us t r a­
ted s chemat i c a l ly in a s i mp l i f i e d  2 d i mens i on a l  examp le in f i gure 
I whe re two s e t s  o f  "even ts " ( do t s  and c r o s s e s )  are s h own in a 
s c a t t e r  p l ot s p anned by  the var i ab l e s  x and y .  I t  i s  c l e a r l y  im­
p o s s i b l e to i s o l ate any "even t "  type in a c l ean way by a cut i n  
e i th e r  x o r  y ,  wh e re as t h i s  i s  t r iv i a l ly ach i e ve d by a cut a l ong  
t h e  "d i s c r iminant axi s " s panne d  by a s in g l e  "c anon i c a l  var i ab l e "  
CNVR = ax + by . I n  a mul t i d i mens i o n a l  s p ace an d us ing  re a l  event s , 
the s i tuat ion w i l l  o f  cours e be l e s s  t r iv i a l  bu t  the p rob l e m  e s ­
s en t i a l ly b o i l s  down t o  : 

- The cho i ce o f  the k inema t i c a l  vari ab l e s  u s e d  to s p an the mu l t i ­
d i men s i on a l  s p ace . C le ar ly , the s e p a r a t i on o f  the c l us ter s  w i l l  
i mp rove , the b e t t e r  the i n d i v i dua l  " d i s c r im ina t i on  p owe r " o f  th e ­
s e  vari ab l e s . Di s c r i m inat i on p owe r wh i ch depends upon t h e  me an 
va lue an d the var i ance  o f  the cons i de red  var i ab l e f o r  the d i f f e-
ren t even t cat e g o r i e s . 

- The o p t i m a l  cho i ce o f  the " d i s c r i minant axi s " .  

- Th e op t ima l  ch o i ce o f  the " sep arat i on hyp e rp l ane " . 

The maj o r  ingre d i ent s  re qu i re d  t o  ach i eve th i s  w i th the h e lp o f  
" in i t i a l  s e t s " a re g i ven i n  the next s e c t i on . The in i t i a l s e ts con­
s i s t  o f  even ts wh o s e  ap s i gnmen t to one o f  the even t  c at e g o r i e s  i s  
un amb i guous l y  known . 

I .  MATHEMAT I CAL FRAMEWORK 

On l y  a b r i e f  s urvey wi l l  be g i ven h e re , d e t a i l s  can b e  
f ound  in t h e  l i te rat ure o n  the mu l t i var i ate d i s c r i minan t  an a ly-
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s i s 1 • 2 ) . 
Con s i de r  a P dimen s i on a l  s p ace S p and N even t s  i . e .  N ve c t o rs in 
S p . 
A me t r i c  in S

p can b e  de f i n e d  in the f o l l ow ing  way 

p 
I 

i , j 
q . . ( a . -b . ) ( a . -b . ) = ( a-b ) ' O ( a- b )  1 J  1 1 J J 

wh e re Q i s  a symme t r i c and de f i n i te p o s i t i ve matri x .  
The " compac tne s s " o f  a g ro up o r  c l us t e r  i s  de f i n e d  as 

1 
N ( N- 1 )  

N 

i ' j  
1 

N ( N- 1 )  I 
i ' j 

N 

I t  can b e  s h own 2 )  th a t  th i s  quan t i ty i s  minima l  i f  ma t r i x  Q i s  de­
f i n e d  as f o l l ow s  : 

Q = ( de t  I )  l / P  I - I  

wh ere I i s  the var i an ce , cova r i ance  ma t r i x . In the c a s e  whe re Q i s  
d i agona l ,  wh i ch can a lway s  b e  a c comp l i sh e d  by a r o t a t i on , the "com­
p a ctnes s "  b e come s : 

w i th the 

p 2 I D = N ( N- 1 )  p = l 

N 
I 

i ' j 

"we i gh t "  

w P o p 

wp e q u a l  to 

p 
( n o ) l / P  
p = l p 

w 2 ( x .  - x .  ) 2 p i p  J P 

f rom wh i ch fo l l ow s  tha t  a va r i ab l e  xp w i th l arge 
car ry l i t t l e  we i gh t .  

var i an ce o wi l l  p 

Con s i de r  now K s ub s t ru c t ur e s  ( g r oup s  o r  c l us t e r s )  in S
P 

w i th Nk even ts p e r  c l us te r  ( k  = I . . .  K) .  De f ine mat r i x  T ( p rop o r­
t i ona l  t o  Q )  as f o l l ow s  : 

N 
-N I ( x .  - ;; ) ( x .  _;; )  

i i a  a i s  s 

c a l l e d  the t o t a l  var ian ce- cova r i an ce . A c c o r d ing  to a theo rem due 
to Huygens one can wr i te T = W + B w i th : 
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K 
N i:  k 

c a l l e d  the var i an ce- covar i an ce "w i t h in " an d "be tween " group s , re s­
p e c t i ve ly .  
The b e s t  d i s c riminat i on o f  the group s w i l l  then o c cur i f  ( uB u ' ) /  
( uWu ' )  o r  e qu iva l en t ly ( uB u ' ) / ( uTu ' )  i s  maxima l , wh e re u de f ine s  
a d i r e c t i on in S p . In th i s  w ay the " d i s criminan t  ax i s " u i s  ob t a i ­
n e d  by di agon a l i s a t i on o f  T - I B o r  equiva len t ly w- 1 B .  Hence T- 1 B u 1  
A u '  wh e re the e i genve c t o rs u are the " d i s c r iminan t  axe s " o r  " c an o-
n i c a l  var i ab l e s " ; the b e s t one co rre s p onding t o  the l a rge s t  e i gen-
va l ue >. .  The numb e r  o f  "d i s criminant axes " i s  g i ven by min (K- 1 , P ) 
b u t  a g o o d  ap p l i c at i on o f  the me th o d  requi re s  P > >  K .  

An app roximate f l ow chart o f  the d i s c r iminan t analy s i s  
p rogram BMDP 3 )  us e d  h e re i s  g iven be low . 

�i f i e d  even t s amp le 

for remain ing  

no  

C l as s i fy a l l  even t s  ac­
co rding to  x 1 . . .  xn 

x .  1 

i . e .  11 ini t i a1 s e t s " at  s t ep 0 

mon i t ored  on 1 1 in i t i a l  s e t s 11 

i . e .  var i ab le cho i ce 

i . e .  de t e rmin a t i on o f  CNVR 
an d of the " s e p a r a t i on hy­
pe rp 1 an e " at s t e p n . 
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As a f i r s t  ex amp le , the  mu l t i va r i ate  d i s cr iminan t an a l y ­
s i s  was u s e d  t o  s e p ara t e  n eut r a l  current ( N C )  f rom ch arge d curre n t  
( CC )  v i n t e rac t i on s  an d f rom the b ackground due t o  i n t e r a c t i on s  
o f  i n ct den t n eu t r a l  h adrons (N* ) , i n  o r d er  to me asure  the r a t i o  
( N C / CC )  = R v  o n  f re e  p ro ton s . T h e  d a t a  a re f rom exp er imen t WA2 45 ) 

p 
p e r f o rme d by  a c o l l ab o r at i on o f  groups  f rom B ar i , B i rmi n gh am , 
B rus s e l s , E co l e  P o ly t e chni q ue , Ruthe r f o r d  L ab o r a t o ry , S a c l ay and 
Un i ver s i t y  Co l l ege Lon don . 

B E B C  e qu i p p e d  w i th a H2 f i l l e d  t r ack s en s i t ive t arge t 
( T S T) wa s  e xp o s e d  to the v u wide  b an d  b e am a t  th e CERN S P S . About 
2 000 neu t r a l  induced i n t e r a c t i o n s  h ave been ob s e rved  in s i de the 
H2 . The advan t age of the TST s e t  up con s i s t s  i n  the ab i l i ty to  de­
t e c t  a maj o r  p a r t  of the f i n a l  s t a te y rays  ( <v  60 % )  i n  the s u r­
roun d i n g  H2N e  mix ture . K inema t i c a l  v a r i ab l e s  depen d ing  upon the 
h a dron s y s tem w i l l  t h e re f o re be b e t t e r  me a su re d th an i n  a b are 
b ub b l e  ch amb e r  f i l le d  w i th H2 re s u l t i n g  in a b e t te r  " d i s c rimina­
t i on p ow e r "  o f  s uch v a r i ab l e s . 

Among  th e v a r i ab l e s  u s e d  t o  b ui l d  the mul t i d imen s i on a l  
s p ace , o n l y  a f ew w i t h  t h e  b e s t i n d i v i dua l  " d i s cr imi n a t i on p ow e r "  
w i l l  b e  de f i n e d  h e re . T h e  t o t a l  l on g i t ud i n a l  ( pL ) an d t r an s ve rs e  
( p r ) mome n t a  o f  the e ven t s  w i th re s p e c t  t o  t h e  i n c i de n t  v d i  re c-
t i on  a re known to be on ave r age q u i t e  d i f fe ren t f o r  ch arge d ,  n e u­
t r a l  curren t an d n e u t r a l  h adron i n t e r a c t i on s . The v a r i ab l e  F h a s  
b e e n  de f i n e d  i n  t h e  f o l l owing  way . F o r  e a ch n e g a t i ve l y  ch arge d p ar-
t i c l e  i i n  an event , F .  1 i s  c al c u l a t e d  a s  

F .  1 
i i i j 2 ) - l / 2  P r P r P L  ( L P r  

H j f. i H 
i i whe re P r an d pL a re the t r an s v e r s e  an d l on g i t ud ina l  momen t a  o f  p ar-

t r an s v e r s e  momen tum o f  a l l  the  o t h e r  p a r t i c l e s  in the 
v d i re ct i on an d p �  

H 
i s  the t i c l e  i w i th re s p e c t t o  the i n c i de n t  

e vent , 
i n c l ud ing  de t e c t e d  n e u t r a l  h adrons an d y rays . F i s  then de f i n e d  
a s  t h e  max imum o f  t h e  F i an d p ar t i c l e  i g i v i n g  th i s  maximal v a l ue 
i s  c a l l e d  "muon " .  S i mi l ar v ar i ab l e s  h ave b e en u s e d  s u c ce s s fu l ly in 
o th e r  expe r imen t s 6 )  to s e l e ct ch arge d curre n t  i n t e r a c t i on s  in the 
ab s en ce o f ,  o r  i n  addi t i on t o  the i n f o rmat i on p ro v i d e d  b y  the ex-
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t e rn a l  muon i d en t i f i e r  ( EMI ) . F ina l ly v a r i ab l e  ¢ i s de fine d as the 
s up p l e me n t  o f  the an g le b e twe en the p ro j e ct i on s  on to  the p l ane p e r­
p end i c u l ar t o  the v d i re c t i on o f  the momen tum ve c t o rs o f  the s e ­
l e c te d  "muon " an d o f  t h e  rema in inp:  "h adron " s y s t e m .  S e ve r a l  o th e r  
k inema t i c a l  var i ab l e s  h ave b e en d e t e rmine d f o r  e a ch even t ;  wi th 
de c r e a s i n g  we i gh t  i n  the d i s c r i mi n an t  fun c t i on s  they i n c l ude the 
t ran s ve rs e  momen tum out of the p lane de f i n e d  b y  the  "muon " an d the 
i n c i de n t  v d i r e c t ion , the r a t i o  of the t r an s ve r s e  momen t um of the 
"muon " an d the "hadron " s y s t em  and so on . 

The i n i t i a l  s e t s h ave b e en v a r i e d  i n  o r d e r  to che ck the 
s t ab i l i ty of the even t c l as s i f i c a t i on .  A s  an examp l e ,  the f o l l o­
wing i n i t i a l  s e t s  h ave b e en  u s e d ;  wh e re two a l t e rn a t i ve s  for the 
ini t i a l  Nx s amp l e  a re e xp l i c i t e ly g i ven . 

- c c .  1 
- N C . 1 

E ven t s  wi th a µ i den t i f i e d  i n  the EMI 

Ob t aine d b y  removin g the  µ 
e .  dummy e ve n t  s amp l e ) 

f rom the  p rev i ous 

a) Even t s  y i e l d i n g  a un i q ue 3 C f i t t o  

np -+ p p TI - + o r  K�p -+ K p TI  

c c .  1 s e t  ( i .  

b ) N e u t r a l  induced  i n t e r a c t i on s  ob s e rved in an e x p o s ure 
of BEBC  + T S T  to a TI b e am ( p  = 7 0  Ge V / c ) . 

TI 
The e ve n t  c l as s i f i c at i on re f e r s  t o  1 9 0 8  n e u t r a l  induced  

i n t e rac t i on s  o c curr ing  i n s i de a 1 . 8  m 3 f i du c i a l  vo l ume o f  H 2 . O f 
th e s e ,  5 8 6 were  i den t i f i e d  as i n i t i a l  C C  e ven t s  and 1 4 7 we re a t-
t r i bu t ed  t o  x the N i c a t e g o ry a ) . Thus 1 1 7 5 eve n t s  rema i n e d  t o  be  
c l as s i f i e d .  The re s u l t  o f  the d i s c r i m inan t  an a l y s e s  u s i n g  i n  t urn 
the two d i f fe re n t  i n i t i a l  s amp l e s  o f  n e u t r a l  h a dr on i n t e r a c t i on s  
as i n i t i a l  s e t  t o ge the r wi th CC i an d N C i i s  g i ven in t ab l e  I .  
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Tab le  I : Even t c l as s i f i c a t i on v i a  the mu l t ivar i a t e  d i s c riminan t  
analy s i s .  

Event a s s i gnme n t  
� In i t i a l  s e t  

Charge d N eu t r a l  N e u t r a l  
curre n t  current had ron 

N� s amp le  + a) 1 b )  a) b )  a ) b )  

Un i den t i f i e d  3 4 7  3 3 3  4 2 1 4 2 0  4 0 7  4 2 2  
c c .  5 6 5  5 6 5  2 0 2 0  I I 

1 
N� a) 6 5 1 5 2 3  1 2 6 1 1 9 1 
N C .  2 1  2 0  3 5  8 3 6 0  3 4  3 3  :!< 1  

b )  2 I 1 2  9 5 7  6 1 N .  1 

Only t h e  f i rs t thre e  rows corre s p on d  to event s  ob s e rve d in th e v 

e xp o s ure . W i th in  the s t a t i s t i c a l  un c e r ta int i e s , the e ven t c l as s i ­
f i c a t i on s  agree  no ma t t e r  wh i ch in i t i a l  N*' s amp l e  i s  us e d .  Al s o  
when vary ing  th e in i t i a l C C  and N C  s e t s  the event c l as s i f i c a t i on  
remains s t ab le . 
To i l l us t ra t e  th a t  th e d i f fe re n t  even t typ e s  do c lu s t e r  in d i f fe ­
ren t re g i on s  o f  the mu l t i d imens ional  s p ace , f i gure 2 s h ows the 
d i s t ri bu t i on  of  the 1 9 08 o b s e rve d event s  in the 2 d imens i ona l  s ub ­
s p ace s p anne d by t h e  two c anon i ca l  var i ab le s . A th re e f o l d  s t ru c tu­
re is c l e arly e xh ib i te d  by the dat a .  

S ome con s i s t en cy che cks g i ven h e re ind i c at e  th e qua l i ty 
o f  the e ve n t  s amp l e s  a f t e r d i s c r im ina t i on  ( 9 1 8  CC ; 4 5 6  N C ;  5 3 4  N") . 
The y d i s t r i b u t i on f o r  the 9 1 8  event s  c l as s i f i e d  as ch arge d cu r­
rent s  i s  s h own in f i gure 3 a .  I t  i s  f l a t  up to y � 0 . 9  in cont ras t 
to  that o f  the in i t i a l  C C i s amp l e  sh own in f i g ure 3b . Th e s o l i d  
curve in f i g ure 3 a  c o r re s p ond s  to  the y di s t r i b u t i on o f  Mon te C a r­
l o  gen e r a t e d  cha r g e d  currents  in wh i ch the "muon " was ch o s en in 
th e s ame way b y  maximi z i n g  th e F var i ab le .  The d e c re a s e  ab ove 
y � 0 . 9  i s  e s s en t i a l ly due t o  inco rre c t  muon s e l e c t i on in ve ry 
h i gh y e ven t s . Th i s  che ck shows t ha t  u s i n g  a b i as e d  i n i t i a l  s amp le  
d o e s  no t n e c e s s ari ly r e s u l t  in a s imi l ar b i as af ter c l as s i f i c a t i on. 
To che ck whe th e r  th e 4 5 6  o b t a in e d  neutral current events exhibit r-enuine 
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neu t ra l  curren t  ch ara c t e r i s t i c s , th e  n eu tra l  to ch arged  current 
rat i o  h as b e en d e t e rmine d as a f un c t i on of d i f fe re n t  cut s  on the 
re s u l t an t  tran s ve rs e  momentum of the ha dron s y s t em .  Th e p re s en c e  
o f  an  imp o r t an t  N * o r  un i dent i f i e d  CC con taminat i on wou l d  re s u l t  
i n  a s ub s t an t i a l  i n c re as e o f  th i s  rat i o  at low values o f  t h e  P r  

cut , as demon s trat e d  i n  re f . ? ) . F i gure 4 shows t ha t  th i s  ra t i o  H 

de t e rmine d w i t h  the even t s amp l e s  a f t e r  c l as s i f i cat i on i s  f oun d to 
be ab out con s t an t  down to the l ow e s t values of the cut-o f f  i n  P r  

H 
When d e t e rmining R V  one  has  to a c c oun t for s ome ove r lap p 

b e tween the d i f f e re n t  c lu s t e r s ; and hence  f o r  the l o s s  o f  genuine 
events f rom a g iven cat e g o ry and the m i g r a t i on of even t s  f rom ano­
th e r  group i n t o  th i s  g iven c a t e g o ry .  
The true numb e rs o f  even t s  o f  the  d i f fe re n t  typ e s  are re l a t e d  to 
the even t numb e r s a f t e r  c l as s i f i ca t i on by the f o l lowing matr ix  
e q ua t i on  : ( e e l (c c  + c c  

NC CC + N C  

N * CC + N * 

N C  + CC 

N C  + NC 

NC N * 

The o f f- d i ag on a l  e l emen t s  in the 3 x 3 matrix c orre s p on d  to the 
f o rb i dden tran s i t i on s  wh i ch have b e e n  ob taine d f rom the i n i t i a l  
s e t s .  
O t h e r  c orre c t i on s  are due t o  one p rong  top o l o gi e s , v µ cont amin a­
t i on ,  s c ann in g  e f f i c i e n c i e s  e t c .  The re s u l t s  are s ummari s e d  in 
tab le  I I .  

Tab le I I  Event numb e rs a f t e r  the d i f fe re n t  c o rre c t i on s  

c c  NC  

A f t e r  c l as s i f i c a t i on 9 0 5  4 6 0  
A f t e r  c o rre ct i on f o r  ove r l ap s  8 9 6  ± 3 2 4 1 4  ± 30 
Aft e r  a l l  co rre c t i on s 8 9 1 ± 3 3  4 1  9 ± 3 I 

The val ue f o r  the neut r a l  to charge d current c ro s s  s e c t i on r a t i o  
f o r  v µ  i n te ract i on s  o n  p ro tons i s  f oun d  to b e  

' 
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S y s t emat i c  un c e r t ain t i e s  h ave b e e n  inve s t i ga t e d  and w e r e  f oun d  t o  
b e  ne g l i g i b l e  w i th re s p e c t  t o  t h e  s t a t i s t i c a l  e r ro r .  T h e  u s e  o f  
t h e  mul t i vari a t e  d i s cr imi n an t  ana ly s i s  made i t  p o s s i b l e  t o  avo i d  

. . . . 7 ' 8 ' 9 )  th e s e ve re cut s  on the dat a inh e re n t  i n  p rev i ous e xp e r imen ts 
an d hence  to  r e a ch s imi l ar p re c i s i on to r e s u l t s  from expe r imen t s  
d i s p o s i n g  o f  mo r e  than t h r e e  t i me s  t h e  s t a t i s t i cs o f  WA2 4 .  

W i th i n  the f r amewo rk o f  the GWS mode l , the me a sur e d  cross 
s e c t i on  rat i o  Rv i s  r e l a t e d  to s in2 ew v i a  the quark-par ton mode l .  p 1 O ) Fo l lowing re f .  an d u s i n g  a = I q .  / I  q .  = 0 . 1 0  the mixing an-i i 
g l e  i s  f oun d  to b e  : s in2 eW = 0 . 1 8  ± 0 . 04 .  

2 . v DE T E CT I ON 
-- T 

The aim o f  t h i s  p re l iminary ana ly s i s  i s  to  s ep arate the 
re act i on 

v + N + T + H ( I ) T 
v v  

f rom the g enera l ly much mor e  ab undan t p ro c e s s  

V e + N + e + H ( 2 )  
)l )l 

on a p ure ly k inema t i ca l  b as i s .  I n  th i s  app l i c a t i on , th e mu l t i va­
r i a t e  d i s cr iminan t an a ly s i s  i s  on ly u s e d  to d e t e rmine the c anon i­
c a l  var i ab l e  whi ch by con s t ruct i on ha s  the b e s t  ind iv i dua l  d i s c r i ­
minat i on p owe r .  

Cha r g e d  curren t v µ and v , i n t e ra c t i on s  were  gene r a t e d  in 
BEB C f i l le d  wi th a h e avy H2 -Ne m ix ture , us i n g  the LUND Mon te C a r l o. 
Fe rmi mo t i on , me as ureme n t  e r ror s  an d the l o s s  o f  f i n a l  s t a t e  n eu­
t r a l  h adrons ( n ° , K� ,  n )  w e re a l s o  s imu la t e d .  The v µ ene r gy s p e c­
trum wa s  t aken a c c o rd ing  t o  the w i de b an d  b e am a t  the CERN S P S . 
The v were  a s s ume d to  ari s e  f rom v ..._.. v o s c i l l at i ons  w i th 

2 T 2 )l T 
�m = 4 0  eV  . The T + µ v v  d e c ay was a l s o  s imu la t e d .  

The  kinemat i c a l  var i ab l e s  i n t ro duce d i n t o  t h e  d i s cr imi-
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nant  an a ly s i s  are de f i n e d  i n  the drawing  b e l ow 

¢ mµ 
\) 

The c an on i ca l  v a r i ab l e � ob t ained  f rom the  an a l y s i s  i s  
p lo t t e d  in f i gure 5 f o r  4000 gene r a t e d  v

ll 
C C  even t s  and 2 000 V T  C C  

i n t e r a c t i on s  wh e re t h e  T ha s  a s ub s e q uen t de c ay i n t o  µvv . The das ­
h e d  h i s t o g r ams co rre s p on d  t o  e ven t s  wh e re the IBomen tum o f  the  f i n a l  
s t at e  muon i s  b e l ow 5 GeV/ c .  T h e  a r e a  o f  t h e  h i s t o g r am corre s pon­
ding t o  the " µ C C  e ven t s  i s  s h own do t te d .  

The r e s u l t s  o f  the an a ly s i s  are s h own i n  f i gure 6 whe re 
the e f f i c i en cy f o r  de te c t in g  reac t i on ( I )  i s  g i ven ve r su s  the p e r-
cen tage o f " µ C C  even t s  con t amin a t i n g  the v T s amp l e .  
c o r re s p on d  t o  a s in g l e  cut  on the canon i c a l  v a r i ab l e  

T h e  curves 
an d c an be 

comp are d t o  the  comb in a t i on s  of cuts p ro p o s e d  i n  the l i t e r a t u re 1 1 • 
1 2 ' J 3 ) wh i ch h ave a l s o  b e en  app l i e d  to th e s ame Mon te C a r l o  samp les : 

E ll  > 4 G eV ;  E H > 5 GeV ; p T > GeV/ c ; ¢ 1J H > 9 0 ° ;  ¢mH > 1 2 0 ° 

p T > 2 GeV / c ; ¢mH > 1 3 5 ° ;  xv i s  < 0 . 2 

p T > I .  6 Ge V / c ;  ¢ mH > l I 5 ° . 
In a l l  cas e s  i t  i s  found th a t  a s in g l e cut on CNVR i s  s ub s t an t i al -
l y  mo re e f f i c i en t .  The s ame re s u l t s  o b v i o us l y  a l s o  app l y  t o  t h e  s e ­
p ar a t i on o f  v eN ->- e -H an d v T N ->- TH ( T ->- e vv ) s i n c e  the k inema t i cs 
are the s ame . 

CNVR + O . l 4 l n ¢ mu 
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W e  report p rel i mi nary res u l t s  o f  an experi ment des i gned t o  mea s u re t he 
mass of the ri ght -handed i ntermedi ate vector boson . The p resence of such a 
part i c l e  i n  el ect roweak i nteract i on s  i s  p redi cted by l eft-ri ght symmetri c gauge 
theor i e s .  The exper iment measu res t h e  momentum s pect rum of t h e  pos i trons f rom 
the decay at rest of 1 )  l on g i tudi nal l y  pol a ri zed muons p roduced i n  the decay at 
rest of TI + + µ +v ( pol a ri zat i on Pµ ) and 2 )  unpol ari zed muon s .  The endpoints  of 
these two spect ra a re u sed to  determi ne  the quant i ty � Pµ where s i s  a Mi chel 
pa rameter .  Thi s  p roduct i s  rel ated to  the rat i o of the mass of l eft and r i ght 
handed W and to  the phase between the two hel i ci ty states . We measu r e ,  at the 
90% C L , 1 - s Pµ £- < 0 . 0041 and i nfer the mass M ( WR ) > 380 GeV/c2 • 

The p resent standard model of weak and el ect romagnet i c  i nteract i ons i s  based 
on the gauge group 

SU ( 2)  L x U ( 1 ) .  

The V-A character  of S and µ decay i s  i mposed on t he theory by a l l owi ng  on l y  
l eft handed components o f  fermi ons to coupl e to i ntermedi ate vector  bosons (WL± ) .  
The possi bi l i ty that both  l eft -handed and r i g ht -handed fermi ons parti c i pate i n s 
decay has been s uggested 1 ) 2 ) 3 ) and mode l s  have been p roposed for whi ch  the weak 
i nteracti on i s  l eft-ri ght symmet ri c at the l agrang i an l evel . These model s a re 

* ) J .  Carr .  G. Gi dal , A Jodi d i o ,  K .A .  Shi n s ky ,  H . M .  Stei ner 
D .  Stok e r ,  M .  Strov i n k ,  and R . D .  Tri p p ,  U.  of Cal i f . Berkel ey 
and B .  Gobbi , Northweste rn U .  and C . J .  Oram , TR I UMF .  
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based on  the gauge group  

SU ( 2 ) L x SU ( 2 ) R x U ( l ) 

whi ch  i s  compl etely l eft-ri ght symme t ri c ,  except for the masses of the H i g g s  
sca l a rs .  Due t o  spontaneous symmet ry brea k i n g  the mas s  o f  the ri ght-handed 
cha rged mes on WR i s  much hea v i e r  than the WL and i t s  effects are then 
mani fest s l ow bel ow the energy scal e of the WR mass .  The V-A character o f  the 
i nteract i on i s  the res u l t  of a natu ral suppress i on of ri ght-handed gauge c u r rent . 
The mass ei genstates W 1  and W 2 a re l i near combi nati ons of the  hel i c i ty 
e i genstates WL and WR : 

W2 WL s i n� + WR cos� 

It i s  th i s m1 x1 ng  and mas s  spl i tt i n g  that i nduces the observed pari ty v i ol at i on .  
At an energy sca l e  much l a rger than the WR mass al l i nteract i ons  are s upposed t o  
b e  pa ri ty con servi n g .  

The experi ment descr i bed here i s  a n  attempt to  meas u re the ma ss o f  the ri ght 
handed gauge boson ( WR ) ·  The p resent experi ment searches for the WR by exami n i ng  
i t s  effects on  the decay µ+ + e+ vµve · Wi th th i s approach the sens i t i v i ty 
achi evabl e wi th  a very h i g h  energy experi ment i s  obtai ned at l ow energy wi th a 
very p reci'Se measu rement . 

The mi xi n g  ang l e � between l eft and ri ght handed c u r rents and a ,  the square 
of the rati o of the W ' s  masses , 

a re the phenomenol ogi cal parameters whi ch  prov i de a conveni ent phy s i cal  
descri pti on of ri ght-handed charged-c urrent . 2 )  These two quant i t i es whi ch  
paramet r i ze  the amount of V+A are rel ated to  correl ati ons measu red in  weak 
decays . [See M.  Strov i nk4 )  for a s umma ry of experi ments sens i t i ve to  V+A . ]  

The experi ment we desc ri be here i s  a measu rement o f  the e+ momentum 

( 1 )  

s pectrum from the decay o f  l on g i tudi nal ly  pol a ri zed µ + .  Such a spect rum,  after 
summi ng  over pos i t ron sp i n s ,  a s s umi ng  zero mass neut ri nos and negl ect i n g  radi at i ve 
correct i on s  i s  descri bed by the fol l owi ng  expres s i on :  

x2dxdcose 
4 me ( 3-2x ) + (-3 p - l ) ( 4x-3 )+1 2 (  m x ) ( l -x )n 

µ 

- [ ( 2x - 1 ) + (4 o - 1 ) ( 4x -3 ) ]  � Pµ cose 

The vari abl e x is the reduced pos i t ron momentum (x  � p (e+ ) / p ( e+ )max l •  i s  the 
angl e between µ+ s p i n  and the  e+ momentum and Pµ is the pol a ri zat i on of the µ + 

( 2 ) 
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f rom 11 + decay at rest . 
The quant i t i es p ,  o ,  n ,  and s are the  Mi c hel parameters and t hey a re 

tabul ated bel ow a l ong wi t h  the  expected val ues from the V-A theory and thei r 
experi mental  val u e s . 5 ) The q uant i ty meas ured i n  the  present experi ment i s  the  

Pa rameter  ( V  - A )  Va l ue Worl d Average Ref . 

" Symmetri c Shape"  p 3/4 . 7 5 1 7  ± . 0026 6 )  
"Asymmet ri c Shape " 0 o . o  - . 12 ± . 21 7 )  
" Low Energy parameter"  n 1 . 0  . 972  ± . 014 8 )  
" Pol a ri zati on Pa ramete r "  s Pµ 3/4 . 7551 ± . 0085 9 )  

Tabl e I .  The Mi chel pa rameters . 

p roduct s Pµ � whi c h  i n  the  l i mi t x + 1 and c osa + - 1 ,  i s  rel ated lO )  t o  CL and z; 
by the  app rox i mate rel ati on : 

s P  � - 4(CL2 + CL!; + .¢. z;2 ) . ( 3 )  µ p l. 

Experi ments meas u r i n g  s al ways determi ne  the  p roduct s Pµ • A V+A contri but i on t o  
the  11 + + µ \1µ decay does effect Pµ by I Pµ I l - 2 (CL +z; )2 ; t h e  sens i t i vi ty t o  CL 

2.0 �����--������������ 

1 .8 
>-0 1 .6 u Q.l " 
..... 1 .4 Q.l a. 

CD 1 .2 
<fl 0 u " 1.0 
x " � 0.8 
� 
c 
Q.l 0.6 
> 

3 
" 0.4 

0.2 

I 
I 
I 
I I 
I I 

e'(a) . I I  
effects i r-

e'(a) +e'(a2) 
effects 

0·0o.o 0.2 0.4 0.6 0.8 
Reduced positron energy x 

Fi gure  1 :  Pos i t ron momentum s pectrum expected from decay at rest of 
pol ari zed µ + decay v i a V-A ( e+ detected oppos i te to muon sp i n di recti on ) 
and  V+A cu rrents . Al so  the  expected s pect rum from unpol ari zed µ +  decays . 
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and s .  over t h e  enti re range o f  x ,  i s  nearly dou b l ed ,  For x = l  and l cose l = l ,  the 
sensi t i v i ty to a and s is very s i mi l a r .  The Mi chel pa rameters o and n have the 
same va l ue i ndependen t l y  of the hel i ci ty of the coupl i n g and p ,  for a V+A 
i nteract i on i s :  p = l -2s2 • 

Equat i on ( 2 )  when rewri tten w i th  the theoret i cal  val ues for p ,  o ,  and n , 

and eval uated at x + 1 and cose + -1 g i ve 

d2r 
dxdcose + 4 ( 1-x ) + ( l+cose )+ ( 1 -Pµ ) + ( 1 -S ) .  

A measu rement of the pos i t ron spectrum at the endpoi nt determi nes d i rect ly  the 
quant i ty i; .  

F i g u re 1 s hows the expected momentum spectrum of pos i t rons  p roduced from the 
decay at rest of l on g i tudi na l l y  pol ari zed muons when the e+ are emi tted oppos i te + 
to Sµ ; both for the case where the decay i s  medi ated by a l eft-handed c u rrent 
V-A and by a r i g ht -handed cu rrent V+A .  Al so  shown i s  the momentum spect rum for 
the decay of u npol ar i zed muon s .  These  three spectra d i spl ay two i mportant 
featu res of th i s exper i men t .  Fi rs t ,  a t  x = l  t h e  spectrum ass oc i ated w i th a WL 
van i shes , whi l e  the one a s soci ated wi th  a WR pea k s . Secon d ,  the s pectrum from 
unpol ar i zed muon decay at x = l  i s  s i mi l a r  to the one expected from p u re V+A 
contri buti on . To dete rmi ne the p roduct s Pµ � we meas ure two quant i t i es : the 
spectrum of both u npol ar i zed and pol ar i zed muon s .  The f i rst measu rement 
determi nes the shape and the second measu rement the magn i tude of the effect 
expected . 
The Su rface Muon Beam 

Th i s  beam l i ne  i s  descri bed i n  detai l s  by C. Oram l l l . The lOOµ A ,  500 MeV/c 
beam of the TRI UMF cyc l ot ron ( beamspot t;x - 2mm , z.,y - 4mm ) h i t s a 2mm t h i c k  
ca rbon ta rget . The beam h a s  a 4 3  n s  R F  structure .  Pi ons produced i ns i de the 
target when decay i n g  (n + + µ +v ) at rest wi l l  p roduce muons with 4 . 1  KeV k i net i c  
energy and momentum 29 . 5  Mev/c ( S  = . 27 1 ) ,  they have hel i ci ty - 1  i n  the case of 
V-A decays and equal to I Pµ I � l - 2 (a+s )2 for l e ft -ri ght symmet ry case s .  The 
beam l i ne makes an  angl e of 135°  w i t h  respect to the proton beam. It i s  9 . 6m 
l on g , i ncl udes two 60° bends and has an acceptance z., x  � 35 , z.,y � 70 mra d .  The 

fl ux of beam pa rti c l es i s  p l otted i n  fi g u re 2 as a functi on of the beam momentum. 
The broad d i str i buti on of muons at about 25 MeV/c comes from the decay of pi ons 
that stop i n s i de the target . Muon s with l e ss than 29 . 5  MeV/c a re parti a l l y  
depol ar i zed because  they have undergone mul t i pl e  scatteri n g  (coul omb scatteri ng  
i s  rel ati v i sti cal l y  hel i c i ty conserv i ng and n on rel at i v i st i cal l y  s p i n 
conservi n g ) .  The beam l i ne ,  when used for a pol ar i zed beam , i s  tuned for 

part i c l es wi th 29 . 5  MeV/c and has a t; p/p . 5% to ensure the acceptance of on ly  

µ + comi n g  from the  decay of  n + that stop  i n  a th i n l ayer { 6 . 2  mg/cm2 ) at the 
s u rface of the ta rget whi ch faces the t rans port system ( hence the name " s u rface " 
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F i gure 2: F l ux of  part i c l e s  i n  the M1 3  beam l i n e  at TR IUMF l l } as  a functi on of  
the beam l i ne momentum. Primary proton beam has  500 MeV , product i on target i s  
2 mm thi ck  carbon . 

muon beam ) .  Muons from n +  decay i n  fl i ght , that are accepted by the beam l i ne 
are l es s  pol ar i zed and a re correl ated i n  t i me w ith  the RF of the cycl ot ron beam . 
Such muons (cal l ed "c l oud" muon s )  are rej ected by l ook i ng at the i r  t i me 
corre l ati on w ith  respect to the accel erator RF structu re.  Fi g u re 3 shows the 
t i me structure of su rface muon s .  

(f) 1-z w > w 

3 1 0  

0 0 . 2 0 . 4  0 . 5  0 . 8  1 . 2  1 . 4  1 . 5  1 . 8  2 • 1 0 3 
- t (  p-stop - RF ) 

Fi gure 3 :  Ti mi n g  of µ + wi th respect to cycl otron RF ( t i me scal e run n i n g  from 
ri ght to  l eft } for " su rface" muon s w ith  beam l i ne at 29. 5 MeV/c . The 
data reproduces the n +  l i fe t i m e .  
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The Spectrometer .  
The appa rat u s  i s  sketched i n  f i g u re 4 .  It  con s i sts of  a target where the  µ + 

a re stopped fol l owed by a cyl i ndr ica l  s ol enoi d to i nc rease the acceptance , and a 
98° bend spect rometer where the pos i trons a re momentum anal yzed . Two sets of 
data are col l ected : the s pectrum of e+ from the decay of pol ari zed and 
unpol a r i zed muon s .  For each cases the spectrometer accepts e+ wi th  reduced 
momentum i n  the range . 8 .; x .;  1 . 2 .  The ta rget i n  wh i c h  the µ + a re stopped i s  a 
thi n metal l i c foi l ( Al , C u ,  Ag , or Au ) .  When the s pectrum of pol a ri zed muons i s  
recorded , a l l k  Gau s s  l ong i tudi na l  magnet i c  fi el d i s  appl i ed t o  the ta rget reg i on 
to p revent the muon from depol ari z i n g  ( Paschen -Bach effect ) .  Unpol a ri zed muon s 
a re p roduced by p recess i ng the µ +  i n  a 70 gauss  t ran sve rse fi el d appl i ed to the 
a rea of the stopp i n g  target . The magnet i c  f i e l d  i n  the target regi on i s  the on ly  
paramete r  of the  spectrometer whi ch  i s  changed when the  two sets of data 
( pol ar i zed and unpol a r i zed µ + �ecay ) a re col l ected .  

HOLDING I § 
PRECESSING 

TARGET 

I m  

SPECTROMETER 

� 

F i g u re 4 :  Top v i ew of the spectrometer u sed to mea s u re � Pµ .  

I 
I 

/ 
/ 

The di rect i on of the i nc i dent µ + i s  mea s u red by two sets of p roport i onal 
c hambers , with x ,y read out, and the µ +  a re t i med wi th the s i gnal f rom a 120 µm 
thick  sc i nt i l l ator counte r .  The proport i ona l  chambers a l s o  measure  t h e  dE/dx of  

the beam part i cl e s  ( - 60% e+ and 40% µ + ) .  The di rect i on o f  the pos i t ron emerg i n g  
from the ta rget i s  recorded by a n  x-y p roport i ona l  chambe r a n d  by two sets o f  
dr i ft chambe rs pl aced a t  the begi n n i ng  o f  a sol enoi d magnet . A sc i nt i l l at i on 
counter ( 250 µm thi ck ) down stream of the ta rget , ti mes the decay of the µ + . 



The s ol enoi dal  magnet has a f i e l d  of 10 Kgauss  and  accepts pos i trons 
emi tted up  to 200 mrad from the beam axi s ;  it acts a s  a f i e l d  l en s  whi ch 
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makes  the e+ paral l el to  the beam a t  the enter i n g  vacuum wi ndow of  the ana lyz i n g  
magnet . Another  set of  d ri ft chambers i s  l ocated at t h e  entrance a n d  i n  t h e  f ocal  
p l ane of the spect rometer magnet , th i s  l as t  set i s  fol l owed by sci nti l l ati on 
counters . The e + t rajectory i s  meas ured by 24 dri ft chamber  p l anes i n  addi t i on 
to the PWC downstream of the target . The s pectrometer has 576 dri ft chamber 
wi res . Al l chambers are ope rated w ith  a mi xture of 92% methane and 8% methyl a l . 
The d i stri buti on of the el ectron dri ft d i stance versus  t i me rel at i on ,  i n  the 
gas of the chambers , i s  constantly  updated a s  the computer program 
reconstructs the parti cl es  traj ectori e s .  With thi s  techn i que  w e  achi eve 
a spat i a l  resol ut i on of a = 200 µm and the momentum resol uti on �p/p = . 2% RMS.  

F i gure 5 :  Schemati c  arran_fil!ment of the detector component s .  The "µ -stop"  s i gna l  
i s  defi n ed by P1 . P2 .S 1 . V1 . P3 . S2 and  i s  generat�d 2._t l_ ti me_J;l .  The "µ +-decay " 
t ri gger s i gnal  i s  defi ned by (µ -stop ) . P3 . S2 . G . V2 . P1 . S1 . V1 . P2 and takes p l ace 
at a t i me t2 ( . 2  < t2 < 10 µ sec ) after t1 • Beam rates a re - 15 KHz and  tri gger 
rates -20 Hz .  

The momentum resol uti on i s  determi ned f rom the shape  of  the  endpoi nt s pect rum 
for unpol a ri zed muons ; i t  i s  based on data col l ected over a peri od of  3 
weeks .  Fi gure 5 shows how the tri gger i s  formed . Data are col l ected by 
cycl i ng the four target s .  For each , a spectrum wi th  - 100 k events i s  
recorded for both pol ar i zed and unpol ari zed muon s .  Each s pect rum takes 
about 1 hour to acqui re . 

Data 
The s pectrometer  was operated twi ce i n  1982,  i n  the spri ng  and i n  the 

fal l .  The data col l ected i n  the spr i n g  have been anal yzed and the res u l ts 
are presented here ; they are based on 3 . 5  x 106 stopped muon s .  In the fal l 

run another 107 events were l ogged.  99% of  the recorded events have a µ + 
t rack enteri n g  the target , fol l owed after 200 n s  or l ater by an e+ goi n g  
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Fi gure 6 :  Muon decay t i me for pol a ri zed muon beam ( l eft ) .  Decay t i me when muons 
are p recessed i n  a 70 Gauss  transverse f i e l d  ( ri ght ) .  

through the spect rometer .  On ly  events sati s fyi ng  the  fol l ow i n g  t rack recon ­
struct i on cr i teri a are reta i ned : no h i t s  i n  the chambe rs i n  addi t i on to the 
one used to  reconst ruct t rack segments ,  t rack segments must jo i n i n  a cont i nuous  
seq uence , and the part i cl e t rajectory must be wel l w i th i n  the  sens i t i ve vol ume 
of the spectrometer . 
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Fi g u re 7 :  Reduced momentum spect rum for posi trons from decay at rest a )  of 
l on g i tud ina l ly  pol a r i zed µ + and b) of unpol ar i zed muon s .  



� 3000 
z 
w 
> � 2000 
0 
n:: 
w � 1000 
::::J 
z 

0 

, , . . , ,1� 1 I 1 1 1 1 1 1 1�1 ' ' 1 ' 1 ' , 1 1 1 1 1 
I I 

0.92 094 096 0.98 

287  

1.00 x 

Fi gure 8 :  Reduced momentum spectrum for unpol ar i zed muon s .  The curve i s  the 
predi cti on of the V-A theory .  The s hape of thi s cu rve at i ts endpoi nt  i s  the 
same as  expected i n  the case of a p ure V+A i nteract i on .  I n  the text thi s 
funct i on i s  cal l ed f+ (x ) .  Thi s  pl ot i ncl u des 175K  events ,  col l ected w ith  four 
stoppi n g  t arget s .  

The t i me d i st ri but i on o f  the µ +  decay for both pol ari zed and unpol a ri zed muons 
are shown i n  f i g u re 6. Both pl ots confi rm that we are observ i n g  background 
free µ +  decay s .  The momentum s pectra for the e+ a re shown i n  fi gure 7 .  The 
quant i ty s Pµ f i s  obtai ned by con s i der i n g  these two s pectra i n  the 
reg i on x > .92  and cose > . 9 7 5 ,  obta i ned with only " s u rface " µ +  ( t i mi ng  n ot 
correl ated wi th  RF ) .  
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F i gure 9 :  Reduced momentum spectrum o f  pos i trons from the decay at .. ., , t  of 
l ong i tudi nal ly  pol ar i zed µ + .  See text for an exp l anat i on of the curve f i tted 
through the dat a .  The re a re 89k events i n  t h e  p l ot .  
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The analyzed spectrum , from unpol a ri zed µ+ decays , i s  shown i n  f i g .  8 .  The curve 
i s  a fit to the data with the s pectrum shape p redi cted by the V-A theory 
i nc l udi n g  radi at i ve correct i on s  1 2 ) and Bhabha ' s  p roduct i on i n  materi a l . F rom 
the f i t we can determi ne  the spectrometer acceptance and i t s  resol uti on at x = l ,  
a n d  t h e  shape o f  the momentum d i stri buti on as  expected by t h e  V+A i nteract i on .  
W e  denote thi s funct i on a s  f + ( x ) . The f i t  t o  thi s set o f  data i s  now used to  
ca l cu l ate the  s hape of the  endpoi nt posi t ron spectrum a s  expected f rom a p u re 
V+A i nteracti on for the decay of pol a ri zed muon s .  We denote t h i s  functi on a s  
f _ ( x ) .  The spectrum o f  e+ from pol a r i zed muons ( f i g .  9 )  i s  d i v i ded by t h e  one 
for unpol a ri zed µ + i n  order to el i mi nate to fi rst order the spect rometer 
acceptance.  Thi s rat i o  i s  then f i tted , for di fferent i nterval s of  cos e ,  to  the 
sum of the V-A contri buti on to  the i nteract i on ( f_ (x ) )  pl us  some cont ri buti on 
due to the V+A i nteract i on whi ch  s hape i s  g i ven by f + (x ) :  

rat i o ( pol a ri zed/unpol . )  - f _ ( x )  + .; Pµc ose � f+ ( x )  

The quant i ty .; Pµ £- obtai ned from f i tti n g  the data a t  di fferent i nterval s of 
cos e is pl otted in f i g u re 10. The l i m i t  of the vari abl e at J cos e J  = 1 g i ves  
u s  the  quant i ty we des i re .  The resu l t obtai ned from the data for each o f  the 
fou r  ta rgets i s  pl otted i n  f i g u re 1 1 .  The four val ues a re cons i sten t .  
Before u s i ng  o u r  val ue  f o r  .; Pµ £- i n  equat i on 3 to  determi ne  the mass of the WR 
the measu red quant ity must be corrected for µ + depol a ri zati on due to mul t i pl e  

1.00 

CD � 0.99 
(.) rol<>... 
a...:!.. 
'-V 0.98 

0.97 

0.97 0.98 0.99 
J cos  e l  

1.00 

Fi g u re 1 0 :  The quant i ty .; Pµ cose � i s  p l otted as functi on of cos e . The s l ope 
of the l i near fit to the data i s  taken from the �heory. The i ntercept of thi s 
l i ne at J cos e I = 1 dete rmi nes  the quant i ty .; Pµ P at x + 1 and J cos e I + 1 .  
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F i gure 1 1 :  The quant i ty � Pµo /p determ i ned from data taken wi th  d i fferent stoppi n g  
targets i s  s hown .  The four resu l t s  a re i n  agreement s howi n g  that i f  muons 
depol a ri ze i n  the target , depol ari zat i on takes pl ace at an equal and ext remely 
smal l l evel in  a l l four targets .  

scatteri n g .  The amount of  materi a l  i n  t h e  producti on target a n d  u p st ream of  the 
stopp i n g  ta rget i s  24. 6 mg/cm2 wi th a radi ati on l ength of . 654 x lQ-3 X0 ; the 
cal cul ated correct i on factor i s  1 . 0012 ± . 005.  Pos s i b l e  depol ari zati on of the 
beam i n  the stopp i ng ta rget foi l has not been i ncl ude d ,  but can on ly  strengthen 
the l im i t  that we present . 

Resul ts  ---
The p rel i mi nary res u l ts  from the f i rst s et of data are presented a s  a 

90% C . L .  l i m i t  

1 - � p  � < 0. 0041 ( 90% CL) • µ p 

When u sed i n  conjunct i on wi th  Eq.  3 the fol l owi n g  l i mi ts ( 90% CL ) were obtai ned 
for M ( WR ) assumi ng  M (WL ) 80 GeV/c2 , and zero mas s  neutri nos 

s free a < 0 . 045 

s f i xed to 0 a < 0 . 032 

MR > 380 GeV/c2 

MR > 450 GeV/c2 

The l imi ts on the phase s between l e ft -and ri ght-handed cu rrents are : 

a free -0. 064 < s < O.  045 

a fi xed to 0 -0 . 045 < s < 0 . 045 

These res u l t s  a re di s p l ayed graph ica l ly  i n  f i gure 12  together wi th  the cu rrents 
l i mi ts on ri ght handed cu rrents l 7 ) . Theoret i cal  pred i ct i on s  vari es between 1 . 6  
TeV/c2 13 )  and a s  l ow a s  220 GeV/c2 14 ) . 

I woul d l i ke to extend my appreci ati on to the organ i zers of the X l l lth  
Rencontre de  Mori ond for  g i v i ng  me  the opportuni ty to spend an exci t i n g  week at  
thi s i nterest i n g  meet i n g .  Many thanks  to my col l eagues on  th i s experi ment for 
thei r hel p i n  p repa ri ng  th i s mater i a l  and to  R .  Oakes for many hel p fu l  
d i scuss i on s  on  the  subject . 
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F i g u re 1 2 :  Pl ots of ex i s t i n g  90% CL l i m i t s  on t h e  p h e n ome n o l o g i c a l  q u a n t i t i e s a 
and c d e s c r i b i n g  r i g ht - h anded c u r re n t s . C on t o u rs a re d e r i ved f r om mea s u reme n t s  
of the pol a r i zat i on p a r amet e r  � Pµ ( b o l d ,  t h i s ex p e r i ment , dotted , R e f .  9 ) ; t h e  
pol a ri z a t i on o f  the B decay i n  Gamow-Tel l e r t ra n s i t i ons ( d ot -d a s h e d ,  Re f .  1 5 ) . 
L i m i t s  f r om t h e y d i s t r i b u t i o n s  i n  v N  a n d  vN scatte r i n g  ( d o u b l e l i ne ,  Ref . 1 6 )  
a re v a l i d  i r respect i ve o f  t h e  v R ma s s .  

Th i s  w o r k  was s u p p o rted i n  p a r t  by t h e  U . S .  Depa rtment o f  E n e r gy ,  D i v i son of 

Bas i c  E n e rgy Sci ences , O f f i ce o f  Energy Research under contracts W - 7 4 0 5 E NG - 48 a n d  

AC 0 2 - E R 0 2 2 8 9 .  
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ABSTRACT 

Limits on the gluino and s c a l a r  quark mas ses were obtained in a proton 
beam-dump exper iment . The results do not favour the ex istence of low mas s g luinos 
( < 2 GeV) and s calar quarks (< 100 GeV ) . 
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Supers ymmet r i c  theories predict t h e  exis tence o f  partners o f  ordinary 
quarks , l eptons , and bosons , at a mass s c a l e  o f  100 GeV which w i l l  become 
acces s ib l e  with future generations of a c c e l erators . However some of these mode l s  
a l s o  predict part i c l e s  with s ma l l  mas s . These a r e  t h e  supersymmetric partners o f  
g luons and photons : g l u inos and photinos 1 ) .  Limits o n  t h e  g l u ino m a s s  derived 
from exis t ing data have been d i s cu s s e d  e l s ewhere2 ) . 

A s e arch for events induced by react ions involving g l u inos and photinos was 
performed by the CHARM C o l l aboration in a proton beam-dump experiment ' ) . As 
s hown in F i g . 1 ,  the g l u inos cou l d  be produced by the proton-nucleus co l l is ions 
in the copper dump (pN � ggX) . I f  the g l u ino is heavier than the phot ino , it 
decays into a photino and hadrons according to the react ion g � rqq . The photino 
reaches the CHARM detector , where it interacts producing a g l u ino (rq � gq ) .  
S ince a photino interact ion res emb l e s  a neut r a l - current neutr ino int eract ion , 
the number of events induced by the des cribed chain was e s t ab l ished from the 
muon l e s s  events in exc e s s  of those expected from neutrino interact ions . 

Cu DUMP 

CHARM DETECTOR 

Fig . 1 Chain of the proce s s e s  that l eads to a supersymmetric s i gn a l  in a 
proton beam - dump experiment . 

The experiment was per formed at the CERN SPS in 1 9 7 9 . In the exposure o f  
6 . 9 6 x 10 1 7  protons on the fu l l  den s i ty target ( a  2 m long copper b lock) 8 0 . 5  ± 
14 ( s t at . )  ± 6 . 3  ( s y s t . )  muo n l e s s  events of prompt origin with shower energy 
(E shower ) > 2 0  GeV, have been observed in the f iduc i a l  volume of the CHARM 

detector• ) ( 100 t) covering a s o l id ang l e  of 6 . 8  x 1 0 - 6 s r .  The events include 
charged-cur rent ( C C )  and neut ra l - current (NC) interactions of ve and v e as we l l  
as interact ions o f  neutrino - l ike part i c l e s  without a muon in the final s t ate . 
The number of prompt CC events induced by e l ectron neutrinos has been est imated 
by direct iden t i f i c at ion' ) . The procedure is based on the charac t e r i s t i c  
features o f  e l e ctromagnet ic showers i n  the CHARM ca lorimeter' ) : their sma l l  
widt h ,  their regu lar longitudinal pro f i l e ,  and the s t rong corr e l a t ion between 
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the total  shower energy and the energy detected at  the shower maximum . The 

energy detected in a row of scint i l l ation counters of 15 cm width , starting at 

the vertex and cross ing the shower maximum , has been calibrated us ing isolated 

e lectron showers obtained in a test beam . Ninety per cent of  the total e lectron 

energy is detected in such a row with a resolution of o (E ) /E = 0 . 25//E (GeV) s l . 
These features a l low the identification of showers with a l arge e lectromagnetic 

component (y  Eem/Eshower > 0 .  4 ) . For v eN -> eX events a correction for 

hadron-shower energy overl apping the row was app lied . Neutra l -current events 

with 11° ' s  of large energy may s imulate C-;) CC events . This contribution was e 
determined us ing muonless events obtained in the wide -band beam . The number of  

prompt CC events induced by  Ve and ve has been estimated f itting the y 

distributions o f  CC cv� events and of NC 11° background to the experimenta l  dat a .  

A total of 60 . 7  ± 13  (stat . )  ± 5 . 3  ( syst . )  events have been attributed to CC CvJ 
e 

interact ions . From this total  the corresponding number of NC events with 

Eshower > 20  GeV was computed to be 15 . 8  ± 3 . 4  (stat . )  ± 1 . 5  ( syst . ) .  

Subtracting the e lectron neutrino events from the observed number of muonless 

events ,  4 ± 21 events with Eshower > 20 GeV could be attributed to the 

interact ion of other neutrinos or neutrino - l ike particles . 

From this result a l imit on the gluino mass as a function of the scalar 

quark mass was derived . The expected number of photino events was computed by a 

Monte Carlo s imulation . The gluino production cross -sect ion was computed 

assuming the gluon fusion mechanisms ) shown in F ig .  2 .  G luino hadroproduction 

via the gluon fus ion mechanism is enhanced with respect to that of heavy quarks 

of comparable  mass by the colour factor of 8 1/ 7 ,  because gluinos be long to the 

adj oint representat ion of the colour SU ( 3 )  group . G luino decay into a photino 

and a qq pair is described by the diagram of Fig . 3 .  The interaction is mediated 

by a scalar quark whose mass is of the order of the supersymmety-breaking mass 

scale  [ 0 ( 100)  GeV ] . The dominant mechanism for the photino-nucleon interaction 

g g g g I XL  
g g g g 

K g g 

F ig .  2 D iagram for gluon fus ion 

into a gluino pair . 

Fig . 3 D iagram for the interaction 

of a gluino and a photino 

with quarks . 
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mass o f  the s c a l ar quar k .  The broken l ines show the g l u ino l i fe t ime 
cons t r a ints . 

is the invers e of g luino d e cay7 ) . For a s c a l a r  quark mass equal to the W-boson 
mas s the photino cros s - s ection is expected to be o f  the s ame order as the CC 
neutrino nuc l eon cros s - s e ct ion . The r e s u l t s  are p lotted in Fig . 4 .  The s o l id 
curve is a l ow e r  bound at the 90% CL on the g l u ino mass as a function of the 
s c a l ar quark mas s . The broken l ines ind i cate the g l u ino l i fet ime constraints . 

In conc lus ion , the r e s u l t s  of t h i s  s e arch for supersymmetric part i c l es do 
not favour the existence of low-mass g l u inos ( <  2 GeV) and s c a l ar quarks 
(< 100 GeV ) . 
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Supersymmetry is reviewed from a particle theorist viewpoint . The main 
underlying properties are des cribed and confronted to the requirements of 
model building . The low-energy approximation to broken supergravity gauge 
theories is analysed , with some emphasi s  on the problem of the spontaneous 
breaking of SU( 2 ) xU ( l )  invariance . 
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INTRODUCT ION 

Supersyrmnetry ( I , Z) a maj or field of activity in nowadays particle 
physics , is becoming so famil iar to have a nickname , Susy . It is generated 
by fermionic charges that transform bosons into fermions , and vice-versa, in 
contrast with the usual syrmnetries relating particles of the same spin .  

Particle physics i s  formalized as a gauge field theory . The fundamental 
gauge interactions are mediated by vector bosons associated to local symme­
tries connecting matter species . Matter constituents (quarks and leptons ) are 
described by fermionic degrees of freedom. Finally, Goldstone-Higgs scalars 
are introduced to break some of the gauge syrmnetries and to provide the addi­
tional degrees of freedom that make the corresponding vector bosons mass ive 
and their interactions short-ranged . They also give masses to the fermions 
through Yukawa interactions . Since Susy connects bosons and fermions it could 
in principle reduce the arbitrarinesses in the theory through the relations 
among interactions and between bosonic and fermionic masses . In practice this 
appealling idea has not yet been realized because gauge and Goldstone bosons 
have different quantum-numbers than those of matter fermions . Ins tead , in 
the existing realistic models one has to introduce a new degree of freedom, 
a supersyrmnetric partner with the oppos ite statistics , for each particle in 
a normal gauge model .  This is a rather disappointing way to insert Susy in 
particle phys ics but it looks unavoidab le if Susy has some relevance at low 
energies , which in this context are defined to be in the TeV region of the 
weak or Fermi scale . Indeed, there is no evidence for these new Susy parti­
cles in the present experimental ranges of energies ,  which means that Susy 
is broken at higher energies . 

However ,  Susy has another fundamental property . In general , syrmnetries 
may reduce the quantum divergences . Actually, because of the boson-fermion 
degeneracy , there are cancel lations between quantum loop corrections in 
supersymmetric theories . This has led to the construction of supersymmetric 

. . . . ( 3) . d 1 1 "  h quantum gravities , or supergravities , in or er to pa iate t e non-
renormalizabi lity of the gravitational interactions . The next logical step 
is to couple supergravity to the gauge theory . In the appropriate flat limit 
at low energies , where gravitational interactions are neglected, one ends 
with a supersymmetric effective theory (eventual ly with some residual Susy 
breaking due to gravitational effects) . An extremely amb itious des ign would 
be to relate gravity and gauge interactions through Susy , in a complete 
unification of the fundamental interactions . That would be hopefully realized 
in N=S supergravity , in a way that is not clear yet ,  in spite of the recent 
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impressive progress in the field . 
But Susy has a simpler, somewhat technical , application in gauge models 

of particle physics , which is more accessible at the present level of under­
standing of quantum field theory . Indeed , the introduction of Higgs s calars 
and their interactions in gauge models brings also quadratic divergences in 
the quantum theory . Even if these divergences may be controlled through the 
renormalization procedure , in grand-unified models their compensation becomes 
very unnatural due to the presence of very different scales in these models . 
This is the so-called hierarchy problem : how to incorporate in a gauge model 
both the grandunification scale (M > 1 0 1 5  GeV) and the weak interaction or x �  
Fermi scale (M � 1 02 GeV) . In supersymmetric theories there are no quadratic w 
divergences .  Small parameters can be kept small ,  and as such they are control-
led by the scale of supersymmetry breaking, Ms . The technical hierarchy problem 
is solved and ,  even more , Mw may be related to Ms . This more pragmatic moti­
vation( 4) has developed in several models of supersymmetric grandunification . 

Supergravity ( Sugra) ( J ) or 1.ocal Susy is the supersymmetric extension 
of quantum gravity . Model building started with global Susy by assuming that 
all gravitational effects may be neglected from the very beginning . The main 
problem in these early attempts was how to introduce Susy spontaneous breaking 
in such a way that all the bosonic Susy partners of the usual leptons and 
quarks are systematically lifted to a mass scale cons istent with the fact 
that they have escaped observation . Instead, through the construction and the 
. . f 1 1 1  . h . C5) . . d inspection o oca y supersymmetric  gauge t eories it was recognize at 
once that : the spontaneous breaking of local Susy (Sugra ) tends to make the 
scalar bosons mass ive . In spite of this , it has been shown that spontaneously 
broken supergravity is consistent with the existence of the massless Goldstone 
bosons needed for the breaking of gauge symmetries (fi , l) . Because of these 
promising circumstances the supergravity fever has spread among theorists . 
Experimenters should now the contaminated also .  

I shall try to describe , at  an introductory level , the main properties 
of supersymmetric field theory that seem relevant to particle physics and 
could motivate the incorporation of this novelty in our understanding of 
Nature . Both the mathematics of a complete formulation and the technology 
of model building will be diminished in this otherwise theoretical review(*) . 

(*) The references are strictly limited to a selection of some representative 
work related to supersymmetry . I apologize to authors whose contributions are 
omitted here and I urge the interested reader to inspect the review papers 
quoted here for a complete b ib liography . 
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Th • 1 b . f . 1 (S)  ( . e crucia su J ect o experimenta tests of Susy theorist proposes , 
Experimenter disposes) will be essentially passed over s ince it is nicely 
covered in other contributions to this meeting (9) . 

It goes without saying that several important topics have been skipped 
here . Fortunately, the important subj ect of cosmological implications of Susy 
models is discussed in other contributions to this meeting as well as to its 
twin meeting on astrophysics . 

SUSY : A NEW KIND OF LOCAL SYMME TRY 

Supersyrnmetry is the only non-trivial extension of the Poincare inva­
riance consistent with general principles of field theory . The usual symme­
tries , l ike the gauge invariances associated to the strong and electroweak 
forces , are generated by scalar charges , closing a Lie algebra . Susy genera­
tors are spin 1 /2 charges , that wil l  be denoted in two-component notation 

- * 
by Qa (a= l , 2) and Q� = (Qa) (corresponding to the four real components of a 
Maj orana spinor) . Besides the obvious algebraic relations defined by the 
behaviour of the spinorial charges under Lorentz transformation , the Susy or 
SuperPoincare algebra is characterized by the non-trivial anticornmutator 

{Q Q · } = 2 (cr ) • Pµ a' a µ aa ( I )  

where Pµ is the 4-momentum operator, generating trans lations . As a fermionic 
charge, Qa transforms a fermion into a boson with the same quantum numbers 
(colour , flavour) , and vice-versa .  

Supersyrnmetry should be a local invariance . Indeed, quantum gravity i s  
believed to  be the dynamical theory of local Poincare invariance ,  the gra­
viton acting as the gauge boson .  As a non-trivial extens ion , the SuperPoincare 
invariance has to be also local ,  its quantum theory being supergravity . Global 
Susy could be at most a good approximation if all gravitational effects may 
be neglected . The gauge particle associated to the spinorial charge is a 
spin 3/2 fermion, the gravitino . 

This leads to the aesthetical situation where all fundamental symmetries 
in Nature are local , and, as such , related to fundamental gauge interactions . 
Clearly , Yukawa and scalar interactions are also needed that in principle are 
not completely fixed by the local invariances . However they turn out to be 
severely restricted by Susy . This fact will result in less divergences and 
more predictions in the model s ,  with the possibility of increasing the number 
of calculable parameters . 

Supersyrnmetry may be extended by the introduction of a number N_:: 8 of 
spinorial charges ,  Qi ( i= I , 2 , . . .  N) . This would introduce more restrictions a 
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in the theory . In particular , there are less divergences a s  N increases 
for N=2 masses are not renormalized( l O) and for N=4 the gauge coupling cons­
tants are not renormalized( ! ! ) . However there is also a maj or difficulty for 
the construction of realistic models . For N > 1 ,  left-handed and right-handed 
fermions are related by supersymmetry ,  so that they must behave in the same 
way under the gauge group , G ,  as far as the Susy charges commute with G .  
Then, there is no known mechanism to introduce parity violation in the gauge 
interactions since this is currently done by putting left-handed and right­
handed fermions in different , complex representations of the gauge group . 

Therefore we shall restrict ourselves to the case of gauge theories 
with local N= l Susy , namely , to Yang-Mills theory coupled to supergravity . 

THE PART ICLE SPE CTRUM OF SU SY  

In order t o  study supersymmetric theories , one has first t o  consider 
the sets of fields and particles that transform as irreducible representations 
of the Susy algebra, usually called supermultiplets . They consist of an equal 
number of bosonic and fermionic components . 

A mass less vector supermultiplet (W,:\) has a vector boson, W (helicities 
± 1 ) ,  and a Maj orana fermion, :\ (helicities ± 1 /2 ) . These are the fields of the 
gauge sector, required in a supersymmetric pure Yang-Mills theory . One intro­
duces one multiple t (� , :\A) in correspondence with each charge TA of the gauge 
group G (A= l , 2 ,  . . .  dim G) . The fermionic partners :\A of the gauge bosons � 
are usually called gauginos . In the SU(3) xSU (2 )xU( l ) gauge theory of s trong 
and electroweak interactions , the vector multiplets are then 

(2) 

where we denote by � the Susy partners of the usual particles . Here , the new 
fermions are named gluinos , photino , winos and zino , respectively . In the 
extension to a grandunified SU(S ) one has to add the gauge bosons X ,Y ,  with 
lepta-quark quantum numbers and their gauginos X,Y. 

The appropriate supermultiplet of particles to describe matter is the 
chiral multiplet Cw , z) . It cons ists of a Maj orana fermion , w, and a complex 
scalar ( i . e . ,  two real scalars ) ,  Z .  The Higgs s calars also belong to chiral 
multiplets together with new fermions . In practice one then needs the follo­
wing types of chiral multiplets : 
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( � ) quark 
squark ( Jl ) \ 1' 

lepton 
slepton 

Higgs ino 
Higgs boson 

Notice also the names and notations for the new states . 

( 3) 

These are the supermultiplets that are needed in a phenomenological 
globally supersymmetric gauge model . For local Susy , the gauge supermultiplet 
of supergravity has obviously to be introduced . The graviton multiplet con­
sists of the graviton (helicities ±2) and the gravitino (helicities ±3/2) . 
It couples to the vector and chiral multiplets o f  the gauge theory through 
the gravitational coupling constant, K = I /� , where Mp is the Planck mass 
of 0 ( 1 0 1 9  GeV) . 

The most general Lagrangian for supergravity coupled to a gauge theory 
has been recently produced (S) . The theory is not renormalizable, which is an 
embarrassing problem in the context of particle physics . The pragmatic atti­
tude has been to take it as an effective Lagrangian and to consider its f lat 
l imit ,  � + 00 ,  where the gravitational interactions are decoupled . 

S UPERSYMMETR I C  INTERACTIONS 

A detailed discussion of the supergravity Lagrangian is far from the 
scope of this report . Furthermore , the matters will be simplified by assuming 
canonical kinetic terms (S ) for both gauge and matter fields (this assumption 
will be briefly revised later) . We introduce the appropriate set of vector 
multiplets (WA, AA) for the gauge group G and matter species ( i= l , 2 ,  . . .  ,n) 
through chiral multiplets (�i , Zi ) ,  transforming according to some represen-
tat ion of G : 

( 
�i \ 0 \ zi ) 

�j 
E TAi ( \ 
A j zj ) (4) 

The complete theory is then determined by the choice of the "superpotential" , 
an analytic G-invariant polynomial in Z ,  of dimens ion 3 , 

A + ll . zi + I i j  I i j k  f (Z) = 1 2 mij z z + "b Aijkz z z + M ( . . .  ) p 
(5) 

where powers of M- I are introduced in the terms with more than three scalar p 
f ields for dimens ional reasons . 

Then, besides the usual kinetic terms and the associated minimal cou­
plings to the gauge bosons of all the gauge and matter fields , the theory 
has the following interactions (fi (Z) = 3f/3Z

i ) 

( i) Yukawa interactions , 



v 

Lyukawa 

( i i )  Scalar interactions , 
2 2 * 2 i zi l /MP { \ Zi f (Z) I e f .  (Z) +--2-1 MP 

3 l f tz) i
2 1 ..!.. 2 1 z*TAizj l 2 � f + 2 gA i j 
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\OJ 

{ 7 ) 

There are also other gravitational terms that are irrelevant for the 
discussion here . At energies << � · one can neglect the gravitational inter­
actions . If there is no parameter of O {�) in the superpotential f (Z) that 
defines the theory ( in particular if no f ield acquires VEVS of O (Mp) )  then 
all gravitational terms disappear , there remain no traces of local super­
symmetry , and one ends with an effective low energy theory with global 
supersymmetry . The opposite case where residual supergravity interactions 
play some role at low energies will be discussed later .  By neglecting all 
terms with inverse powers of � · the scalar potential becomes that of global 
Susy 

V(Z) (8) 

f .  1 

Let us display the resulting interactions characteristic of global 
supersymmetry theories . For each one of the usual interactions in a normal 
theory there are new ones required by Susy transformations . Pure gauge inter­
actions are related to those of gauginos : 

(9 ) 

The gauge couplings o f  fermions and saalars to gauge bosons are completed 
by Yukawa interactions involving the gauginos and by special 4-scalar inter­
actions : 

( 1 0 )  
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Final ly , for matter-matter interactions , the Yukawa couplings are 
related to scalar couplings : 

:>-- -- - z 

z .... ,,,, z ' / ' .... / 
> "'  

/ 
/ >..2' .... 

/ ' 
z ./ .... _ z 

( I I ) 

Thi s  pattern of interactions has both theoretical and phenomenological 
impl ications to be discussed below .  An obvious remark is that the interactions 
have the same s trength for the new "Susy particles" as for the "usual" ones . 
Also , Susy particles should be produced by pairs . If they have not been obser­
ved , their production thresholds must be high enough (up to s ignature problems ) . 

SUSY AND THE H IERARCHY PROBLEM 

The set of constraints that Susy imposes on renormal ization are often 
referred to as "non-renormalization theorems" ( I Z ) . Let us recall some of these 
important results without any proo f .  

( i )  Susy may b e  spontaneously broken only a t  the tree (0th) level in 
. . ( 46) perturbation theory, i . e . ,  there i s  no Coleman-Weinberg mechanism (brea-

king through quantum loops) for Susy . Th is means that spontaneous Susy brea­
king can be s tudied at the class ical level ( in the ab sence of non-perturbative 
effects) (*) , wh ich is a comfortab le s impl ification. 

( i i )  There is no quadratic divergences in Susy theories . In general , 
the scalar boson mas ses are quadratical ly divergent . However , Susy implies 
the degeneracy between scalar and fermion masses . S ince the latter are only 
logarithmically divergent , scalar masses have also to share this property 
at any order of perturbation (also because of the theorem ( i) above) . It i s  
ins tructive to  see how the cancellat ion of quadratic divergences occur at 

(*)____________ . Non-perturbative breaking of Susy has been first discussed by E .  Witten ,  
Ref . 4 . 
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the one-loop level ; as a consequence of the Susy interactions . The diagrams 
contributing to scalar mass terms from the gauge interactions in Susy theories 
are (*) 

w 

z - -+ - � - � - - z 
g z g 

>. 

z - - � -o- � - -· z  
g g 

iji 

( 1 2) 

and one eas i ly checks that the quadratic divergences of these diagrams cancel 
each other . The same cancellation between bosonic and fermionic loops occur 
for diagrams arising from matter-matter interactions : 

z -
.... �-/ z " \ , \ 

\ I 
' ,, '  - � - - � - - -,_2 �-·- z  z--� -A_.+--Z "W (13) 

This property is a fundamental motivation for physical appl ications in connec­
t ion with the hierarchy problem, as we will discuss later . 

( iii) The logarithmic divergences also present remarkable properties . 
There is only one independent renormalization constant per supermultiplet . 
In the language of the renormalization group approach this means that : 
(a) the anomalous dimensions of the fermionic and bosonic fields are the same 
(b) the S-functions governing the scale dependence of the coupling constants 
are algebraically related to the anomalous dimensions . Indeed ,  in a particular 
gauge, the so-called Wess-Zumino-Landau gauge , one finds at the one-loop level , 
the following relations for the dependence on the renormalization scale µ ( ! 2) : 

dm . .  l.J 
d (.Q,nµ) 

while the anomalous dimens ions are 

( 1 4) 

(*)�:
-
�
-
:���:� of fact , one has also to require that the generators TA of 

the gauge group G are traceless ,  TrTA = O .  
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The S-function for the gauge coupling constant is 
2 

S = � {3C2 (G) - Tr(TATA) }  
1 611 

( 1 5 )  

( 1 6 ) 

where c2 (G) is the Casimir operator of the adjoint representation of  the 
group G and the trace is taken over all chiral supermultiplets (the genera­
lization to semi-simple groups and U( l ) -factors is straightforward) . 

Eqs . ( 1 4) have a very interesting consequence . Usually ,  if a particular 
coupling constant Aijkis arbitrarily assumed to vanish at some renormalization 
point µ0 , it will be non-zero at different scales : the corresponding inter­
actions are regenerated by radiative corrections . This situation can be avoided 
in Susy theories . Indeed ,  suppose one requires some Aijk = 0 at µ0 • Then , 
according to Eq . ( 1 4 ) , A .  'k = 0 at any scale , unless it is connected to some 

!l 1J 
A!ljk f 0 through Si f 0 ,  which requires the existence raf pairs of states coupled 
to both i and !l . Unfortunately , this very special situation may occur in physi­
cal applications ( e . g .  in the so-called "decoupling property" and "singlet 
problem") and introduce unwanted couplings through radiative corrections even 
in Susy theories ( l )) . 

An important property of the previous theorerrs is that in Susy theories 
the VEV' s of f ields (fixing the scales or order parameters of symmetry 
breaking) are essentially unnafected by radiative corrections . This has 
suggested (4 , l 4) to use Susy to solve the "hierarchy problem" which we now 
turn to discuss . 

In SU(S ) grand unified theories (*) , one has to introduce two scales : 
(i) the SU(S ) breaking or GUT scale of 0 ( 1 0 1 5  GeV) associated to the VEV of 
some scalar, <L> ; (ii ) the SU(2)xU ( l ) breaking or Fermi scale of 0 ( 1 02 GeV) 
associated to the VEV of some Higgs doublet , <H> . We will refer to these 
scales by the masses o f  the corresponding gauge bosons : Mx � g<L> and 
Mw � g<H>, respectively . They have to satisfy the phenomenological requirement : 

( 1 7) 

In normal GUTS one has to impose this relation at each order of perturbation 

(*);:�
-
�:;���teness we assume the SU(S ) gauge group . The problem appears 

in any GUT . 



theory . Indeed quantum loops introduce corrections of  O(gn M;) to M;. for 
instance from diagrams like ( 1 3) with H as external legs and L as internal 
fields (assuming that the quadratic subtractions are performed at the scale 
Mx , for instance) . In order to have the relation in Eq . ( 1 7 )  one needs a 
fine-tuning of parameters within :?:, 1 2  digits at any perturbative level . This 
is the technical hierarchy problem . 
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Instead , in Susy GUTS , the non-renormalization theorems ensure a rela­
tion l ike Eq . ( 1 7) to be maintained at any order of perturbation , if it is 
assumed at the tree-level .  In a sense, <H> is protected by Susy against radia­
tive corrections proportional to <L> . This solves the "hierarchy problem" , 
giving a deep motivation for introducing supersymmetry in particle physics . 
Notice that solving this somewhat technical problem is needed as a first 
step towards models where Mw/Mx is understood , i .e . , predicted, and the 
"physical" hierarchy problem can be settled . 

S PONTANEOUS SUSY BREAKING 

There is no experimental evidence for the Susy partners of the usual 
elementary particles . Therefore , if they exis t ,  one has to assume that they 
are massive enough to escape observation . The mass splitting between Susy 
partners give a lower bound on the Susy breaking scale Ms . S ince charged 
scalars have not been observed in e+e- colliding rings , there is an experi­
mental bound on their masses of 1 6  GeV. The existence of very light quarks 
and leptons then imply that Ms :?:, 1 6  GeV. The present l imit on the gluino 
masses , a few GeV , is more model dependent . Therefore , a crucial point is 
how to break Susy in order to produce the mass splittings in the particle 
spectrum, and, then , how to estimate the scale Ms . 

In this context , it is interesting to notice that gauginos and scalars 
are precisely the particles whose masses are not protected by any symmetry 
but Susy itself . Indeed ,  gaugino masses of the Majorana type are not preven­
ted by gauge symmetries . From this point of view , Ms is not restricted by 
gauge symmetries . 

It is possib le to construct Susy gauge models ( l S) with explicit brea­
king of supersymmetry through mass terms in the Lagrangian which are specially 
chosen to provide the required mass splitting . These terms belong to the class 
of "soft" Susy breaking terms ( l 6} , i .e . ,  those that do not introduce quadratic 
divergences in the theory . Hence , these models solve the technical hierarchy 
problem .  However, they have many free mass parameters and there is no 
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indication on how to res trict them(*) . 
The idea of spontaneous Susy breaking is much more attractive . By remem­

bering that Susy is intrinsically a local symmetry ,  we wil l  proceed to discuss 
its spontaneous breaking through a paralle l with the well-known properties 
of gauge symmetry breaking . 

In gauge theories , the vacuum non-invariance is characterized by the 
matrix elements, <HA I TA I O> = � = TA,, , the order parameters . The scalars HA 

are then mass less Goldstone bosons that , through the Higgs mechanism, provide 
the gauge bosons � with a longitudinal mode . Then , the gauge bosons acquire 
masses MwA gA�' proportional to the gauge coupling constants .  Matter f ields 
get masses A V  through their coupling , A, to the Higgs boson multiplet . 

Spontaneous Susy breaking is characterized by the non-invariance of the 
vacuum Qa l o> # 0 ,  implying the existence of a fermion , such that 

( 1 8) 

This Goldstone fermion is the goldstino (it would be massless if Susy could be 
a global symmetry) . The order parameter, M2 , gives the (square of the) Susy s 
breaking scale .  Through the super Higgs effect ( l S) , the gauge fermion (gravi-
tino) with helicities ± 3/2 , together with the Golds tone fermion (goldstino) 
with helicities ± 1 /2 , give rise to a massive spin 3/2 particle . The resulting 
mass of the gravitino is 

1 
� 

( 1 9) 

and is proportional to both the supergravity coupling constant and the order 
parameter, as expected from the analogy with the gauge boson masses . 

From its very structure one sees that m312 gives the scale of res idual 
gravitational e ffects due to Susy breaking , in the f lat l imit ( i . e . ,  when 
gravitational interactions are neglected) . By neglecting m31 2 with respect 
to the lowest scale in the theory , usually Mw ' one looses any trace of the 
gauge aspect of Susy . Therefore , global Susy is a good approximation as far 
as Mw >> m312 , i . e . ,  if 

(*)-------�------
In particular , flavour conservation in neutral current interaction requi­

res ( I S, ! 7) scalars corresponding to different fermion families to be almost 
degenerate in mass .  In these models ,  this has to be put by hand . 



2 2 1  2 Ms = /3 m312 � << Mw� � 0 ( 1 0  GeV ) (20) 

In this approximation ,  the gravitino couples to matter essentially through 
its ( ±  1 /2) golds tino component ,  i .e . ,  proportionally to the coupl ing cons­
tant between the goldstino supermultiplet and matter supermultip lets .  

The relation between M2 and mass differences inside the multip lets is s 
analogous to the mass generation in spontaneously broken gauge theories . 
This relation is then , 

2 - m2 = :\ M2 �oson fermion s 

where :\ is the coupl ing of the goldstino to the corresponding matter fields . 
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If the goldstino belongs to a matter or chiral multiplet , one notices 
that , from Susy , the term :\WGZW in the lagrangian requires also a term 
:\{Q ,wa}ZZ . From Eq . ( 1 8) one then gets a mass term :\M2ReZ2 that gives a mass a G s 
splitting between the real and the imaginary parts of Z ,  symmetrically with 
respect to the corresponding fermion . If the golds tino is a gaugino , :\A, the 
interaction gAWGZ:T

A�Wj is related by Susy to gA{Q W�}z:TA�zj , giving rise i 1 A' . a i J 
to a mass term gAM

2z�T :zJ . The two scalars described by are degenerate and s i J 
shifted by gAT

AM� with respect to the corresponding fermion . These shifts 
. A . . b 1 ( 1 9 )  may have both s igns as far as T is required to e trace ess • 

It is now easy to understand the mass sum rule (20) : 

I 
bosons 

2 m I 
fermions 

2 m 0 

valid for spontaneously broken Susy , at the tree level . 

( 2 1 )  

For gaugino mas ses the analysis i s  more complex .  Let us j ust not ice 
that, at the tree level , gaugino masses are only generated by a non-singlet 
goldstino . Hence the gluinos and photino may get a mass only through radiative 
corrections , the goldstino being colourless and neutral since SU(3) cxU( l ) e .m .  
is an exact symmetry . 

Indeed ,  if some fields are not coupled to the goldstino , implying mass 
degeneracy , the coupl ing may be generated by radiative corrections , under 
some circumstances that have been discussed before . In this case , the mass 
splittings will be typically of the form :\�2 , i . e . , depressed by some powers s 
of the coupling constant (plus logarithmic factors ) .  But we have seen that in 
Susy theories it is possible to avoid such radiative coup lings . Then , we may 
construct "decoupling" models ( 1 3 • 2 1 ) . In these models , the radiative mas s 
splittings wil l  appear only at order M4 so they will be of the form :\nM4/M2 s ' s x ' 
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where Mx is the GUT s cale , aris ing from loop integrations for dimensional 
reasons , These quantum contributions introduce corrections (22 )  to Eq . (2 1 ) , 
For instance , in the decoupling situation , scalar bosons associated to light 
fermions tend to 
experiments . The 
i . e . ,  M2 > M M  , s ........ w x 

become massive , which goes in the direction required by 
price is Susy breaking at a high scale , AnM4/M2 

> ( 1 6  GeV) 2 , s x �  
not very for from the s cale where supergravity effects 

become important . 
Once gluinos become massive ( through radiative corrections) they may, 

in turn, generate s calar quark masses through quantum loops . Indeed,  the 
diagrams ( 1 2 )  do not cancel anymore , s ince the negative gluino contribution 
is depressed by its mas s ,  and one ends with a positive (mass) 2 for scalar 
quarks . 

Susy breaking in connection with diagrams ( 1 3) has a very interesting 
application to gauge symmetry breaking . Indeed , the scalars being heavier 
than the fermions , the positive contribution from the bosonic loops are 
dominated by the negative fermion loop contribution . This results in a nega­
t ive mass term for the external s calars ( 2J) . If these are taken to be the 
Higgs bosons , the internal lines being quarks and squarks , the coupling cons­
tant A is then related to the quark mas s ,  m , through A �  g m  /M . In order q q w 
to obtain SU(2 ) xU ( l )  breaking at the Fermi s cale , GF ' one needs ( taking into 
account logarithmic factors) a large >., such that mq > 60 GeV .  The correspon­
ding quark could be the t-quark or other heavy quark of a new fermion family .  
This idea has some elegance , s ince the SU ( 2 ) xu ( I ) breaking i s  induced by 
Susy breaking effects . It is clear that the t-quark (or other heavy fermion) 
mass also plays a role . Then there is a relation among Ms ( through the scalar 
masses) , Mw and mt . At this stage of the experimental situation, the adoption 
of this scenario remains a question of personal taste . 

The intention of this rather long discussion is to give an impress ion 
of the many aspects of Susy breaking that appear in global Susy GUT mode l 
building . We now turn to a very short summary of these models , their issues 
and problems . Then, we will discuss supergravity models and show their 
advantages .  

GLOBAL S USY  GUT MODE LS  

We wi l l  give a simplified classification 
(**) and D-type model s ,  based on the primordial 

(*5--5�-Fay�t:O 'Raifeartaigh , see Ref .  24) . 
( **) Or Fayet-Iliopoulos , see Ref . 25 ) .  

of global Susy GUTS in F-type (*) 

S b k . h . ( 24 , 25 ) usy rea ing mec anism . 
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In practice they often appear more or less mixed . 
( 2 1  26)  . In F-type Susy GUT models ' , the goldstino is in one of the chiral 

(matter) multiplets . Matter fields feel the Susy breaking through their  Yukawa 
couplings to this goldstino , or , eventual ly through radiative corrections . 
Susy breaking is introduced by a rather special choice of the superpotential 
in Eq .  ( S )  < 24) . In particular , one needs a non-vanishing ni which is always 
associated to a gauge-singlet chiral multiplet .  This  superpotential has also 
to provide the breaking of SU(S ) into SU (3 )xSU(2 )xU ( l )  at the s cale Mx . 

As far as the mass differences between squarks and quarks , s leptons 
and leptons , are concerned ,  the sum rule in Eq . ( 2 1 ) is not very promising 
as compared to the experimental requirements , and , in practice , it turns out 
to be inconsistent with realistic model building ( l S ) . Therefore one has to 
exploit the radiative corrections to introduce mass splittings . The s calar 
quarks turn out to have masses of O (g4\� ) ( 26) , or of 0 ( \2M2/M ) in models 

( 2 1 )  s ( 27)  s x 
with decoupling . Gluino and photino masses are also radiative and of 

2 n 2 2 O (g  A Ms) or of O (g  Ms /Mx) '  respectively . These masses are assumed to be 
around the TeV region . 

The spectrum of these F-type Susy GUTS consists then of : a) a heavy 
world ,  with masses of O (Mx) and (mass ) 2 splittings of O (M; ) ,  consisting of 
s tates that couple more or less directly to the goldst ino and also break 
SU(S )+SU( 3 ) xSU ( 2 ) xU ( l )  ; b) a light world ,  consisting of quarks , squarks , 
leptons , sleptons and some Higgs bosons and their Higgsinos , that are not 
coupled directly to the golds tino and feel Susy breaking only through 
radiative corrections . 

The SU(2 )xU ( l )  breaking is achieved through radiative corrections and 
the non-degeneracy of s tates in the l ight world ( that are those coupled to 
Higgs doublets) . In decoupling models , one then obtains \ 2M2 /M �M which s x w 
gives 

13 M p 

M M w x � p 
( 22 )  

Hence , one should worry about supergravity effects . For the other class of  
models M; is related to Mw through a large number of coupl ing constants and 

-8 -9 one could neglect supergravity effects if Ms � 1 0  - 1 0  . These models are 
cons istent with approximate global Susy , but have a very cumbersome field 
content and ad hoc interactions ( 2 1 • 26) . 

In D-type Susy GUT models ( 2 7 • 28) the goldstino is a gaugino . It couples 
h h A . . h h h h d '  t o  matter t roug gAT , i . e . , wit t e same streng t a s  t e correspon ing 

gauge boson .  Supersymmetry may be broken only if one replaces (2S) 
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( 23 )  

The constants �A may be added only to abe l ian charges TA , because o f  the gauge 

invariance . Thi s  imp l i e s  that the gol d s tino-gaugino has to be associated to a 

U ( l )  factor in the gauge group . As d i s cussed b e fore , the difference in (mas s )
2 

b e tween boson s  and fermions w i l l  be proportional to �- Hence , this abe l i an 

symmetry cannot be the weak hypercharge , Y ,  which has b o th posit ive and nega­

t ive e igenvalues .  One needs some abe l ian charge that has the same s ign for 

all quarks and leptons in order to give pos i t i ve (mas s )
2 

to all s quarks and 

s leptons . Then , some heavy matter f ields are introduced with the oppos ite s ign 

of the abe l ian charge that has to be trace le s s  in a renormal izab le mode l .  A 

S U ( 3 ) x S U ( 2 ) x U ( J ) xU ( l )  model 
< 2 7 l  

has been cons tructed along this lines , but it  

has been not iced that triangle anomalies cannot be avoided . The proposed so lu­

tion was to break this additional U ( l )  at � ·  where renormalization is no more 

under contro l , through some VEV - Mp . But then one has to take care of super­

gravity effects ( 29) . On the o ther hand , it  is not clear how to build a grand­

uni f ied extension of this model . 

As a general remark , the hierarchy problem is so lved by Susy in all 

these model s ,  a t  the expense o f  introducing a very complex s t ructure . Susy 

breaking requires very special interact ions , while reasonab le scalar mas s e s , 

through radiat ive corrections , ask for a very large s cale of Susy breaking . 

A l l  that points to local supersymme try ,  whi ch we how turn to d i s cuss (*) . 

E F F E C T I VE T H E O R Y  F R O M  B RO K E N  L O C A L  S U P E R S Y M M E T RY 

Supergravity interactions may induce the s uperHiggs phenomenon (sponta-

neous breaking of local supersymme try) through s calar fields taking VEV ' s  of 

O (�) , i t s  natural scale ( I S) . In this case one has to reanalyse the f lat l imi t ,  
( 6 )  Mp + = ,  i n  order t o  ob tain an effective theory at energies << Mp 

We s tart with a s ingle chiral multiplet (�G ' ZG) . The superpotent ial in 

Eq . (5 )  may be chosen in such a way that the supergravity potent ial , E q . ( 7 )  

h a s  i t s  minimum value for <ZG> - O (�) . This minimum of the potential is pro­

port ional to the square of the cosmological cons tant which has to vanish in 

a real i s t i c  theory . Intere s t ingly enough , thi s  s i tuation , 

0 V = O  ( 24 )  

(*) _____ _ 
We refer to Ref . ( 30) for a complete , more technical review of the mat ters 

presented in the next two s e c t ions . 
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is very easi ly obtained with a s imple choice of the superpotential,  Eq . {S) , 
such that supersymmetry is broken at the s cale M; = /3 Mpm3 12 , the gravitino 
mass m312 being an arbi trary parameter . The ¢G fermion is the would-be golds­
tino , incorporated with the gravitino through the �uperHiggs phenomenon . 

The next steps in order to obtain an effective theory from spontaneously 
k . . h (6)  bro en supergravity is  t en 

( i )  The goldstino multiplet is coupled to matter multiplets describing the 
gauge theory through gravitational interactions . 
several choices of the superpotential (Zi refers 

1 . 1 . 1 ) ( 6 , 30 , 3 1 , 32 )  sea ars in  matter mu tip  ets , e . g .  

fp (ZG) + f ( Zi ) 
i 3 fp (ZG) f (Z ) /Mp 

fp (ZG) + f (Zi) + � g (Zi) 

This  may be realized through 
to the whole set of complex 

( 25) 

( 26)  

( 27)  

where fp ( ZG) is the superpotential that induces the superHiggs effect ,  with 
<ZG> O (�) ,  and defines the gravitino mas s ,  m312 . The matter superpotentials, 
f (Z)  and g(Z) , will be defined accordingly to the gauge theory under conside­
ration . The gravitational interactions between ZG and the matter scalars , Zi , 
are defined by the potential in Eq . ( 7 ) . 
( i i )  The flat limit , MP +00 is taken , after the shift of ZG ' with the gravitino 
mas s fixed . This defines an effective gauge theory for energies << Mp . The 
resulting scalar potential consists of the global Susy potential , Eq . (8) , 
plus terms that explicitly break supersymmetry . These are "soft" in the sense 
that the resulting theory is renormalizable without quadratic divergences ( l 6 ) . 
They are proportional to m3 12 , that gives the strength of supergravity res i­
dual interactions . More precisely,  one obtains the effective potentia1 (6 , 30)  

( 28 )  

where h (Z) is a cubic analytic polynomial that is  defined by  the particular 
choice of the superpotential , l ike , e . g . ,  those in Eqs . ( 25 , 26 , 27) . Supersym­
rnetry is broken by two kind of terms : 

(29 )  

( 30)  

2 The mass terms ( 29 ) give a contribution m312 to the masses of all s calars 
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in the model . This gives a very natural explanation why scalars should be 
heavier than the corresponding fermions , as required by experiments , and 
solves one of the maj or phenomenological prob lems in Susy theories ( 5 , 33) . 
The universality of this mass term is a result of the assumption of canonical 
kinetic terms . Including a field dependent metrics for the kinetic part of 
the supergravity lagrangian would just replace m;12 in ( 29) by an arbitrary . . h . ( ) ( 30 , 32) matrix wit matrix element of 0 m312 

The cubic analytic polynomials (6) in (30 ) ,  proportional to m31 2 , has 
also an important role in the breaking of gauge symmetries . Indeed ,  the mass 
terms (29) would remove the minima with Z ! O ,  were it not for the terms in 

* 
(30) , that may give negative contributions to Veff (Z , Z ) .  This point wil l  be 
discussed in more detail later .  

Notice that even if local Susy is broken at a scale of lm312 � · matter 
fields that are relevant at low energies only feel this breaking at an effec­
t ive scale m312 , because of their gravitational coupling , 1 /� , to the golds­
tino . The arbitrary parameter m31 2 i s  constrained by phys ical requirements .  
The fact that scalars get masses around m312 from broken supergravity implies 
m312 > 1 6  GeV. But m312 should not be much larger than � (5 • 6 • 33 • 34) . Other­
wise ,  SU(2) xU ( l ) symmetry breaking would be produced by some compensation 
between the terms ( 29 )  and (30) so that scalars would have vacuum expectation 
values of O (m312) .  Then , � would be related to m312 by some algebraic func­
tion of the coupling constants . An educated guess (confirmed by more detailed 
analyses) would then be m312 < 1 TeV . This puts broken supergravity effects 
just in the energy region that is now begining to be explored in particle 
experiments . 

Most of the models in the literature correspond to simple choices for 
the goldstino-matter coupling , such that , in these models 

h (Z) = (A-3) f (Z )  ( 3 1 )  

An interesting class o f  models C3 l ) assumes Eq . ( 26) and has A=3 , i . e . ,  
h (Z) = 0 .  They have the nice property that V eff '.': 0 .  Their minima at V eff = 0 
are defined by the set of equations : 

(32) 

* A' . 
Eq . ( 32) is also a sufficient condition for the vanishing of the Z . T �zJ terms 
in the effective potential C 35) . In general , there are several deg�ne�ate mini­
ma , giving rise to different patterns of gauge symmetry breaking , in close 



analogy with supersymmetric 
* 

potentials . 
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The term m312z 
tions . Then, the gauge 

in Eq . (32) may drive VEV ' s  of O (m31 2) in certain direc­
symmetry breaking may be induced by residual supergra-

vity interactions ,  the characteristic scale been O (m312) .  For more general 
expressions ( e . g .  A -#  3) of the potential the minimization is more involved 
but the possib ility of supergravity induced gauge symmetry breaking persists 
under some circumstances to be discussed later . 

In the physical situation , the low energy broken gauge symmetry is the 
SU(2) xU ( l ) invariance of electroweak interactions , and the problem we will 
discuss is how to induce its spontaneous breaking through the residual super­
gravity interactions . The relevant low energy effective potential is defined 
after both supergravity and grandunified gauge symmetries are spontaneously 
broken . In particular , the heavy fields , with masses of O (M ) have decoupled(*) . x 
All mass parameters in the effective theory have to be residues of the super-
Higgs mechanism. They are of O(m312) � O (Mw) « Mx . Any (technically "natural") 
fine-tuning of grandunified mass parameters has to be avoided. It is possible 
to construct GUT models where this situation is realized(3S) . The effective 
superpotential , f (Z ) , in Eq . (28) , as well as the analytic function h (Z) , can 
have only trilinear couplings 

(33) 

2 i . e . ,  only dimensionless Yukawa coupling constants , to O (m312/Mx) .  Models 
that satisfy the relation in Eq . (3 1 )  with an homogeneous trilinear superpoten­
tial , Eq . (33 ) have the interesting propertyC39) that the existence of non­
trivial ( Zi # 0) minima is controlled by the value of  the parameter A .  It is 
eas ily checked that for A < 3 the absolute minimum is the trivial one , z . = 0 ,  
V = 0 .  The first models (G'  ?) had A =  3-13 and needed a ( fine-tuned) mass �ara­
meter of O (Mw) to break SU (2 )xU( l ) .  The case A = 3 has already been discussed 
there are , in general , several degenerate minima . 

The interesting case , at leas t at the tree-level , is A >  3 ,  where the 
absolute minimum is obtained for Zi -I O. This is j ust because the negative 
contributions from the trilinear terms become large enough . Therefore , gauge 
invariances may be spontaneous broken at the tree-level by supergravity 

(*);�:-�::�:;��:;-of heavy fields in 
peculiarities (36 , 37) . In particular , 
sed in the next section . 

the presence of broken Susy has some 
gaugino masses are generated, as discus-
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interactions at  s cales of O (m312) for A >  3 .  
At the quantum level , however ,  the parameters in Eq . ( 28) will have a 

logarithmic dependence in the energy s cale . Since g2ln(m312/Mx) � O ( l ) ,  the 
form of the effective potential at scales l ike m3 12 or Mw ' which is relevant 
for low-energy physics , may be rather different from the effective potential 
at scales of O (Mx) or O (�) where the contact is made with the supergravity 
lagrangian . In particular , the minima of this potential are no more cons trai­
ned by non-renormal ization theorems because of the explicit soft supersym­
metry breaking interactions . Their pattern has to be analysed by taking 
radiative corrections into account . It looks attractive to require a simple 
form of the effective theory at very high energies ( say ,  Mx , to take into 
account the grandunified symmetry breaking) . Hence , we will  assume canonical 
kinetic terms in the Sugra lagrangian and the effective potential in Eq . ( 28) , 
together with the res trictions in Eqs . ( 3 1 )  and ( 33 ) , as boundary conditions 
at s cales of O (Mx) .  Then we will  introduce the energy dependence of these 
parameters at the one-loop level in order to discuss the SU(2 )xU ( l )  breaking 
in the presence of supergravity . But , firs t ,  we have to study the question 
of gaugino masses which , besides their phys ical relevance , play also some 
role in the rescaling of  the scalar potential parameters . 

GAUGING MAS S E S  

Gaugino masses may arise in several ways . A (non-canonical) field 
dependent metrics for the kinetic terms of  the gauge supermultiplets may give 
rise to a Maj orana mass to gauginos (S ) . This would introduce another soft 
supersymmetry breaking term in the effective Lagrangian .  Such tree-level 
gaugino masses are free parameters of O (m312) (one for each simple or abelian 
factor in the gauge group) . 

Spontaneous breaking of some gauge symmetries also give masses to the 
corresponding gauginos through their mixing with the fermionic partners of 
the would-be Golds tone bosons . This happens to gauginos with lepta-quark 
quantum members in the context of grandunification, which get masses of O (Mx) ,  
as wel l  as , to the fermionic partners of the intermediate weak bosons , which 
acquire masses of O (Mw) .  

Gauginos associated to unbroken symmetries at the grand-unifying scale , 
Mx, get mass contributions from one-loop quantum corrections due to the Susy 
breaking splittings in the masses of the ultraheavy particles ( those acquiring 
masses of O (Mx) ) .  These radiative masses are given by the simple express ion (40) 

T (R) ( 34) 
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where the trace is taken over the gauge representation R of the heavy chiral 
supermultiplets . The contributions from usual representations of SU(5 )  are 

( 5 )  I ( 24) 5 T (50) = 3
2
.) , T = z- , T  = , T ( 75 )  = 25 ( 35 )  

For instance , i n  a recently proposed model (without fine-tuning) ( 3S) , one 
has T(R) = 9 7 .  The factor n � 0 ( 1 )  depends on the goldstino coupling to the 
heavy matter and, in particular , on the value of A. For the popular A =  3 
case , n = I .  The logarithmic renormalizat ion of µA is taken into account by 
the scale dependence in the gauge coupl ing aA . In particular , the photino 
and gluino masses are related by 

8 ae .m .  
3 as (m3/2) 

I 
"" 6  ( 36) 

E q . ( 34) suggests rather large masses for gluinos in Sugra GUTS .  Since 
T (R) > 6 (much larger in models without fine-tunings ) ,  

µ� > a (µ�)m312 > 4 GeV g � s g ( 3 7 )  

as  m312  > 1 6  GeV. This is consistent with the present experimental bounds ( 4 I l . 
From this point of view , non-canonical kinetic terms are not needed . 

One-loop contributions to gaugino masses from l ight multiplets are very 
smal l <42l . The trilinear soft interactions in Eq . ( 28) induce logarithmically 

. . h 1 1 1 ( 1 6 ,42 , 43 )  h '  . 
. divergent gaugino masses at t e two- oop eve . T is is consistent 

with the fact that gluino masses are free parameters in the effective theory . 
By imposing boundary conditions such to make the contact with minimal ( i . e . ,  
canonical kinetic terms) supergravity at scales of  O (Mp) ,  the two-loop 
corrections become negligib le (as compared to one-loop contributions ) .  Roughly 
speaking the gluino mass should not differ from m312  by more than one order 
of magnitude , in either direction , whatever the mass generating mechanism may 
be .  

RE NORMAL I ZATION PROP E R T I E S  

Let us consider the one-loop renormalization o f  the following scalar 
potential C 40 l  

which is the most general form consistent with renormal izat ion effects under 
the following assumptions for the boundary conditions at energies of O (Mx ,MP) :  
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a )  Eq. (33) , to  avoid fine-tuned parameters . 
2 k k b )  Aijk = AR,jkoi , such that , e . g . ,  Bi = Sioi in Eq . ( 1 4) , in order to avoid 

representation mixing , that could spoil decoupling properties and also flavour 
conserving in neutral current interactions . This allows for the definition 
of the parameters Aijk " 
c) We assume the boundary conditions mi (M1,} m;12 and Aijk (M,.) = A , i . e . , 
universality of the golds tino (gravitational} coupl ing to the matter fields . 
(The parameter m312 so defined could differ from the actual gravitino mass 
by a factor of 0 ( 1 )  if non-canonical terms are allowed cons istently with our 
assumptions ) . 

The s cale (µ) dependence of the parameters in Eq . (38) at the one-loop 
level is given by the following renormalization group equations : 

(39)  
d 2 I { 1 2 2 2 2 2 2 

dlnµ m1. = --2 I f . [m . +m +m +m312A . ] 
1 611 1mn 1 m n 1mn 

together with Eq . ( 1 4 ) for Aijk " These evolution equations are particular cases , 
appropriate to the assumptions b) and c) above , of more general results (40) . 

In order to illustrate the renormalization effects on the minima of the 
Sugra effective potential , let us consider a very simple case ,  with just one 
chiral multiplet , and 

f (Z) = !: z3 
3 

V -- I ' z2 I 2 + mz
2 I z 1 2 A ( 3 z* 3) A + 3 A m31 2 Z + 

which has a local minimum at Z = 0 and another one at 

A m3/2 
l z l = _2_A _  CJ 

v .  min 

4 4 A m3/2 2 (CJ ) - � CJ \6 - p 

J +ll -B p 
CJ = 

__ 2 __ _ 

2 mz p _2_2_ A m3/2 

(40) 

( 4 1 )  

for p < I /8 . The Z # 0 solution is the absolute minimum for p < l /9 . From the 
renormalization group equations , Eqs . ( 1 4) and (39) , one obtains ( for p < 1 / 3) 

(42) 

Therefore , for µ of the order of l z l  in Eq . (5 ) ,  the absolute minimum is 



obtained at this non-trivial value of Z ,  if p (µ) < 1 /9 ,  i .e . , 

p (µ0) - l /9 

l -3p(µ0) 
(43) 

Therefore , if I /3 > p (µ0 = Mp) > I / 9 ,  for small enough valu;s of µ/� the 
non-trivial minimum may be driven by radiative corrections ( ) • In realistic 
models , which we now turn to discuss , the situation is more involved due to 
the coexistence of many fields . 

SUPERGRAVITY WE INBERG- SALAM MODEL 
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Let us consider now an explicit SU(3) xsu(2 )xU ( I )  model with spontaneously 
broken local supersymmetry . Matter supermultiplets whose fermionic components 
are the usual ( left-handed) quarks , antiquarks , leptons and antileptons have 
to be introduced in the following representations of the gauge group : 

Qi � ( 3 , 2 , 1 /6 ) , Ui � (J, 1 ,-2/3) , Di � (J , 1 , 1 / 3) , 

Li � ( 1 , 2 ,- 1 /2) 
(44) 

where i= l , 2 , 3  is a family index . SU(3) and SU(2) indices will be omitted . One 
has also to introduce two Higgs supermultiplets containing two doublets of 
Higgs scalars with opposite weak hypercharges 

H � ( 1 , 2 ,  1 /2) H '  � ( 1 , 2 , - 1 /2) (45) 

such that the contributions of their fermionic components to the anomalies 
will cancel each other . The mos t general trilinear SU(3)xsu(2 )xU ( I )  invariant 
superpotential constructed out of the complex scalars in the multiplets (44) 
and (45) is 

fM = hu . H QiUi + hD . H '  QiDi + hE .H '  LiEi i i i 
(46) 

(the same notation is used for supermultiplets and for their scalar components) . 
The Yukawa coupling constants are related to the lepton and quark masses through 

m = h <H> u . u. i i 
m = h  <H ' >  d .  D . 

i i 
m = h <H ' >  e . E . 

i i 
(47) 

and are required to be rather small as compared to the gauge coupling constants, 

(*) __________ _ Notice ,  for further use , that the potential minimum in Eq . (4 1 )  is 
proportional to A-2 . 
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with the possib le exception of mt = m U3 
As discussed before we want to induce VEV ' s  for H and H ' ,  that break 

SU ( 2 ) xU ( l ) , from Sugra residual interactions . In a first step we neglect 
radiative corrections and consider the effective potential in Eq . ( 28) together 
with Eq . ( 3 1 ) ,  defining the parameter A. For A :  3 ,  the potential as sociated 
to fM would have a minimum for <H ' >  = <L> = <E> , which is  unnacceptable s ince 
it would break the electromagnetic gauge invariance . One has to introduce 
new terms in the superpotential involving only H and H ' . This requires a new 
gauge s inglet supermultiplet Y ,  and 

(48) 

so that the whole superpotential is  fM + fB ( the Y3 term is needed to avoid a 
Goldstone boson associated to a broken global U ( i )  symmetry for \ ' = 0 , when 
the scalars take non vanishing VEV ' s ) We will  discuss the role of fM later on , 
and will firs t consider only the fB superpotential . From the previous discus­
s ion , the corresponding potential has a non-trivial minimum <H> = <H ' >  f 0 
for A >  3 ( an inequality is also required between A and \ ' to avoid solutions 
with only <Y> f 0) . The SU(2 ) xU( l )  breaking is  induced by Sugra : this will be 
called the s inglet mechanism<39l .  The weak boson mass will  be related to m312 • 
For s impl icity, we consider the "magic" case : A =  3 .  Solving the set of 
equations resulting from Eq . ( 32 )  we get a solution with ( 3B) 

m312 ( \ ' ) 1 / 2 
<H> = <H ' >  = -A- \ I ±  [ 3\ [ , 

m3/2 <Y> = -\- (49) 

which breaks SU ( 2 )XU ( l ) . The resulting weak boson mas ses are related to m312 
by 

(SO )  

The mass  spectrum of the particles in  the model is  as  follows ( 3B) . Their 
are two charged fermions , with masses 

2 
(M2 m3/2\ l /2 
\ w + -4-) ± 

m3/2 
-2- (S l )  

and two neutral fermions with masses re lated to ( S l )  by Mw ->- M2 = Mw/cos8w' 
as we ll as two more neutral fermions with masses of O (m312) .  Charged Higgs 
scalars acquire a mass 

(S2) 



while a neutral scalar has a corresponding mass with Mw + M
z . The remaining 

(* ) four neutral s calars have masses of O (m312) 

The scalar leptons have masses m312 , up to corrections of O (m�) and 
small renormalizat ion effects . The scalar quarks get masses ( 40)  

2 !I}.., q ( 53) 
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neglecting the quark masses (which could be a bad approximation for the t-quark 
s calar) . The term proportional to the gluino (mass ) 2 is introduced by the 
renormalization due to strong interactions . 

Now, one has also to take into account the remaining part of the super­
potential, fM , given by Eq . (46) , in addition to fB . For A=3 , this introduces 
a further series of degenerate solutions which break colour and/or e .m .  inva­
riance . One cannot assume A >  3 to lift this degeneracy , s ince this  would 
always favour the wrong solution that breaks the e .m .  gauge invariance <43) . 
The origin of this problem is due to the fact that the Yukawa coupling asso­
ciated to the electron is the smallest coupling constant in the whole super� 
potential (see Eq . (47) ) .  Indeed,  as suggested by the s imple example in Eq . (4 1 ) ,  
the preferred solution will b e  that corresponding to the smalles t coupling 
constant . 

A possible way out of this puzzling s ituation is provided by the 
quantum corrections . 

S U ( 2 ) x u ( l )  B REAKING IN  S UP E RGRAV I TY 

We have already emphasized the role of radiative corrections in the pro­
b lem of supergravity induced gauge symmetry breaking . Now , we will discuss 
two approaches to this question in the physical situation of the extended 
Weinberg-Salam theory . 

One poss ibility ( 40)  is to consider the singlet method described above 
and to see under which conditions the acceptab le solution <H> , <H ' >  # 0 may 
be favoured by radiative corrections . We start with the potential in Eq . ( 30) , 
with the couplings defined by the superpotential fM + fB , Eqs . (46)  and (48) . 
Let us first note that the parameter A cannot be very small  because of Eq . (50) , 

(*)�::-;:;�(:;)-;or a more detailed discuss ion of the mass spectrum, including 
the gaugino masses neglected here . 
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whe.re MW and � are known and m312 > l 6GeV • The other coupling constants 
that may be relatively large are the gauge couplings of SU(3)XSU(2)xU ( l )  
(gs · �· g ' )  and possibly the hT coupling , governing the t-quark mas s .  These 
are the parameters that have to be taken into account in the adequate renor-

2 2 malization group equations , Eqs .  ( I  4) and (40) . We assume Aijk = 3 and mi = m312 
at � and s tudy the behaviour and the minima of the s calar potential for rea­
sonable choices of "- • "- ' ,hT . The SU(3)xSU (2 )xU( J )  solution (Y # 0 ,  H=H ' =O) is 
avoided if one chooses A1 �/,. at �· For instance , by taking at the scale Mx 

,_2 ,_ , 2 
0 . 1  411 = � =  

'\HH ' = '\yy = �TQ 3 

h2 
T 

411 = 

2 m .  1 

0 .0004 

2 m3/2  

We find after rescaling the parameters down to  energies � O (Mw) '  the values 
(in m3/2 un.its) 

,_2 
411 = 

2 ffiy 
2 mQ 3 

'\HH ' 

0 .03  

- 0 . 62 

0 . 95 

= 1 . 03  

,_ , 2 
0 . 0 1 7  � = 

2 0 . 1 0 � 
2 0 .8 7  mT 

'\yy - o . 79 

h2 
T 

411 = 0 .0045 

2 � ·  0 . 3 1  

�TQ = 2 . 74 

The absolute minimum of the potential is the SU(2) xU ( l )  breaking, U( l ) e .m .  
conserving one : 

<H> = I . 32 <H ' >  = l . 28 <Y> 1 . 94  

in units of m312 . From Eq . (50) , this gives m312  = 96 GeV and mt 37 .5 .  The 
above figures have been obtained with a gluino mass of 1 2  GeV but varying 
this parameter by an order of magnitude does not change the pattern of the 
solution . The t-quark mass may be increased as well up to � 1 00 GeV, with a 
corresponding decreasing of m312 to 75 GeV. 

With lower initial values /,.2/411 = /,. 1 2/411 =0 .0 1  at M one still gets an 
x 

analogous solution with m312 around 30 GeV, an appealling value . 
We conclude from this numerical analysis that the SU(2)xU ( J )  breaking 

may be correctly induced by su.pergravity effects , once radiative corrections 
are taken into account .  The above results are consistent with mt :5, J OO GeV, 
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this parameter playing a secondary role i n  the process . 
Instead , in the alternative approach<44 •45) to SU(2) xU ( I )  breaking , 

the crucial parameter is a large hT constant,  giving rise to a very heavy 
t-quark . No singlet supermultiplet Y is needed since the auxiliary superpo­
tential fB is not introduced (this is a very appealling feature) . The hT 
parameter (hence mt) tends to increase when strong interactions (controlled 
by AQCD) become strong . Then, by a mechanism we have discussed before , the 
parameter � becomes negative and <H> f 0 is induced and SU(2)xU ( I )  is spon­
taneously broken . There is some complicated relation between m312 , Mw and mt , 
which has to be as large as mt ;::, 100 GeV (a lower limi t ,  � 70 GeV, is obtained 
by assuming heavy gluinos), However,  the model falls short in explaining some 
of the fermion masses , since <H ' >  = 0 ,  unless some modification is introduced .  

An amus ing variant(4S) o f  this approach assumes a small value of m312 , 
1 6  GeV < m312  << mt . It follows rather closely the original Coleman-Weinberg 
mechanism(46) and its supersymmetric version(2J) . These assumptions are desi­
gned to animate experimenters , since the authors predict a relatively low­
lying mass spectrum. 

In summary , broken supergravity , at tree-level , without fined-tuned mass 
parameters , is not adequate to induce SU(2 )xU ( I )  breaking,  contrari ly to our 
expectations . Interestingly enough , radiative corrections provide the required 
ingredients to reverse the situation . Audaces fortuna juvat ! 

CONCLUDI N G  RE MARK 

There is no compelling reason for introducing supergravity in particle 
physics but there are good theoretical motivations to do so . It supplies a 
bridge-head in the field of gravitational interactions for further unifica­
tion . It provides an elegant suppression of quadratic divergences and solves 
the hierarchy problem of grandunification . Finally , it should leave some 
tracks in the effective low-energy gauge theory that would allow for experi­
mental tes ts of its reality . 

The deviations from approximate supersymmetry are controlled by the 
fundamental parameter m31 2 , which is its natural scale for the partners of 
light particles . Moreover, the weak interaction scale Mw should not differ 
very much from m31 2 , at leas t in the simple approach that has been presented 
here . Therefore , the effects of supersymmetry ,  and of the underlying super­
gravity , are not expected to show up below those energies that are just 
begining to be explored. Scalars and gauginos were never found where they 
were not expected to be ! But it is rather frustating to realize that we 
probably have to wait until the next generation of accelerators to be or not 
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to  be supersymmetric .  DURA LEX , SED LEP . 
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We br i e f ly r e p o r t  o n  s ome r e c ent w o r k  o n  v i r tu a l  e f f e c t s  o f  
SUSY p a r t i c l e s  o n  the muon g- 2 ,  o n  the e l e ct row e ak p a ra m e t e r  9 and 
on the e+ e - h a d r o n i c  cr o s s  s e c t i o n . 
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1 .  - Introduct i on 

Broken  supe r s ymmet ry  th e o r i e s l 1 /  imp l y  the e x i s t e nc e  of many 

new heavy p a r t i c l e s  and p e rhaps a l so of a few very l i ght one s . 

L i mits  on mas s e s  have be e n  mos t ly d e r i ve d  from the fact  that none 

have b e en dire ctly  obs erved  in p rodu ction experiments  t i l l  now .  On 

the  other hand  the presence  of the s e  new part i c le s  could mod i fy 

measurable  quant i t i e s  through their  vi rtual  contribut i ons . A f t e r  

r eca l l in g  t h e  examp le  of t h e  l i m i t s  d e r i ved/2 , 3 /  f rom th e exp e r i -

ment a l  va lue of t h e  muon g- 2 ,  we report here  o n  t w o  r e c e nt c a l cu­

lat ions  of virtu a l  e f f e c t s  of  SUS Y  part i c le s . The f i r s t  on e /4 /  i s  
2 2 2 on the inf luence  on the e l e ct r oweak j parameter , J MW/M z cos  6W 

measured  f rom the ratio  of charged  to neutral  c u r r ent cross  s e c ­

tions . T h e  se cond one /5 /  r e f e r s  to th e l e a d i n g  or de r Q C D  correc­

t i ons to the  ratio  R e+ e - of  the  total  hadronic  and  the  point l ike  

e+e - cros s  s e c t i ons . I n  both  ca s e s  we sha l l  s ee  th at th e e f fects  

o f  SUSY  p a r t i c l e s  are  sma l l  and  d i f f i cu l t  to unve i l  in p r a c t i c a l  

expe r i ment s . 

2 .  - The  muon anoma lous  magn e t i c  moment 

A s  wel l  known the pre s e n t ly measu r e d  value of the mu on ano-

rnalou s  ma gnetic  moment a
}A 

a grees  very w e l l  w i th the Q ED p r e d i c ­

virtu a l  t i on/6 1 , so  th at  I S a
,..

\ � 2 . 1 0 - 8 •  (� ) and s -mu on e x change was  

The  e ffect  on a
,.. 

o f  

cons i dered  by Fayet  s ome time photino 

agol2 1 . A s suming  a mas s le s s  i and  ba rring  p o s s i b l e  cance l la t i ons  

w i th other  corrective terms , Fayet  obtained  the bound  on the  

ma s s e s  of the two  s c a l a r s  a s s o c i ated  with th e muon given by ms , t')., 
�1 5  GeV . 

a n a l y s i s  

More 

a l s o  

r e ce n t ly B arbieri  

the  cont r i but ion  

and M a i ani/3 / 
� ,.., - ,,.., 

to oa
,_ 

of w ,  z , H 

i n c lu ded  in the i r  

( where  H is the 

Hi ggs - i n c  and s o  on ) .  They did not consi der the prob lem in  its  

fu l l  gene r a l i t y ,  but  ra ther  restricted  th e free dom on th e mas s  

spe ctrum t o  the pure ly i n d i cative s ituation 

m = 0 w ith s ,  y 
contributions  

t be i n g  the two s-muons  and y is  
..... - -

of 7f , Z , W are  a l l  proportional  

wh ere mz=mz , ms =mt-=t;s 
the s - neutrino . The 

to the mu on mass  

square d .  St rong cance l l a t i ons  are  pres ent wh ich  re f lect  the  

vanishing of a
t' 

in the  e x a ct SUSY  l imit/7 / .  In  the  ms , t  - mW p l ane  

the  a l l owed  re gion  is  shown in f i g .  1 .  



3 .  - The S' parameter 
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The  .f' paramet er  equ a l s  unity  a t  the tree leve l i n  th e stan­

dard model with only  Hi ggs dou blets . H i gher order e f f e cts modify 

the va lue  of f . D e f i n i n g  f = 1 + �f one has 18 / 

where A + , 3  are def ined  a s  

W • 
A ( q2 ) + • • • .. .. = -ig 

r I"' + , 3  

( 1 ) 

( 2 ) 

f rom th e s e l f  energy d i a grams of f i g . 2 . A crucial  pb s e r vaiion is 

that O.f van ishes  in the limit  of exact SU ( 2 ) symmetry ( w ith w
i 

transf orming as a triplet ) .  For a fermion doub l et ( e ither quarks 

or lepton s )  of  mas s e s  m1 , 2 one obta ins /B l ,  
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N c 
2 m -
2 

m� 1 ln --
2
-] m 

1 

{ 3 }  

where N c is  the number of  c ol our  rep l i cas { N c= 3  or f or quarks 

and leptons respe c t i ve l y }  wh i ch in fact vanishes  for  m 1 =m
2 • In  

particu l ar f or mt >> mb z 0 the  top quark contribution is  given  by 

3G  
F 2 1 2 5  1 0 - 2 m

t a:- • 

m 
t 2 (

2 0 0  GeV 
} { 4 }  

Con ventional  ra d i a t i ve corrections  shiftl9(p downward by ��d­

-1 0 - 2 . The experimental  value of  df is  given/ 1 0 / by 

<�J } 
exp (2 + 1 5 ) 1 0

- 3  { 5 } 

F rom {�j } top� 2 . 5  1 0 - 2  one obt ains  mt � 3 0 0  GeV . 

In  SUSY mode ls  one has contributi ons to fp from s-quark and  

s - l epton  doublet s ,  weak gau gino s ,  H i gg s - i nos  and th e additional  

charged and neutral  Hi ggs s ca lars that  are required  in  these  

mode l s .  For s-quark and s - l epton  doublets  th e contribut i on to df 
does not depend on the ab sol ute values  of the masses  but only on 

the mass sp littings , again  be cause  of th e van i s h i n g  of Jj in the 

SU ( 2 } l imit . Mass  sp l i tti ngs are severely  constrained by existing 

l i mits  on f lavour changing  neutral  current s l 1 1 1 . In  minimal mod e l s  

w i t h  s o ft SUSY breaking  indu ce d  b y  gravityl 1 2 / one h a s  f o r  the 

s ca lar  mas s e s : 

where m3 /2 
a s s o c i ated 

dependent . 

neglecting  

2 m 
s 

is  

to 

For 

the 

the gravi t i no mas s ,  

each f e rmion f and 

scalars  a s s o c i a t e d  

b quark ma s s :  

( 6 }  

the ± ref  er  to the two scalars  

a is  of  order  unity and model 

to the t-b dou blet  one find s , 
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3G 
F 2 bf si/2 it 2 

m f or m 312
�<. m 

t t 
( 7 )  

3G &p 2 2 F 2 f r om --J!1312
)) m

t 3 a 
8 y;_ 1(2 

m
t 

Thus for a - 1  the  contr ibut ion of the t-b s ca la r s  is a lmost  the 

same as for the corresponding quarks and its only e f f ect is  to 

bring  the limit on the t qua r k  mas s down to mt � 2 0 0  GeV . 

In the gaugino ,  H i gg s i n o ,  H i ggs se ctor there a re s t r ong can­

c e l lations  be cause  a l l  dangerous  quadra t i c  or logari thmic terms 

in � f cancel  out exactly in  the limit  m3j1 where the r e l evant 

coup lings  approach SU ( 2 ) symmetr y .  What is  left is  a contr i bution  

of  order 

( 8 )  

Where ()(W = cX/s i n2 e w · E ven  more suppress i on is present  if  no F ay et 

- I l i opou los  term is a s s o ciated  t o  U ( 1 ) .  I n  this  case  �.fG-H vanish­

es  for s in2ew = O and  

G-H 
o< 

4"1t 

- 4  
6 1 0  ( 9 )  

I n  con c lu s i on l i t t l e  can be learnt on SUSY part i c l e  sp ectros copy 

from a precise  measurement of f . 
4 .  - The hadron i c  + -e e cro s s - s e ction  

It  is  wel l known that pa i r  production of  s -qu a rk s  and  s- lep-

tons is  the most obvious s i gnature 

annih i lation .  Negative resu l ts from  

s ca l a rs at  PETRA and  PEP  h ave l e d  s o  

t h e  mas ses  given by ms - l ' ms - q  � 1 5 - 1 6  

f or SUSY partic les  in + -e e 

searches  of pai rs of SUSY 

far  to lower l imits/ 1 3
/ on 

GeV . 
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I n  view of the s e  re s u l t s  we  w e r e  led  /5 / to con s i der  pos s i b l e  

e f f e ct s  in  t h e  hadronic  cros s - s e ct i ons below the threshold  f or s ­

quark pair product ion , i .  e a t  Q :[ 2M ,  where  Q = 2Ebeam and M i s  

the s -quark mass  ( for s i mp l i ci ty w e  n e g l e ct mass  d i f f e rences  for  

( li ght ) s -quarks whi ch are espected  to  be sma l l  anyway1 1 1  I ) . As­

( pres ent limits / 1 4 / suming that gluinos  

give m � 2- 3  GeV , 

a re 

where 

l i ghter than s - quarks 

m i s  th e ';f mas s ) one pos s i b i l i ty is to 

l ook f or produ c t i on of  the f i nal s t ates  qs,;g + q s,;g ( fi g .  3 a )  or 

two g was studied  in re f s . 1 1 5 , 1 6/ and gg , qqg g .  The production  of  

i s  small  being of  order  ds
2 wi th the channel ,,,,., gg vani s h i ng in  the 

limit  of P and/or C conse rvation . A d i f f e rent intere s t i n g  qu e s t ion 

i s  the e f f e ct of s - quark s and glu inos on the ratio  R + -e e of the 

hadronic  and poi n t l i k e  e+ e- c ros s - s e c t i ons . At or der  o(s , in pre­

s e n ce of S U S Y  p a r t i c l e s  one has  for Q 5 2M :  

R 
+ -

e e 

where Ro 

t i on/ 1 7 / , '1) 
wi th 

3 ! Q� ' 1 
is  th e 

is 

addi t i on a l  

r = 

( 1 0 )  

th e ordinary QCD leading  corre c-

contri bution from S U S Y  partic l e s , 

( 1 1 ) 

/41\ where  gs i s  th e qsg coup l i n g  con stant s . O n e  expe c t s  

although th e two a r e  n o t  exa c t l y  equal  in presence  of S U S Y  

break i n g .  

For  mas s l e s s  quarks , i n  th e interval  Q £ M+m t h e  on l y  contri-

but  ion  to 0 arises  

channel  ( f i g .  3b ) .  

,.... 
from virtual  sq and g correcti ons to the qq 

For M+m � Q � 2M th e cont ribut i on to � from th e 

real  produ ction diagrams of f i g .  3 a  i s  a l s o  p r e s ent N ote that 

for  Q o f  order M
) 

� i s  expe c t e d  to be of order 1 ,  s o  that the QCD  
leading corre c t i on could  be qu ite  s i gni f i cantly a ltered  produ cing  

a det ectable  e f f e c t  somewhat  below  th e th reshold  for  open  S U S Y  

s c a lar  pair  produ c t i on . On the other hand the accura cy of the data 

on the tot a l  hadron i c  e+e- c r o s s - s e c t ion is by now su f f i c ient  to 
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extract a s i gn i f i cant , a lthough not very pre c i s e , de termination of 

the f i r st order Q C D  correct i o n ,  which at present leads  to/ 1 B/ 

O{ s ( Q  z 3 0  GeV ) z ( 0 . 2 0 + 0 . 0 6 )  and i s  about to be fu rther 

i mproved in  the near futu r e .  I f  i s  thus interest ing  to s tu dy & as  

a function of M2 , m2 and  Q 2 . 

Our results  can be summa r i z e d  as  f o l lows : 

a )  The virtual  cont r ibut ion  to � be low the 

production ( � < 4 )  

& virtual 
i { � + 
3 4 

is  given by : 

r 2 ln r + 
2 ( 1 - r )  

2 ( 1 - r )  2 

+[ 1 
dy r + ( 1 - r ) y  

l n  
- � y ( 1 -y )  } 0 \Y + r- 1 r + ( 1 - r ) y  

th r e s h o l d  for pa i r  

Pf[an�,� + 
� 4 - l\ 

( 1 2 ) 

(c) 

N ote that �virtual  = 0 f o r  Q = 0 as a cons e quence of the Ward  

ident i t i e s  of Q ED . For m= O a n d  sma l l  values of Q 2 , an expan-

s i on of eq . 1 2 in  ' l eads  to  
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b )  

( 1 3 ) 

This  sma l l  va lue  for  th e s lope in Q2 i s  responsible  for the 

very s low increase of � vi rtual  with Q2 , as can be seen  f rom 

f i g . 4 so tha t  even at Q = 2M J .  t 1 � o . s .  Thus in the interva l vir  ua  
Q � M+m, where b= Svirtual ' the e f f ects  of  S U S Y  parti cles  on  

Re+e- turn out  to be par t i cularly  sma l l  and pra c t i c a l l y  invi­

s i b l e .  

I n  the interva l M+m < Q < 2M the real  contribution from th e - "" 
final  states  

- ,., - ,,.,, al so into p lay . The q s g + q s q
g comes cor-

a 
� r e sponding  contribut ion to  i s  a comp l i cated  expre s s i on , 

given in ref . 5 .  I t  a l s o  turns out to be quite sma l l .  This  i s  

r e a d i l y  s e e n  b y  t h e  dou b l e  di f f erent i a l  cro s s  sect ion f or 

q� g in the ma s s l ess  limit  ( M  = m = 0 ) :  
q 

dx dx 
s g 

( 1 -x
s

) ( 1 -x�
) + 

( 1 -x ) ( x + x -
s s g 

x 
s 

1 )  

x 
g ( 1 4 )  

Whi l e  it is  c lear  that th e mas s le s s  distribution is  a dras t i c  

over extimate of the r e a l i s t i c  e f f e ct expected  from mas sive sq and 

g at avai lable  energi e s , it i s  however usefu l for  a di rect  compa­

r i s on with the analogous three j et di  str ibuti onl 1 7 / in ordina ry 

QCD . 

One immedi a t e l y  
';(,, norma l i z ation is  
6'JI:, 

not i c e s  that  the  shape is different and the 

sma l ler  by a f a ctor of 4 ,  whi ch indtcates  

that  this e f f e ct is also  very smal l ,  thus exp laining  the re s u l t  

p l otted  i n  f i g .  4 .  

I n  re f .  5 one can a l s o  find  a complete  stu dy of b above 

threshold  for pair produ ction and in the l imit of  Q � od  , were the 

ma s s le s s  S U S Y  l imit is  appro ached .  

In  conc l u s i on we have found  that  the  e f f e cts of  S U S Y  parti­

cles  at  low  en ergi e s  are remarkab l y  supp r e s s e d  and  th at  supers i m­

metry i s  very e f fe ct i ve in concea l i ng its  poss ible  inf l uence on 

measurable  quant i t i e s . 
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LEFT-RIGHT SYMMETRY AND CP VIOLATIONt 

G .  Beall 
University of Oregon, Eugene , Oregon 97403 

A. Soni 
University of California, Los Angeles, CA 90024 

ABSTRACT. Left-right symmetric electroweak theory is reviewed . Experimental 
consequences and constraints on its parameters are discussed. From �-KS mass 
difference one finds that � ? 1.6 TeV and the mixing angle s � .06 . Implica­
tions for CP violation especially for the electric dipole moment of the neutron , 
s ' /E parameter for kaon decays and heavy quark decays are discussed . 

tPresented by A. Soni . 



3 4 0  

Following is the outline of  this talk: 
1 .  A brief introduction t o  Left-Right Symmetric electroweak models . 
2 .  Experimental consequences o f  and constraints on L R  Symmetry . 
3 .  CP violation in LRS models and comparison with other models . Herein we will 

deal with (a) the electric dipole moment of the neutron, (b) the E 1  para­
meter from K + 2TI decay , and (c) CP asymmetry in heavy quark (especially b 
quark) decays . 

4 .  Summary . 

Introduction.1 

Left-Right Symmetric electroweak models explain parity violation as the low 
energy behavior of a spontaneously broken theory, and as such provide an aesthe­
tically appealing alternative to the standard model.  They also provide a pos­
sible alleviation of the experimental desert by Grand Unified extensions of the 
standard model . The gauge group for LRS models is taken to be G = SUL (2) x 
SUR (2) x U(l)B-L where we take gR = gL . Fermions transform as doublets under the 
gauge group : (ve e)L ,R ' ' ' ;  (u d)L ,R' ' '  The minimal Higgs sector consists 
of :  

(1)  

-1 where ¢ transforms under G as ¢ + UL ¢ UR . On symmetry breaking the scalars 
develop vacuum expectation value , 

<¢> [ : : . J . (2) 

The gauge fields wL ,R  that couple to the L ,R  charged currents are not , in prin­
ciple , mass eigenstates . Rather one has : 

wL w1 coss + w2 sins 

WR -w1 sins + w2 coss 
(3) 

where w1 , w2 are mass eigenstates with masses M1 , M2 given by (VL + 0 Limit ) :  

and s =  tan-1 [4 I K*K , l / l vR l 2 J /2 .  The observed parity violation at "low" 
is then a consequence of having �

2 << �
2 , tans << 1 or equivalently 

(4) 

(5 )  

energy 
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2 * 2 VR >> I K K ' \ ,  VL . Note that for this minimal Higgs sector one gets a useful 
theoretical constraint : 

t tan 2t; � S/ (1-S) ==> t; :s S , S ,  t; + o (6)  

where S = �2;�2
• The theory thus has two characteristic parameters : 1; and S .  

However ,  in  making contact with experiment there i s  the additional complication 
of quark mixing angles .  In general , the right-handed quark mixing matrix is in­
dependent of the left-handed mixing matrix. For three generations of quarks one 
then has altogether six angles and six phases rather than three angles and one 
phase as in the standard model . Beg2 et al . proposed that the theory should be 
"manifest" left-right synnnetric (MLRS) i . e .  that the charged currents be in­
variant under y5 ++ -y5 reflection. This results in the angles and phases in the 
right-hand sector being identically equal to those in the left-hand sector,  
making the theory considerably more manageable . One can show that manifest LRS 
emerges as a natural consequence if one requires � to have the LR Synnnetry trans­
formation 

L ++ R (7) 

The resulting theory is not only simple and elegant but can also be extended to 
resolve the strong CP problem without the need for axions . 

Experimental Consequences and Constraints .  

Beg2 e t  al . were the first t o  consider the constraints on a MLRS theory 
coming from existing data on e polarization and the Michel parameter in mu 
decay , beta decay of 016 etc . They concluded that 

s :s . 13 > ·
� � 2 . 8  � 

and 

1; :s . 06 

(8) 

(9) 

An important shortcoming of Beg et al . 's analysis is that it assumes light right­
handed neutrinos (specifically vµR and veR) .  If the vR have large Maj orana 
masses (as would be the case in several theoretical scenarios) then Beg et al . ' s  
bounds become invalid . Gobbi3 et al . have analyzed new data which leads to the 
bound � > 450 GeV, I s \  < . 046 ,  however their analysis suffers from the same de­
pendence on neutrino masses . 

Recently4 the l),-K8 mass difference has been used to constrain the para­
meters of MLRS models . In the calculation of the diquark transition (d; + ds) 
to construct the effective 6s = 2 Hamiltonian, one has to evaluate eight scatter­
ing graphs (shown in Figure 1) plus the corresponding eight annihilation graphs . 
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L L L R 
( a )  � � ( bl � � 

L L L R 

R L R R 
( c )  � � ( d )  � � 

R L R R 

R R L L 
( e )  � � ( f ) � � 

L L R R 

R L L R 
( g )  � � ( h )  � � 

L R R L 

Figure 1 .  WL' WR exchange graphs that contribute to �· 
If the external momenta are taken to be negligible , the scattering and the 
annihilation graphs are found to make equal contributions . In our published cal­
culation 4 we assumed s = O .  If we now include the contribution for finite s as 
well ,  again using vacuum saturation to evaluate <K

0
I Heff lK°> , we find :1 

2 
+ ( 4y - 4 + (4y+l) ln 

m
e 
2 ) t2 J 

� 
2 

2 
1 + ln � )  B + s2 

�2 

\ 2mt2
 [ 1 + (6y+l) ( mt ) s + s2 + l + ln -2 

2 
� 

+ ( ln � J t2 J + r 
4y - 4 + (4y+l) 2:\ :\ m m L w +  (6y+l) 

M 2 c t c t 
L 

2 

2 m 
ln � B + w8 

ML 

+ ( (4y+l ) ln � 2 - (4y+6) w J t2 ]} ' (10) 

2 
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A firm numerical value for LMK cannot b e  deduced from this calculation at 
present due to our lack of knowledge of mt and of --some of the mixing angles . Let 
us instead examine the four-quark contribution 

(ll) 

which we compare to the experimental value 

� (expt . )  = ( 3 . 521 ± . 014) x l0-12 MeV (12) 

Thus , in the standard model , the four-quark contribution (given by the first term 
in (11) ) essentially equals � (expt . ) .  This can be understood in two ways : 
(1) Terms proportional to S ,  s or those containing the top quark (in Eq . (10 ) )  or 
other contributions arising from the exchange of Higgs scalars but not shown in 
(10)  are all very small in comparison to L�4q . (2)  Some of the individual con­
tributions , which are functions of several unknown parameters (namely two K-M 
angles, the t-quark mass, and the mass of the Higgs) are actually large but the 
values of the unknown parameters are such that these contributions cancel . Since 
the second possibility would require seemingly contrived cancellations among un­
related factors , we regard it as implausible and do not consider it further . 
Even under the first set of assumptions , however , there remain considerable un­
certainties due to the effects of strong interactions . To be conservative, we 
assume only that the LR contributions are not dominant which would give the wrong 
sign for �· We thus obtain the bound : 

42os + 29os2 < 1 (13) 

which yields a contour in S ,  s plane representing the asymptotic constraint : 

S $ 1/420 > � � 1 . 6  TeV (14 ) 

and 

s $ . 06 . (15) 

Figure 2 exhibits the constraints on MLRS models coming from various exist­
ing experiments and compares them with those resulting from the �-KS mass dif­
ference. Figure 3 compares the �-KS constraint with those anticipated from 
forthcoming high precision experiments . Note that if we accept the theoretical 
constraint s :':_  S (Eq . (6) ) , we get a much tighter constraint on s 

s '.': 1/420 (16) 
Recently there have been several related works , 5-9 all of which have assumed 

s = 0 so that they involve the calculation of graphs 1 (a-d) only . In that limit 
all of these works reproduce the result given in Eq . (10) . Some of these 
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authors7 have interpreted the bounds from the 1<1,-KS mass difference to be bounds 
on the mixing angles in the right-handed quark sector (that is , they do not as­
sume MLRS) in order to acquire a light WR. This possibility cannot be discount­
ed, but it requires a more complicated model while substantially reducing predic­
tive ability . The possible resolution of 'the strong CP problem (without axions) 
previously noted is also lost . 10 Evaluation of hadronic matrix elements has been 
studied by Trampetic5 in the context of � and non-leptonic weak decays using 
various harmonic oscillator quark models . His results are in agreement with our 
bound (14) deduced using vacuum saturation. Senjanovic , Mohapatra and Tran8 have 
done a detailed (once again in the s = 0 limit only) calculation in the six-quark 
model including the contribution from Higgs exchange . They also find that, in a 
MLRS model , to have values of � lower than (14) there have to be delicate can­
cellations between various contributions not explicitly written down in Eq . (10) . 

Another constraint on s has been deduced by Bigi and Frere9 who study weak 
non-leptonic decays of hyperons in a LR Symmetric model . They include QCD cor­
rections to LL and LR currents and show that compatibility with experiment 
demands s � a few percent . We emphasize that their bounds on S as well as our 
bounds on S and s (Eqs . (14) , (15 ) )  are independent of VR mass .  

Implications for GUT ' s .  

The bound (14) on � has additional implications i f  one embeds the LR 
Symmetric group in a grand unifying group such as SO(lO) . 
Higgs contribution, one finds11 

where M is the unification mass . The second term in the u 
increase the value of sin26W above the SU (S) prediction . 

Neglecting the small 

(17) 

parenthesis is seen to 
0 I f ,  however , M(ZR ) � 

0 � � 300 GeV, as is indicated by (14 ) , then the contribution of ZR to the 
neutral current is negligible and one finds from the neutral current data sin2ew 
� . 22- . 23 as in the standard model . Taken with (17 ) ,  this requires � > 109 GeV. 
This result can be weakened somewhat if one allows the LR Symmetric group to 
break through the steps SU (2)L x SU (2)R x U (l ) 2�> SU (2)L x U (l )R x U (l) 2�> 

SU(2)L x U (l) with M(Z 0 ) � 1:\· A careful analysis including the contribution 
12 R 6 from scalars gives MR � 10 GeV . 

CP Violation. 

There are potentially six relative phases entering the quark mixing matrices 
in an LRS model. 1 For simplicity we will consider two natural but somewhat res­
tricted models : (a) Manifest Left-Right Symmetry (MLRS) .  This case , which 
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arises when one takes complex Yukawa couplings and real scalar VEV ' s ,  has equal 
left and right quark mixing matrices , i . e .  UR = UL , and hence only one phase .  It 
is generally difficult to distinguish from the standard model . (b ) Pseudo­
Manifest Left-Right Synnnetry (PLRS) . 1 If one breaks CP spontaneously by having 

* real Yukawa couplings and complex scalar VEV ' s  one gets PLRS with UR = UL • This 
model has four relative phases which , on one hand , make it easy to distinguish 
from the standard model while , on the other hand , make it difficult to make 
definite predictions . Both of these models assume that the 2 x 2 scalar multi­
plet has the LR transformation L +->- R, ¢ +->- ¢t . 

In addition to phases in the quark mass matrix one can also have a phase in 
the W mixing matrix : 13 

(18) 

This phase is equivalent to an overall phase in the quark mixing matrices for 
hadronic and semi-leptonic interactions . However ,  it can also cause CP violating 
effects in purely leptonic processes independent of the value of Mv . There is , 
of course , the possibility of additional phases from scalar mixing given an en­
larged scalar sector . We do not consider this possibility . 

Let us now consider the implications of LRS models of CP violation for 
(a) the electric dipole moment of the neutron (µn

e) ,  (b ) the E ' parameter of kaon 
decay and (c) heavy quark decays . 

The Electric Dipole Moment of the Neutron (µ e) . 13 n 

We parameterize the quark charge-current gauge interaction in the form: 

L cc I' I' - k l l 1/J · Y (a · · l , J k=l , 2  l µ l] 

i#j 

(19) 

The one-loop contribution to the electric dipole moment (edm) of a quark is then 
seen to be : 

e k k* µq � Im(aijbij ) (20) 

which vanishes in the standard model where a = b. Shabalin14 has shown , further­
more , that the quark edm in the standard model vanishes even to two loops . It 
has been pointed out , 15 • 16 however , that CP-violating diquark transitions lead to 
a neutron edm at one loop . When including the contribution of penguin-like dia­
grams , calculations of the neutron edm yield : 17 

µn 
e '" l0-32 ecm 

We recall that the current experimental bound is given by : 18 



µ e < 6 x lo-25 n - ecm (expt) 
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(21) 

and one anticipates an improvement of about two orders of magnitude in the next 
few years . The prediction of the standard model is thus some seven orders of 
magnitude smaller than the present experimental bound and beyond any anticipated 
improvements . 

In models of CP violation other than the standard model one does not in 
general expect the one-loop contribution to the edm to vanish and one therefore 
expects µn

e >> l0-3o ecm. Specifically, for an LRS model the quark edm receives 
a contribution from Figure 4 and one has : 1 

where 

�in2c; - - -2 [ 1 1 ) 
72rr2 MR

2 �2 

ciL ,R - coseiL , R  siL , R  = sineiL , R  

(23) 

For the case of MLRS , there is, as in the standard model , only one phase and one 
finds that 

e µn (to 1 loop) = 0 (MLRS) (24) 

For PLRS the edm, given by (22) , is non-vanishing to one loop but its numerical 
value is uncertain as so many of the parameters are unknown . In principle the 
edm can certainly be large . In particular , if one assumes t quark effects to be 
small ,  one can obtain a four-quark result :  

where we have assumed M1
2 < <  M2

2 and used constituent quark masses . Using c; < S 
< 1/420 one finds 

(PLRS) (26 ) 

Thus , to be consistent with experiment , we find that either the CP violating 
phases are very small ( i . e .  < 1/25) or tanc; is even smaller than deduced in (6) . 

The Weinberg model of CP violation also gives a one-loop contribution to a 
quark edm. Beall and Deshpande19 have calculated the neutron ' s edm and find : 
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Figure 4 .  Vertex corrections contributing to the neutron ' s  electric 
dipole moment in the ' t Hooft-Feynman gauge . W here de­
notes the gauge fields and S the unphysical scalars . 
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d 

Figure 5 .  Diagram contributing to K0 7 2rr decay . 



µ e � (2 to 4) x l0-26 ecm . n (Higgs model) 

3 4 9  

(27 )  

Thus we see that (1 )  two orders of magnitude improvement in the experimental re­
sult could rule out the Weinberg model , and (2) any observation of a positive 
result,  in the next few years,  would clearly demonstrate that the Kobayashi­
Maskawa phase is not the sole source of CP violation 

E 1 /E .  

The primary parameter characterizing CP violation, and the only one thus 
far to have a measured non-zero value , is E ,  defined by 

0 KL, s 1 ( (l+s) K0 ± (1-E) K°) . h (l+s2) 

Corrections in the LRS model to the standard model calculation of E are small and 
depend sensitively on the mass and couplings of the t-quark. 

We recall that 

(28) 

where 

(29) 

T is the �S = 1 effective weak Hamiltonian , and I = 0 ,  2 is the isospin of the 
rr+rr- or rr0rr0 system. In the standard model , estimates20 range:  

(standard model) ( 30) 

For the LRS model , corrections to the standard model will be dominated by 
the graph shown in Figure 5. We find1 

where 

L* u us 

(31) 

(32a)  
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e-L\ [ _l _ _  l ] M 2 M 2 2 1 

uR* UL s c e+L\ [ -1- - -1- ] 
us ud s s M 2 M 2 

R* R [ c2s s2s J u u - + -us ud M 2 M 2 2 1 

2 1 

(32b) 

(32c) 

(32d) 

cs = coss ,  ss = sins , M1 and M2 are the W mass eigenstates , and UL and UR are the 
left- and right-handed quark mixing matrices and 

30 . 5  • (33) 

As we expect ,  if we impose manifest LRS , this contribution is seen to vanish . If 
* instead we assume PLRS (UR = UL ) ,  we find 

_ (l+z) s coso1 sin (26
0
+o1+A )  

212y [ l - (1/6/2) ] 2 
(34 ) 

where y is a strong interaction enhancement factor anticipated to be of order 10. 
There are still too many unknown parameters in (34) to make a definite prediction 
for E ' .  However , we see that even for s .:::_ B � 1/420 this process could easily 
provide the dominant contribution to I E ' /E I .  In fact ,  as in the case of the 
neutron ' s  edn , the experimental bound 

(expt) (35 ) 

requires either that the CP violating phases are <<<l or that s is much smaller 
even than the bound in (6 ) .  

Two experiments (FNAL 11617 (Chicago-Stanford) and BNL 11749 (BNL-Yale) ) 21 • 22 

are underway for an improved measurement .  These experiments are expected to 
improve (35) by about an order of magnitude in the near future . 

Chang23 has demonstrated recently that much of the uncertainty generated by 
the numerous phases in LR models can be eliminated if , in addition to assuming 
PLRS , one assumes the minimal Higgs sector . In that case there is only one in­
dependent CF-violating phase coming from the Higgs sector and all of the phases 
in the quark mixing matrices can be expressed in terms of it . In a four-quark 
model Chang finds 

(36) 
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where j w J  � . 05 and X is an enhanced matrix element estimated to be � 10 . Calcu­
lation of E '  /E in the Weinberg model24 of CP violation through Higgs exchange 
gives25 

E 1 /E - �0 ( 2�!s ) c1!z )  m 
(37 ) 

where s << E 26 and z parameterizes long distance contributions and is presumed m 
to be J z J  � 2 .  In comparison with (35) we see that this model is again on the 
verge of being ruled out unless the experiments now in progress find a non­
vanishing result for E 1  / E .  

CP Violation in Decays of Heavy Quarks . 

In gauge theories of CP violation there is no reason to expect CP non­
conservation to be confined to the neutral kaon complex . Indeed it has been 
pointed out that in the standard model decays of charged or neutral mesons con­
taining the b quark could exhibit appreciable CP asymmetries . 2 7 • 29 Since the CP 
violation really occurs at the quark level ( i . e .  in comparing CP conjugate decays 
such as b + d (s )  + q + q versus b + d(s) + q + q, where q = u , d , s  or c one 
expects nonvanishing asymmetry) ,  it not only affects both charged and neutral B 
mesons but also inclusive and exclusive decay channels . The effects are supposed 
to be the most pronounced for Cabibbo suppressed decays. The precise magnitude 
of the asymmetries , being a function of the two unknown KM angles and the CP 
phase 6 ,  is unknown but for many channels (such as B + n+X, 3K+X, K¢ , DD ,  
KSKSX . . .  ) can be as large as a few percent to a few tens of percents .  Theoreti­
cal studies also show that the b quark in the standard model is rather unique in 
this regard. For the t quark such asymmetries tend to vanish; that is, they have 
extra suppression factors � (quark mass) 2/m 2 . For the charm quark the asymmetry 

-3t is expected to be � 4asE/27 (where E � 10 is the amplitude for CP violation in 
kaon decays) < 10-4 . 2 7  An observation of  CP asymmetry significantly larger than 
this estimate (in charm quark decay) may signal breakdown of the standard model . 

In other models of CP violation similar studies of asymmetries in heavy 
quark decays have not been done. For MLRS there is only one phase and the theory 
is expected to be very similar to the standard model in so far as decays of 

2 2 quarks are concerned (so long as mquark << � ) .  
Summary. 

1 .  LRS provides an interesting and viable extension of the standard model. 

2 .  

Current experiments indicate (under stated assumptions) � � 1 . 6  TeV, 
s � . 06 .  

e The information regarding CP violating parameters µn , t ' /t and asymmetries 
in b (c) quark decays is summarized in the Table. 
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Table a) 

Quantity Experiment Standard 
Model M p Higgs Superweak 

(Ref . 31) 

µ e (ecm) < 6 x 10-25 "' 10-30 10-30 <::: 10-
24 ) (2-6 ) x 10-26 n 

I E I /E: I < . 02 10-3-10-2 10-3-10-2 0 (10-3 ) . 02- . 05 0 
c) "' 10-2-10-1 10-2-10-1 ( ? )  ab 0 

a c) < 10-4 < 10-4 ( ? )  c 0 

a) ? indicates that the experimental or theoretical value for the parameter is 
not known at this time . 

b) M stands for manifest left-right symmetry ; P stands for pseudo manifest left­
right symmetry . 

c) ab , ac are CP asymmetries in b and c quark decays respectively. 

Remarks . 

(a) Theoretical calculations of E ' are rather messy involving many uncertain­
ties . An order of magnitude improvement in the experimental bound ( i . e .  a 
null result )  would convincingly rule out the Higgs model and may mean the 
failure of the standard model. 

(b) The fact that the theoretical prediction for µ e in the KM model is n 
O (lo-32 ecm) means that an observation of a non-vanishing result in the next 
several years would unambiguously30 signal the breakdown of the standard 
model . An order of magnitude improvement in the current bound (< 6 x 

l0-25 ecm) would rule out the Higgs model . 
(c) There is every reason to expect a non-vanishing manifestation of CP viola­

tion outside the neutral kaon system involving B± , o  meson decays . These as 
well as D decays need to be pursued experimentally. Asymmetries much larger 
than "' 10-4 in D decays again signal the breakdown of the KM model. 
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A B S T R A C T 

We discuss why the s o-calle d  strong CP and U( 1 )  
problems are intimate ly related in QCD. The ir re­
solution implies contrasting condit ions , apparently 
forc ing QCD into a s�ueeze o Bringing e lectroweak 
interactions into the picture allows a simultaneous 
re solution of both problems , but a new light , weakly 
coupled and so far e lusive part icle , the axion ,  is 
nee de d o  
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1 ,  INTRODUCTION 

In this talk I shall try to explain in simple t erms two , apparently 
dist inct , problems in QCD : the strong CP and U( 1 )  problem, I will then 
argue that a tight , if somewhat conceal e d ,  relat ionship exists  between the 
two problems , to the effect that the resolution of e ither one seems unavoi­
dably related  t o  the non-resolution of the other, 

Next , I will show how , by extending QCD to  include the electroweak 

interactions a la Glashow-We inberg-Salam but with a somewhat modified  Higgs 
sector,  one is able to solve both problems simultaneously. The re sulting 

picture implie s  a phantomatic gluonic obj ect ( the so-calle d ghost ) ,  as well  
as a true , light , and so far e lusive part icle , the axion. 

Finally, I shall discuss how the new low energy ant iproton ring ( LEAR ) , 
which is due to operate soon at CERN, can help improving pre sent laboratory 
bounds on the axion parameters,  

2 .  THE U( 1 )  PROBLEM 

In Nature , the lighte st hadron is , by far, the pion. Of the other 
pseudoscalar me sons , also the K and the � are somewhat light , while the 
� ·  is a lot heavier. Can QCD exp lain this phenomenological pattern ( in­
cluding mixing angle s ,  decay rates , e t c . ) ? 

The claim today is that it can ,  though in a subtle and , I would say , 
very deep way. In order to see that , let us start from the QCD Lagrangian , 
which,  omitting heavy quark s ,  reads as 

CQCD I Fa Fa + I -a a 'i;"  qi yµ µ\I µv i=u ,d , s  

fo llows 

(i<l 0 Aa + µ as g µ 
a S TCLS) qi 

- m . l. 
-a CL qi qi ( ! )  

Here Fa are the gluon field strength tensors ( a = 1 ,  • • •  , s ) , µ, v  
corresponding vector potentials .  Furthermore , q� ( a = 1 ,  2 ,  3 ;  

Aa the 
µ, 

i = u , d , s )  
are the quark fields , mi their masses  and g i s  the gauge coupling. 

Thus , apparently, £ �CD 
quark flavours (here Nf = 3 ) ,  

depends upon Nf+1 parameters
* ) for Nf 

In terms of so few adjus table numbers,  QCD 
is supposed to exp lain all the rich world of strong interactions , from the 
prot on mass  and magnetic moment to nn phase shift s ,  from the iron nucleus 
to the rate of W± product ion at the CERN collider (within a given e lectro­
weak theory ) .  Nee dless to say, we are very far from that goal.  

* ) As we shall see be low ,  this naive counting is wrong by one unit . 
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It  turns out , however, that the propertie s of the light p seudoscalar 

mesons mentioned above can be discussed  without really solving completely the 
theory ;  the claim be ing that they come out correct if we choose  our four 

parameters such that : 

;. 500 MeV (2) 

where A is a scale which , through the quantum properties  of the theory, 
gets to replace the dimensionless  constant g as the true free parametero 

In order t o  see why ( 2 )  is  phenomenologically nee de d ,  take the 
limiting case mi = O  ( i = u, d , s ) .  In this case £. QCD possesses  a U( 3 )  
axial symmetry , i . e . , is  invariant under the transformations 

n = 3 x 3 matrix 
+ n n 

Indee d ,  the kinetic term in ( 1 ) is invariant under ( 3 )  since 

(3) 

(4) 

while the mass term which would break such symmetry was put to zero, 

If the ground state of QCD ( the vacuum) would be  invariant under 
this symmetry ,  the same would be true for the hadronic spe ctrum and we would 
expect to see in Nature parity doublets as well as massless nucleons. Since 
this is not the case , we have to  conclude that the QCD vacuum cannot be 
u ( 3 ) axial invariant . Theoret ical indications in the same dire ction do also 
exist . 

Accept ing that , a general theorem, due to Nambu and Goldstone , pre­
dicts the existence of massless ( Goldstone ) bosons o In order to see that , 
consider  the case of Fig, 1 corre sponding to a U( 1 )  symmetry repre sent ing 
rotations in an internal space spanned by two fields ¢ 1 and ¢ 2 • If 

the potential has the shape shown in the Figure , the invariant point 
¢2 = 0 )  is not the true ground stateo  The minimum of V 

perfe ctly flat valley having a certain non-zero value at 
is reached on a 
¢�+¢�, Different 

points of the valley go into each other under the U( 1 )  transformation and 
it costs  no energy to move in such a valley : this means a zero energy mode , 
hence a massless particle,  
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v 

Invar iant, false vacuum 

invariant, true vacuum 

Fig. 1 - The Nambu-Goldstone phenomenon for a U( 1 )  
symmetry. 

The argument can be  eas ily extende d to the case of a larger symme try 
in which case the valley has the same dimensionality as the number of 

symmetry generators that do not leave the ground state invariant ( " spont a­
neously b roken" genera tors ) .  This is the e xpe cted  numb e r  of Goldstone 

bosons ; hence from our b roken U( 3 ) axial symmetry , we exp e c t  nine Goldstone 
bosons . 

For mu , d , s  small but non-zero , the valley is not perfectly flat and 

the Goldstone bosons have a small ,  non-zero mas s .  He re lies  the source of  
the u( 1 )  problem. 

i)  For mu ' md << ms we expect  four roughly degenerate stat e s ,  
n+ = ud ,  n- = ud ,  n° , ri0 = uu±dd , which i s  experimentally wrong. 

i i )  F o r  m << A u , d , s  we expect  nine l ight pseudoscalars n , K , ri , 
Tl ' ' which is again wrong experimentally. 

The name "U( 1 )  prob lem" came 1 )  after realiz ing that all the 
difficulty lies  in  the apparent invariance of £QCD ( at mi = o )  unde r 

b oth su( 3 ) axial and u ( 1 )axial [o trac e le s s ,  o r  O =  � in E q . ( 3 }] . If 

this last symmetry could be d isposed o f ,  things could  work out fine , but QCD 
seems to have automatically the U ( 1 )  s cmme try whenever it has the SU( 3 )  
symme try 
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Amaz ingly, it turns out that the unwante d  U ( 1 )A symmetry, though . 

valid  at the classical level ,  is broken by quantum corre ctions : the effect 

is  known as the Adler-Bell-Jackiw (ABJ ) anomaly 2 ) . It says that under the 

U ( 1 )  transformation . \/ -

i )  

i = 1 ,  2 . . .  f 

L + L + usual mass term + 2SfQ (x) 

Q (x) = g2 / 64rr2 e; µvpcr F a 
µv F a 

pcr 

The extra piece has very intere sting feature s : 

(S) 

it is made entire ly of  the gluon field Fa and , as  such, it carries 
).1\1 

no flavour quantum number. This i s  why it only affects  the U ( 1 ) 

current. Physically, it corre sponds to the possibility of qq anni­

hilation into gluons , a process that can only occur for the flavour 

single t  combination qiqi. 

i i )  e Fa Fa has negative parity (P = -1 ) and positive charge con-\.1vPcr ).1\1 pcr  
j ugation ( C = -1 ) ,  thus CP = -1 . Such a term ,  if present in £ 
apparently breaks CP invariance , unlike the terms that we had 

written down in Eq . ( 1 ) .  We start to see the relation to the strong 

CP p roblem. 

iii )  as  it  turns out , one can write s Fa Fa 
= b K with a suitable ).1 v P D  \.1V po \.1 \.1 '  

current K\.1 . This is why the additional term in the transformation 

of £ , Eq.  ( 5 ) , was considere d harmless  and neglected  for a long 

t ime ( it vanishe s naively upon space -time integration) . 

How can the ABJ anomaly save us from the U( 1 )  problem ? The way 

is  ske tche d in Fig. 2 .  The non-annihilation diagrams ( 2a) do not feel the 

ABJ anomaly· and lead to a p seudoscalar mass  square matrix of the form 

<II . . I M2 I IIk > I  ,,, (m. + mJ. ) o ; k o .  A l.J 
"- no annihilation i • H 

i , j  ,k , 1 u , d , s ( 6 )  

which i s  exactly of the type that leads to  the u( 1 )  problem. However,  

the anni�'li-::.�1 -� ion diagrams of Fig. 2b provide the extra tenn 

<II . .  1 M2 I IIH> I 0 . •  okt ra I ra = o . .  oki ( 7 )  = qµ q2 qµ a 
l.J annihilation l.J l.J 
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Fig. 2 -

(al 

{a q v 
q i  \ q k 

n i i n k I 
6 µv/q2 

qj ql 
(b) 

Contributions to the pseudoscalar squared matrix 
( a )  Non-annihilat ion diagrams 
( b )  Ghost (wiggly line ) dominated annihilat ion 

diagrams . 

where �aq is the coupling of the K to the flavourle ss pseudoscalars , 

and the fa�tor 1 /q2 come s from the c�ucial assumpt ion that there is a 

massle ss gluonic "bound state" coupled to K • Because of the property i i i )  
µ 

de scrib e d  above , in the absence of this "bound state" the ABJ anomaly is 

ineffective and the U ( 1 ) problem remains with us.  Several theore tical 

arguments 3) and calculations 4)  sugge st that such an ob Ject  originate s  from 

the self-coupling of gluons. 

Should we then observe a mass less flavourless glueball in Nature ? 
The answer is no . The pole at q 2 

� 0 appears only in the matrix element s 

of unphysical ( te chnically non-gauge invariant )  operators such as K • 
µ 

Physical ( i o e . , measurable )  matrix elements [}ike those of Eq. ( 7 ) 2] never 

exhib it the pole : the ghost  prevent s them from vanishing without going to 
the extreme of making them infinite [see again Eq . ( 7 )] . For this reason, 

after Kogut and Susskind 1 ) ,  this "bound state" has been name d the "ghost" .  

The pre sence of the ghost  can  be shown 5 )  to make QCD predictions 

compatible with the known p seudoscalar meson physics provide d that �a � 
+ -

500 MeV . In that case , as already explaine d ,  n- , K ,  K are not affe cted 
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b y  the ghos t ,  while n° , �
o 

and � 1  get additional c ontributions and mix, 
+ -

The parame ters m
u

' m
d

' m
s 

can be fixe d from n- , K ,  K propert i e s  while , 

with '{a =  500 MeV the remaining ma s s  e igenstates turn out to b e  

0 (uii - dd) (no ghost or contribution "' m./) 1T m � 11.iro 12 s 

n = cos e na + sin e n 1  (small ghost , large ms contr . � m >> m ) 
p p n 1T 

µ ' = - sin e na + cos e n1 (large ghost and m8 contr . 
=> 

mn '  >> mn) p p 

where G
p

' pre di c t e d  to be c lo se to the expe rimental value of 1 0
°

, is the 

p s e udoscalar mixing angle . Pseudosc alar couplings and widths do also turn 

out to be satisfa c t o ry 
5 ) 

3 .  STRONG CP PROBLEM 

(8) 

Unfortuna t e l y ,  the above reso lution of the U ( 1 ) problem brings back 

the p o s s ib il ity that strong intera c t i ons do not conserve CP , It brings it 

back b e cause there exists an old [j.. e . , pre-U( 1 )  problem solutiorl] argument 

due to s. We inberg a c c o rding to which CP is automati cally conserve d in QCD, 

The argument goes as follows the only p o s sible renormalizable t e rms that 

can appear in a quark gluon intera c t ion ( up to t o t al divergenc e s ) are a 

slight extension of those of E q ,  ( 1 ) : 

c a _!_ F2 QCD 4 µv 

qiL : 

+ E q.  
• 1. 1. 

Jl qi 

1 / 2  ( I  + y5 ) 

- E 
i 

qi 
where the first two te rms are 

(qiR mi 
• 

qiR) qiL + qiL mi 
(9)  ; qiR a 1 /2 ( I  - y5 } qi 

a shorthand for those writien out in E q .  ( 1 ) 
and the last two t e rms re duce to the last term of E q .  ( 1 ) if m .  = m� . F o r  1. 1. 
m

i
;£ m: E q .  (9 ) differs from E q ,  ( 1 ) by the apparently CP violating t e rm 

t(m
i

-m:)q iy5
q

i .  
It c a n  be o b s e rve d though that , defining new quark fie lds 

by 

qi .  1. ( 1 0)  

the mass t e rm can be rewritten as : 

q ' iL + h . c .  a -E Im .  I q! q ! 
i 1. 1. 1. ( I  I )  
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which i s  CP conserving. The change of variable ( 1 0 ) is nothing but an axial 

U ( 3 )  transformation. Unfortunately , as we have learne d  in the U ( 1 )  

problem, the U( 1 )  part of that transformation is anomalous in the sense 

that ,  under ( 1 0 ) ,  £ QCD acquire s the extra term : 

e Q (x) = L a a Q (x) 64rr2 Fµv Fpcr £ ' e µvpcr E � .  . ]. ]. 
( 1 2 )  

We  thus s e e  that we could rotate away almos t  all the phases the swn of 

., 6 )  them reappearing a s  a new parameter of QCD, the so-calle d vacuwn angle 

In the old  days , terms l ike ( 1 2 ) were neglected  because they are total 

divergence s .  However, that was prec ise ly what we had to argue to b e  incorre ct 

in order to solve the U ( 1 )  problem. 

Thus , the introduction of the ghost implies that a GQ( x) t erm 

adde d to £ QCD doe s  have observable consequences  ( as we shall s e e  in  a 

moment ) and that QCD itself has indee d  Nf+2 free parameters 6 ) .  It also 

looks as if we got ourselves in a squeeze , in the sense that apparently : 

U ( l )  O . K .  => CP not O . K .  ; CP O . K .  => U ( l )  not O . K . 

How bad i s  it quantitat ively ? The stronge st  experimental problem comes 

from the pre sent upper bound on the CP violating e le c tric dipole moment of 

the neutron 7) : 
D < 6 . I 0-25 e . cm . n exp . ( 1 3 ) 

Naively , we would expe ct  that , at G /- 0  

-1 3 Dn "" 1 0  e . cm . e 
( 1 4 )  

This is t o o  s implistic . The effects  o f  G can be reduced  by the 
pre sence of a symmetry. For instance , if we could take one of the quarks 

( say , the up quark) to be massle s s ,  G I- 0 would give no effe ct  * ) . Roughly 

speaking , G t � i , but if mu = O , we can take " = �u• � i = 0  ( i f- u) 

and �u l- 0  is unobservable since mu = 0 . Using the standard value s of mu' 

md ' ms ' Dn is reduced  with re spe c t  to ( 1 4 ) ,  but is still large B) : 

* )  Unfortunately, m = 0 conflicts with K+ , K0 mass  difference 
1'] -->  311 , e tc . ; all current algebra calculat ions indicate 
mu ;::o; 0 . 5  md � a few MeV. 



D "' 3 . 6  10-16  e . cm. e =<> a 
n 

< 
exp 

3 6 3  

( 15 )  

We are therefore faced  with exµ;J_aining an unnaturally small number.  

Rather than attempting that one can follow the possib ility of adding an extra 

symmetry ( as it was the case for mu = O) to QCD. This approach nee ds the 

bringing in of electroweak interactions and leads automatically to  the axion. 

4 o  THE AX ION 

In the Peccei-Quinn (PQ)  scheme 9 ) , the extra symme try nee de d  to 

make 0 unobservable is achieve d by enlarging the Higgs sector  of the con­

ventional Glashow-We inberg-Salam model.  The Higgs doublet ¢ is replaced 

by two such doublets ¢u and ¢ .  which , through the standard Yukawa cou-
i 2 1 pling mechanism, give mass to charge 3 and charge - 3  quarks ,  respectively. 

Both ¢u and ¢d break
1 

SU( 2 ) LxU( 1 )y to  U ( 1 ) e1 0
, so that the 

standard re lation <¢> = ( GFl{2r2 "" 250 GeV be come s 

r;:c - 1/2 < $u > = (GF •2)  sina, 
fi -1/2 < $d > = (GF 2) cosa ( 1 6 )  

Unfortunately, several axion properties will depend upon the  unknown para-

mete:r 

x - cotg a ( 1 7 ) 

Parallel to the PQ scheme , we shall discuss an intere sting alternative 
due to Dine , Fischler and Srednicki 1 0 )  (DFS ) in which a third Higgs field ¢ 
is added t o  the picture . ¢0 is an SU ( 2 ) LxU( 1 )y singlet so that (¢0) = F 

is not related  to the 1 00 GeV scale of SU( 2 ) LxU( 1 ) breaking. It can be 

taken to be a free parameter and is chosen in the DFS scheme to satisfy : 

F >> G- 1/2 
F ( 1 8) 

It was We inberg and Wilczek who realized 1 1 ) that the breaking of the 

PQ symme try through <¢u d) ( or F )  implies a Goldstone boson,  which was 
' 

terme d the axion. 

0 
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The gho st mechanism discussed above is  readily applicable to the axion , 

which has no mass except for the gho st dominated  annihilation diagram. In 

fac t ,  the axion-axion and axion-pseudoscalar mass matrix elements are exactly 

l ike tho se of Fig. 2b , provided  we rescale the ghost pseudoscalar coupling 

'{a as 

gghost-axion a . p  

G 1/2 
(x + _!_ ) N F (..!.) / x Tr /2 

p ='\. /2 Frr N (DFS) 
F 

(PQ) 
( 1 9 ) 

where N is the number of families  ( N  = 3 ? )  and F TT �  95 MeV. It is straight­

fo rward to diagonalize the full mass matrix and find the axion mass and it s 

mixing to ordinary pseudoscalar. One obtains , for instance , 

m a p ( .!. + I: _J_ ) -1/2 a j JJ� J 

/ 50N (x + � )  Rl/2 KeV 

�JOO N Rl/2 (250
F 

GeV) 
(PQ) 

(20) 

Kev (DFS) 

2 where µ j , the p seudo scalar masses in absence of the ghost , are related  to 

physical masses by 

m2 Tr ( 2 1 )  

and R =o mumd(mu+md )-2 � 0 . 23 .  We see explicitly from ( 20)  that the axion is 

massless ( and actually decoupled and unne cessary) if e ither a quark is mass­

less  or  if a =  0 [no ghost coupling , in which case we have no CP , but a 

u( 1 ) proble� . 

For reasonable values of x and F ,  the axion main decay is into 

2y 1 s  with a very long lifetime 

(22) 

More generally, all axion couplings , including their mixing to ordinary 

pseudoscalars , go like the parameter of Eq.  ( 1 9 )  hence scale like F-1 • 

This is why for F extremely large , we get an "invisible axion" .  

How invisible , depends on  the  value of F and on the effect we  are 

looking at.  In laboratory experiments one can only get a lower bound on F 

and it seems that the PQ axion is already ruled out . Astrophysical arguments , 
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however ,  can also exclude very large value s of F s ince in  that case the 

axion be come s extremely light and affects  stellar evolution or standard 

cosmology. Such argument s seem to leave out 1 2 )  only a window for the F 

parameter ( 1 08±1 GeV < F < 1 01 2 GeV) which is inaccessible to laboratory 

experiments. 

On the other hand, it might b e  wiser to see  how far one can push the 

lower limit on F by purely laboratory experiments that do not have to  rely 

on ( even very plausible )  astrophysical and cosmological models .  

5 .  AXIONS AT  LEAR 

It is not my aim here to review the present situat ion on axion search, 

I would j ust like to  conclude by mentioning that the LEAR machine , which is 

soon due to start operating at CERN , can be a good place for t e st ing the 

various i deas discussed in this talk and ,  in particular , for axion search 

(more generally for searching the light , weakly coupled part icles predicted 

in several unifie d theories ) .  

A rather favourable channel turns out to b e  1 3 )  

+ -PP ! rest ... 11 11 + x 0 0 X0 • � ,  n ,  n ' , axion, ? (23)  

where the relative rates  of neutral p seudoscalar meson production offer a 

test of the theoretical framework in which we have discussed  the U( 1 ) 

problem ( in particular �· production is sensitive to ghost couplings ) ,  

while axion production is pre dict e d  to  b e  as follows : 

R > 1 . 2  10-G 
{PQ) 

(24) 

(DFS) 

where R � o(pp->rr+TI- axion)/o(pp->rr+TI-TI0) .  Using a p flux at LEAR of 1 06/s 

and the known TI+TI-TI0 yield  of about 7%, we ge t rates of 1 04/day for the PQ 
axion. The axion signal would consist of events in which the measure d + TI , TI 

momenta reveal a large missing energy and a small missing mass ( y • s would 

have to be detected with good efficiency since they would constitute the main 

background) .  The experiment can rule out easily the PQ axion and explore 

scale s for F of 0 ( 1 0 TeV) for the DFS axion. 
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Even if  one  believe s  that astrophy sical argument s have already ruled 

out DFS axions in that range , this type of experiment s can be worth pursuing 

as a way to look at light , weakly coupled bosons which are predicted to exist 

whenever a global symmetry is  spontaneously broken at a very large scale
* ) . 

This is how pre cise , low energy experiments can tell us a lot about particle 

physics at very high energy : it was after all � decay that taught us 

first about the existence of interesting physics  in the 1 00 GeV region ! 

It is a pleasure to thank the organizers of this Rencontre de Moriond 

for giving me the opportunity to attend such a pleasant and lively meeting. 

* ) For ano ther use of LEARj in connect ion with CF violation in the 
RD sys tem,  see Ref o  1 4  o 
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ABSTRACT 
If quarks and leptons are composite at the energy scale A ,  the 

s trong forces binding their constituents induce flavor-diagonal contact 
interactions . Through their interference with standard color ® elec tro­
weak model amplitude s ,  these contact interactions can have significant 
effects at reaction energies well be low A .  Consideration of their effect 
on Bhabha scattering produces a new stronger bound on the scale of elec­
tron compositeness : A > 750 GeV. Collider experiments now being planned 
will be sens itive to A �  1 - 5 TeV for both elec trons and light quarks . 
The super-colliders of the next decade wil l  be able to probe up to 
A � 10 - SO TeV . 

3 6 9  



370 

The proliferation of quarks and leptons has naturally led to  the 
speculation that they are composite s tructures , bound states of more 
fundamental constituents which are often called "preons" . 1 1 Many authors 
have proposed models of such composite structure , but no obviously correct 
or compelling model has yet emerged . There is not even consensus on the 
most fundamental aspect of quark and lepton substructure � the value of 
the mass scale A which characterizes the s trength of preon-binding 
interactions and the physical size of composite states . It is therefore 
important to devise experiments which probe this potential substructure 
as deeply as possible and which , at the same time , test the widest possi­
ble variety of  models . Here , we shall identify new observable conse­
quences of quark and lepton substructure which do just that . 2 ] An immedi­
ate result of these is that existing Bhabha scattering measurements imply 
that A > 750 GeV for the electron, a factor of 5 larger than previous 
lower bpunds . 

Before spelling out our tests , let us review briefly what is known 
about A .  At present, high-energy cross sections are well explained by 
the standard SU(3)® SU(2)® U(l)  gauge theory with elementary quarks and 
leptons . If these fermions Fre composite ,  then A is much larger than 
their masses,  completely unlike the situation in nuclear and hadron 
physics . However ,  ' t  Hooft has argued that gauge theories of preon­
binding quite naturally produce composite fermions much less massive than 
the binding scale provided certain chiral symmetry constraints are 
satisfied . 3 1 Since the energy AEW = 0 (1 TeV) at which electroweak 
symmetry is broken is the lowest new dynamical scale we foresee , we expect 
A <: AEW' 

Modifications of gauge- field (y , z0 ,etc . )  propagators and vertices 
with fermions occur in any preon model ,  though their precise form is 
model-dependent . In a favored parametrization,4 1 one simply multiplies 
the gauge propagator by a form factor F(q2) = 1 + q2/A2 . Measurements 
of e+e-

- tt(ljr = e ,µ. , 'r , q) up to Js = 35 GeV at PETRA have exclu'ded 
photon form factors for A ,;; 100 - 200 GeV. 5 l Composite fermions also 
possess new contact interactions generated by constituent exchange . These 
four-fermion interactions have strength ± g2 /A 2 , where g is an effec­
tive strong coupling constant analogous to the p-coupling g�/4n = 2 . 1 .  
I f  contact interactions mediate flavor-changing processes such as � - µ.e ,  DO_iJ° and KO-KO mixing , the lower limits on A range from 

� 100 TeV to � 2800 Tev . 6 1  While these bounds are impressive , it is 
possible to construct composite models in which some6 l or a117 l of the 
dangerous flavor-changing interactions are absent .  In summary, the only 



relatively model-independent constraints are the much lower ones deduced 
from the PETRA measurements . 81 

Our new tests for substructure are based on two observations : First ,  
i n  any model i n  which one or both chiral components o f  the fermion t is 
composite , there must  occur flavor-diagonal ,  helicity-conserving contac t 

interactions o f  the form9l 

(1)  

In our construction of Eq. (l) , we assume that the s tandard 
SU (3)0 SU(2)®U(l )  gauge theory is correct and that A ;;,, AEW" 

lO ] Then tL 
and tR are dis tinct species and there is no reason by �� should 
conserve parity . We define A in Eq . (l )  such that the s trong coupling 
g2 /4rr = 1 and the largest J �ij l = 1 .  Color indices , if any, are sup­
pressed in Eq . (l) . Second , if some kinematic region of *-t elastic 
scattering is , in the standard theory, controlled by a gauge coupling 
at << 1, then the helicity-conserving interaction �� produces inter-

. 2 - 1  2 2 2 2 ference terms in the cross section of order (4rrat/q ) (g /A ) = q /atA 
relative to the s tandard-model contribution . 11 ] This model-independent 
effect overwhelms the O (q2/A2 ) contribution of form factors . 

We apply our tests below to high-energy Bhabha scattering (at =o a) 
and to jet production at high transverse momentum (pT) in hadron-hadron 

2 colliders [at = aQCD(q ) ] . It is also important to consider the model-
dependent possibility that distinct fermions tl and t2 have some con-
stituents in connnon. Then an interaction such as ( 1 )  exist s ,  with roughly 
the same s trength, and wil l  modify cross sections for tl�l - t2t2 ' 
t1t2 - t1t2 and their SU(2)W transforms . Such flavor and helicity­
conserving interactions certainly are generated by pre-color gluon exchange 
even if t1L ,R and t2L ,R have no fermionic constituents in common . We 
do not know if the usual argument for Zweig ' s  rule suppression applies to 
this situation in which all  momentum transfers are much less than A .  
(We thank Sid Drell  for emphasizing to us the potential importance of  pre­
color gluon exchange . )  As an example , we shall consider e+e- - µ+µ- . 

and 
Bhabha Scattering. 
z0 exchanges and 

The unpolarized beam cross section , including y 
with t = e ,  i s  given by 

3 7 1  
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. - + -da(e e - e e ) 
d (cos 9 )  

A 

2 2 2 (TTCl' /4s ) [ 4Ao + A_ ( l  - cos 9) + A+
(l + cos 9) l 

(2) 

In Eq. (2) , t = -s ( l - cos 9 ) /2 , s = s -µ.2 + iµ. f z 12] z z z and t z t - µ.2 + w. r · z z z '  
gR/e = tan 9W and gL/e = - cot 29W " 

A useful way to search experimentally for electron substructure is to 
plot the fractional deviation 

Llee (cos 9) 
<ID /d (cos 9) I ������m::;::.ea==s�. _ 1 do-/d (cos 9) I EW 

(3 )  

where dcr /d (cos 9) I Ew is given by Eq. (2) with A = "' · Since Llee must  
vanish in  the forward direction, the measured cross section can be  normal­
ized there to the electroweak value . 

We have used Eqs . (2)  to calculate Llee at ./s = 35 GeV for the 
cases in which £ee reduces to the coupling of two left-handed (LL) , 
right-handed (RR) ,  vector (VV) and axial-vector (AA) currents . In 
the LL model ,  e . g . , 'ilLL = ± 1 ,  'llRR = 'llRL = O .  The results are shown in 
Fig . 1 for values of A such that I ll  I = 3 - 5%  over a wide angular ee S J  range , consistent with the PETRA measurements . Several corrnnents are in 
order :  ( 1 )  For s << µ.2 , the RR model is indistinguishable from LL, z 
because the parity-violating z0-terms are negligible there . (2) Greater 
sensitivity to A occurs when both left- and right-handed electron com­
ponents are composite and have corrnnon constituents < l 11RL I ""'  1 ) . (3) Even 
greater sensitivity to the space-time s tructure of £ee can be obtained 
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by using polarized 
bounds 

+ e , e  beams . 13 1  (4) The PETRA measurements imply the 

A (LL,RR) > 750 GeV; A (VV,AA) > 1500 GeV (4) 

Mos t  other physically reasonable models wil l  give bounds lying between 
these two . 

Experiments higher + - colliders wil l  probe even deeper a t  energy e e 
into the electro n .  Figure 2 shows 6ee at ./s = 100 GeV for the same 
four models . We chose A in each case so that l tiee l = 5 - 8% over a 
large angular range . Note the dis tinctive effects of parity-violating 
z0- terms . We expect that high- luminosity z0

- factories wil l  be able to set 
the limits A (LL,RR) > 2 TeV and A (VV,AA) > 5 Tev. 2 • 1 3 1 

99 and 99 Hard Scattering. The most general SU (3 )® SU(2 ) ® U ( l ) ­
invariant contact interaction involving only light quarks qL , R  = (u , d ) L , R  
contains 1 0  independent helicity-conserving terms . 13 1  Here , we consider 
only the simple case of the product of two left-handed color- and isospin­
s inglet currents : 

(5 ) 

We have calculated the cross section for high-pT jet production us ing 
lowest-order QCD and the interaction (5 ) .  The contributions of light 
quark and gluon jets were included . The results are shown in Fig . 3 for 
pp and pp collisions at ./s = 2 TeV. We assume an effect is detectable 
if it gives a deviation from the expected QCD shape that is at least a 
factor of two and amounts to at least 100 events /yr . Then, for a pp 
collider with annual integrated luminosity of l037cm- 2 , the limit 
A >  1 . 0  TeV can be set for the interaction (5) . The corresponding l imit 
for a pp collider with lo40cm- 2 is A > 1 . 5  - 2 . 0  TeV . More immedi­
ately, the CERN pp collider,  with integrated luminosity l036cm- 2 , can 
limit A > 200 GeV for this interaction. 

+ - + -e e - µ µ . If the electron and the muon have one or more constitu-
ents in common or pre-color gluon exchange between e and µ constitu­
ents is not Zweig- suppressed, the helicity-conserving terms in their 
contact interaction are 
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where 
+ e , e  

A , g2 and ��j are normalized a s  i n  E q .  (1) . 
beams , the differential cross section is 

B 

2 I g 

� 
s 1 2 I + -1 i + ---1&.... + .1- 1 

2 s 2 2 
e z e1A 

For unpolarized 

(7)  

Ille fractional deviation 
+ -

from the electroweak cross section for 
+ -e e - µ. µ. has the following 

Js = 35 GeV are consistent with 
range . 5 ] 1his corresponds to A 

properties :  ( 1 )  Existing measurements at 
Ill  I s 6 - 8% over a wide angular eµ. 

> 1 . 4 TeV for LL and RR models and to 
A >  2 . 2 TeV for VV and AA .  1hese bounds on  lepton substructure are 
stronger , but more model-dependent,  than those in Eq . (4) .  Muon decay and 
vµ.-e e lastic scattering give A 2 6 TeV for a LL isovector interaction 
and A 2 2 TeV for a LL scalar interaction. (2 ) For Js << µ.z ' 
LI (LL) �  LI (RR) a: ( 1  + cos 8) 2 . Also, lleµ. (VV) "" constant,  while eµ. eµ. 
LI (AA) a: cos 8 ;  these effects could be hidden eµ. 0 and by the Z - induced asymmetry, respectively. 

by a normalization error 
(3) Because y and z0 

appear only in the s-channel ,  the beam energy can be tuned to enhance the 
effect of particular space-time s tructures in lieµ. When 
Re (l + g . g . s/e2 s ) = O ,  the � '. . -contribution is negligible , s/A4 , l. J z l.J 
while the fractional deviations due to other couplings is greater than at 
nearby energies . 1his occurs at JsLL = 7 7 . 4  GeV, JsRR = 82 . 2 GeV and 
JsRL = 115 . 9  GeV. 

Finally, comparable limits on other flavor-nondiagonal interactions 
can be obtained from existing data on deep-inelastic vµ.-nucleon scatterin& 
pp - µ.+µ.-X at Js 2 TeV and e-p collisions at Q2 

= (100 GeV)2 . 
We have shown that flavor-diagonal contact interactions induced by 

preon-binding forces significantly alter hard-scattering cross sections at 
energies well  below A .  Searches for these effects are the most sensitive 
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model-independent tests of quark and lepton subs tructure . I f  A = 1-5 TeV, 

deviations from the s tandard model will soon be observable.  The coming 

generation of mul ti-TeV colliders should be able to detect substructure up 

to A = 10 - 50 TeV. But ,  i f  /\ is only a few TeV, the implications for 

experiments at these colliders will be more profound . For example , if 

A = 2 TeV, the Bhabha cross section at a 1 TeV x 1 TeV linear 

col lider
2 l  

would be � l /A
2 

� 0 . 1  nb , or about 5000 units of R. 
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Duri ng the progress o f  phys i cs wi thi n the past hundred years i t  has happened 
twi ce that observed short range forces were recogni zed as i ndi rect consequences of 
an underlyi ng substructure of the objects consi dered . Thus the short-range mol e ­
cu l ar a n d  van-der-Waals forces turned out to b e  i ndi rect consequences o f  the sub­
structure of atoms ; they are remnants of the l o ng range el ectromagnetic forces . 
Si nce 1970 someth i ng s imi l ar has happened to the short-range nucl ear force , 
wh i ch has turned out to be a rel i ct of the quark substructure of hadrons and the 
strong l ong range col or forces between the quarks . 

The only short range i nteraction l eft i n  phys i cs wh ich has not been traced 
back to a substructure and to a fundamental l ong range force between consti tuents 
is the weak i nteracti on .  Recently a number of authors has become i nterested i n  
interpreti ng the weak force as some ki nd of "Van der Waa l s "  remnant of a n  under­
lyi ng l epton-quark substructure . l ) The l epton- quark consti tuents for wh i ch I 
wi l l  use the name "hapl ons" Z) are supposed to be bound together by very strong 
so-cal l ed hypercol or forces wh i ch are supposed to be conf i n i ng forces , 
presumably descri bed by a non- Abel ean gauge theory ( a l though other types of 
forces are not exc l uded } . The short range character of the weak i nteracti on ari ses 
si nce the l eptons and quarks are hyperco l or s i ngl ets , but have a fi n ite s i ze .  The 
energy sca l e  provi ded by the Fermi constant i s  of the order of 300 GeV ; the i n­
verse s i ze of the l eptons , quarks and weak bosons i s  expected to be of the same 
order , i . e .  thei r radi i are of the order of 10-17  cm . 

The observed weak i nteracti ons , i ncl udi ng the neutral current i nteract ion , 
can be descri bed rather wel l by the standard SU( 2 )  x U ( l ) gauge theory. I n  
that theory the weak bosons and the photon are cl osely rel ated to each other. The 
masses of the weak bosons are generated by the spontaneous breaki ng of the 
SU ( 2 )  x U ( l ) gauge symmetry . One of the four SU ( 2 )  x U ( l } -charges remai ns unbro­
ken .  Th i s  charge is i denti fi ed w ith the el ectr ic  charge ; the correspondi ng gauge 
boson ( photon )  rema i ns mass l es s .  

I f  the weak i nteraction turns out to be a remnant o f  the hypercol or forces , 
a new i nterpretation of the rel ations h i p  between the el ectromagneti c  and weak i n­
teraction i s  requ i red . The W- and Z- bosons cease to be fundamental gauge bosons , 
but acqu i re the l ess prest ig ious status of bound states of hapl ons , much l i ke the 
p-mesons i n  QCD. However the photon rema i ns an el ementary object (at l east at the 
. - 1 7  sca le  of  the order of 10 cm , di scus sed here) . As a whol e ,  the SU ( 2 )  x U ( l ) 

theory cannot be regarded anymore as a fundamental mi croscopic theory of the e l ec ­
troweak i nteracti ons , but a t  best can b e  i nterpreted a s  a n  effective theory , 
wh ich i s  useful only at d i stances l arger than the hypercol or confi nement sca l e .  
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I t  acqui res a status comparabl e to  the one of the a-model i n  QCD , wh ich  correctly 
descri bes the ch iral dynamics of �-mesons and nucl eons at rel atively l ow energies , 
but fai l s  to be a reasonabl e descri ption of the strong i nteraction at h i gh energ ies . 

However I wou l d  l i ke to emphas i ze that at the present time no i ndi cation what­
soever comes from the experimental s ide that l eptons , quarks and weak bosons may 
be bound states of yet smal l er consti tuents . I t  may wel l be that the weak force 
wi l l  turn out i n  the future as a fundamental gauge force , as fundamental as the 
el ectromagneti c one and the col or force .  I n  fact , i nterpreti ng the weak forces as 
effecti ve forces poses a number of probl ems whi ch have not been sol ved in a sati s ­
factory manner. Fi rst  of  al l ,  the weak i nteracti ons v iol ate pari ty , a nd  they do 
that not i n  an uncontrol l ed way , but i n  a very s impl e one : only the lefthanded 
l eptons and q uarks take part i n  the charged current i nteracti ons . If we i nterpret 
the weak i nteracti ons as Van der Waa l s  type i nteracti ons , the pari ty v iol ation i s  
a poi nt of worry . How shoul d one i nterpret the observed pari ty viol ation? Does i t  
mean that the l efthanded fermions have a d i fferent i nternal structure than the ri ght­
handed ones? Or are we deal i ng wi th two or several di fferent hypercol or confi nement 
sca les , for examp le  one for the lefthanded fermions , and one for the ri ghthanded 
fermi ons , such that the resul ti ng effecti ve theory is s imi l ar to the l eft - right 
symmetri c gauge theory , based on the group SU ( 2 ) L x SU ( 2 ) R? 

Another poi nt of concern i s  the fact that the weak i nteracti ons show a number 
of regul ari ti es , e . g .  the uni versal i ty of the weak coupl i ng s ,  whi ch one wou l d  not 
a pri o ri expect if the weak i nteracti on is merely a hyperco lor remnant . On the 
other hand it is wel l  - known that the i nteraction of pi ons or p -mesons wi th 
hadrons shows a number of regul ariti es wh ich can be traced back to current al gebra , 
combi ned wi th chi ral symmetry or vector meson domi nance . Despite the fact that 
both the p -mesons and the pi ons are quark - antiquark bound states for which one 
woul d not a priori expect that thei r i nteraction with other hadrons exh i b i ts re­
markabl e s impl e properties ( e . g .  the un i versal i ty of the vector meson coupl i ngs ) ,  
the l atter ari se as a consequence of the underlyi ng current al gebra , whi ch i s  
saturated rather wel l  a t  l ow energ i es by the l owest lying pol e (ei ther the pi on 
pol e  i n  the case of the di vergence of the axi al vector current ,  or the p - or A1-
pol e i n  the case of the vector or axial vector current) . The qual i ty of these 
regul ari ties is rel ated to the qual i ty of the pol e domi nance , wh i ch i n  the case 
of the pion pol e is very good ( the ch i ral SU( 2 )  x SU ( 2 ) -symmetry is val i d  within 
a few % ) , wh i l e  in  the case of vector meson domi nance it i s  good w ith i n  about 
10 % .  
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The observed weak i n teraction exh i b i ts the gl obal symmetry SU ( 2 ) L ( L :  l eft­
handed ) .  In the hyperco l or schemes this symmetry is i nterpreted as a fl avor sym­
metry of the hyperco l or forces . For exampl e ,  i n  the s imp l e  scheme di scussed i n  
refs . ( 2 , 3 , 4 ) , the underlyi ng hap l ons have ei ther sp i n  1/2 or sp i n  0 :  

spi n charge col or hypercol or 

Ct 1/2 1/2 1 n 
s 1/2 -1/2 1 n 

-x 0 1/6 3 n 
y 0 -1/2 1 ;; 

The s implest hypercol or s i ngl ets are ( for the hypercol or group we assume 
SU ( n )  - the hapl ons are supposed to transform accord i ng to the n or n representa­
tion of SU ( n ) ) :  

( :  : ) ( :  � )  
These bound states havi ng the charges 2/3 ,  -1/3 or 0 ,  -1 are supposed to represent 
the l eptons and quarks i n  the various fami l i e s .  The W-bosons are bound states of 
the fermions a and s : W+= ( So<.) , W-= ( ; s )  etc . 

The weak currents jw>wh i ch i n  this  model are b i l i near i n  the hapl on fiel ds a µ 
and s ,  obey a l ocal al gebra of charge dens i ties ,  e . g .  

The l ocal current al gebra i s  tri via l ly ful fi l l ed i n  a model i n  wh i ch l eptons and 
quarks are poi ntl i ke objects and the weak currents are s imply bi l i near i n  the 
l epton and quark fi e l ds . However , if l eptons and quarks are extended objects , the 
s i tuati on changes enti rely .  Currents , wh i ch  are bi l i near in the ( compos i te )  l epton 
and quark fi e l ds wou l d  not obey the l ocal al gebra , j ust l i ke the currents , wh i ch 
are bi l i near i n  nuc l eon fi e l ds , do not obey the l ocal current al gebra of QCD .  Thus 
the l ocal al gebra becomes a h i ghly non-tri via l  constra i n t .  It is fu l fi l l ed i n  the 
hapl on model di scussed above , i n  wh i ch the currents are b i l i near i n  a and s ,  and 
i n  any other model , i n  wh i ch the currents are b i l i near i n  l ocal fiel ds . It i s  
not known how the spectral functi ons of the weak i sosp i n  currents l oo k .  We sha l l  
suppose that the weak spectra l functi ons at l ow frequenc i es are dominated by the 
lowest-lyi ng pol e (W domi nance ) .  Of course , at h i gher energies , h i gher exci ted 
states as wel l  as the conti nuum wi l l  become rel evant ( see a l so ref .  2 , 5 ) . 
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a )  The l ocal current al gebra is  saturated by the W-pol es . As a consequence 
the W-fermion coupl i ngs are uni versal . The observed universa l i ty of the weak 
coupl i ngs is supposed to be due to the l ocal weak current al gebra and the W-domi ­
nance . The uni versal i ty of the weak coupl i ngs i s  observed to be val i d  to at l east 
1 %. Thus the W-domi nance hypothes i s  i s  presumably val i d  to a s imi l ar degree of 
accuracy . Taki ng i nto account that the W-mass is expected to be about 80 GeV 
( see below ) ,  we conc l ude that s i zabl e contri butions to the weak s pectral functions 
are not expected to be present with i n  the energy reg i on starti ng at E = Mw and 
about 1 TeV . The W poles can be compared to the �-meson pol e  in QCD , which dom i ­
nates the di vergence of  the axial vector current at l ow energies to  a h igh  degree 
of accuracy ( see a l so ref . 2 , 5 ) . 

b) The neutral W-boson w3 , i . e .  the neutral SU ( 2 ) L -partner of the charged i nt€r­
medi ate w±-bosons , i s  supposed to cons i st  of  two el ectri ca l ly charged consti tuents . 
Those can anni h i l ate i nto a v i rtual photon and thus generate a dynamical mixing 
between the photon and the w3 -boson , whi ch i s  simi l ar to the phenomenon of p ­
meson/photon mixing i n  QCD ( for a general discuss i on o f  W-y-mi xi ng see refs . 
2 ,  5 ,  6 ) .  Several effects fol l ow :  

The photon remai ns ,  of course , mas s l ess as a consequence of the el ectromagnet­
ic gauge i nvari ance . The neutral W-boson mass is l ifted upward : 

(A:  W-y-mi x i ng parameter) . 

The neutral current i nteracti on acqui res a form wh ich i s  i denti cal to the one 
obtai ned i n  the standard SU( 2 )  x U ( l ) -model . The SU( 2 )  x U ( l ) -mi xi ng angle i s  
rel ated to the W-y-mi x i ng parameter as fol l ows : 

s i n2ew = � • A 
( e :  el ectri c charge , g :  W-fermi on coupl i ng constant) . 

Provi ded the l owest lyi ng W-pol e  domi nates the weak amp l i tudes at energies 
much bel ow 1 TeV , one fi nds : 

( Fw : W-decay constant) and : 
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g = FwlMw � 0.65 , s i new = e/g 

( the numerical val ue for g i s  obta i ned for s i n2ew = 0 . 22 . ) Thus i n  a l l  phenom­
enol ogi cal consequences for the weak i nteractions at l ow energi es the resul ts are 
i dentical to the ones obtai ned i n  the standard SU ( 2 )  x U ( l ) -model . I n  addi ti on ,  
the spectrum o f  the W-bosons i s  i dentical to the one obtai ned i n  the SU( 2 ) x U ( l ) ­
gauge theory . However sma l l devi ations caused by el ectromagnetic d istortions of 
the W-wave functions are expected ( see ref . ( 7 ) ) .  

The remai ni ng part of thi s  tal k i s  concerned wi th the fermion masses . The 
l epton and quark masses are gi ven bel ow ( i n  MeV ) :  ( Ve v v ) µ T 

e -( 0 . 5 )  µ - ( 106 ) T- ( 1784 ) ( " ( 5 )  c ( l ,200 )  t( > lB ,000 ) ) 
d (8 )  s ( l50) b (  4 , 600) 

For the " l i ght" quarks u and d we have used typical mass val ues wh i ch are ob­
ta i ned in analyz i ng the chi ral symmetry break i ng ( see e . g .  ref . ( 8 ) ) .  No masses 
are gi ven for the neutri nos ; the neutri no masses are assumed to be ei ther zero or 
l ess than 100 eV , fu l fi l l i ng the various experimental or astrophys ical constrai nts . 
I n  any case the neutri no masses are at l east four orders of magni tude smal l er than 
the mass of the l i ghtest charged fermi on , the el ectron ,wh i ch we take as a h i nt 
that the mechan i sm respons i bl e  for the generation of the neutri no masses ( i n  case 
those masses di ffer from zero at al l )  must be qua l i tatively di fferent from the 
one respons i bl e  for the masses of the charged fermi ons . 

By consi deri ng the fermion mass spectrum one may observe the fol l owing facts : 

a )  There exi sts a wel l -obeyed h i erarch i c  al structure . Al l charged fermions 
of the fi rst fami ly  ( e , u ,d )  are l i ghter than the ones of the second fami ly  
( µ ,c , s ) ,  and  those i n  turn are l i ghter than the charged fermi ons of the th i rd 
fami ly ( T , t ,b ) . 

b) The neutri nos are , of course ,  much l i ghter than the correspond i ng charged 
l eptons . The quarks of el ectric charge 2/3 of the second and th i rd fami ly are 
heavier than the correspondi ng quarks of charge -1/3 :  

Th i s  pattern i s  broken by the u and d quarks : mu < md . 
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c)  There exi sts weak i nteraction mi xi ng ; the mass ei genstates a re not i denti ­
cal to the ei genstates of the weak i nteractions . However the correspond i ng mi xi ng 
ang l es { Cabi bbo ang les  . . .  ) are observed to be rel ati vely sma l l ,  such that the 
c l ass i fi cation of l eptons and quarks i n  three di fferent fami l i es makes sense , 
Neverthel ess the fact of weak i nteraction mixi ng impl i es that there are no conser­
ved quantum numbers associ ated to the various l epton- quark fami l i es . 

Wi thi n  the standard SU ( 2 )  x U { l )  gauge theory i t  i s  easy to i ncorporate a l l  
the observed comp lex i ti es o f  the fermi on mass spectrum (masses , mixi ng angl es )  
by adjusti ng the di fferent Yukawa coup l i ng constants descri bi ng the i nteractions 
of the fermions with the sca l ar  fi e l ds . S i nce those coupl i ng constants are arbi ­
trary , the most general fermi on mass lilatri x can be reproduced . No doubt , th i s  i s  
the most seri ous deficiency o f  the model . 

I f  we take the poi nt of v iew that the weak forces are effecti ve forces due 
to the l epton-quark substructure , no scal ar f ie lds are needed to generate the 
masses of the compos i te W-bosons . The l atter are mani festations of the hypercolor 
confi nement sca l e ,  wh ich i s  supposed to be of the order of 1 TeV . In  that case 
the question ari ses , how the l epton- and quark masses are generated . After a l l ,  
those masses are much sma l l er than 1 TeV . Bel ow I sha l l  descri be a poss ib le  way 
to understand the l epton- quark mass spectrum whi ch i s  sti l l  rather prel imi nary , 
but may eventual ly l ead to a compl ete understandi ng of the fermion masses . 

One surpri s i ng aspect of the l epton- quark mass spectrum i s  the absence of 
any approximate symmetry . ( I n compari son , the mass spectrum of hadrons shows the 
approximate i sospi n symmetry . )  Furthermore the masses fl uctuate wi ld ly .  Never­
thel ess i t  seems that there exi sts a defi n ite rel ationsh ip  between the masses and 
the el ectric  charges , as suggested by the properties l i sted above under b ) . When­
ever wide fl uctuati ons of energy l evel s  were observed i n  phys i cs , it has often 
turned out that those fl uctuati ons were departures from zero energy l evel s by 
sma l l  perturbati ons . As an exampl e we consi der the mass spectrum of the rr-mesons 
i n  the chi ral l imi t of QCD (mu= md= 0 ) . In that l imit a l l  three rr-mesons have zero 
mas s .  However the chi ral symmetry i s  broken dynami cal l y ,  i f  the el ectromagnetic 
i nteracti on is i ntroduced . The neutral rr-meson remai ns at zero mass , however the 
charged pi ons acqu i re a mass of about 36 MeV ( see e . g .  ref . ( � ) ) .  This mass i s  
of  order e · A [ QCD] and i s  due to the fi n i te el ectromagnetic charge radi us of  the 
pion . Thus a perturbati on of the QCD Hami l tonian by the smal l el ectromagnetic i n ­
teracti on causes a rel atively l arge mass spl i tting i n  the pion sector , due to the 
fact that the QCD Hami l toni an did not contri bute to the pion mass before the per­
turbati on was i ntroduced . However for a l l  states wh i ch acqui red a mass of order 
of A[QCD] by the QCD i nteraction ( p -meson , nucl eon , hyperons etc . ) ,  the el ectro-
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magneti c perturbati on causes on ly smal l mass spl i tti ngs of the order of 
1 o/.0 • • •  1 % .  

The exercise made above can be extended to a hypotheti cal s i tuation where a 
new massl ess quark 1 of charge -4/3 i s  added to the mass less quarks u and d .  I n  
that case there exi sts a chi ra l symmetry SU ( 3 )  x SU ( 3 ) . The rr-meson tri pl et i s  
extended to a n  octet , i ncl udi ng a doubly charged meson rr++ (quark structure lu ) .  
The l atter aqu i res a n  el ectromagneti c mass of 7 2  MeV ,  and the fol l owi ng relations 
hol d :  

Be l ow I sha l l  descri be a poss i bi l i ty to understand the fermion mass spectrum. 
Th i s  wi l l  be done wi thout tak ing reference to a specific  model . Only rather general 
assumpti ons are made . 

A :  I f  the weak forces are effective forces , the underlyi ng theory wi l l  be 
based on a product of three di fferent commuti ng gauge groups : 

c e G = Gh x SU( 3 )  x u 1  

( Gh : hypercol or gauge group ) .  

B :  On the sca le  of the hypercol or i nteracti on , both col or and el ectromagnetism 
are sma l l  perturbati ons . Therefore i t  seems j ustified to consi der the l imit where 
those i nteractions are swi tched off. We suppose that a l l  l epton and quark masses 
are zero i n  that l imi t .  Of course , many other massi ve fermion states exi st i n  
addi tion , but those are expected to have masses o f  the order o f  1 TeV . Tak ing i n-
to account the three l epton- quark fami l i es , we are dea l i ng wi th 24 mass l ess states . 
Those states are supposed tn be mas s l ess due to an underlyi ng ch i ra l  symmetry 
( ei ther a conti nous or a di screte chi ra l symmetry) .  The number of mass l ess states 
( 24 here ) must  be re l ated to a spec if ic  property of the hypercol or dynami cs ; 
presumably i t  i s  di rectly rel ated to the rank of Gh . 

C :  After the col or and el ectromagneti c  i nteractions are i ntroduced , the 
fermi ons acqu i re a mas s ,  for examp l e ,  via a sel f energy di agram where a l epton or 
quark emi ts a vi rtual photon and turns i nto a mass i ve fermion (mass "' 1 TeV ) ,  
wh ich afterwards absorbs the vi rtual photon and turns back to a l epton or quark 
( see Fi gure ) . In general , the mass is due to the fi n ite electromagneti c  and col or 
si ze of the fermi on . 

D :  How much of a fermion mass i s  due to the col or i nteracti on , and how much 
is due to el ectromagneti sm, depends on the speci fic model . I n  some model s  ( e . g .  
i n  the one menti oned above ) the col or s i ze i s  zero ( only one of the haplons 
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carri es col or) , wh i l e  the el ectromagnetic one c a n  never be  zero , s i nce otherwise 
the observed pattern of charges cannot be reproduced . 

The QCD i nteracti on wi l l  contri bute to the mass  of a fermi on i ndependent of 
the charge , i . e .  the QCD mass i s  SU( 2 )W i nvari ant. By l ooki ng at the quark masses 
gi ven above i t  i s  apparent that not much room i s  l eft for a chromodynamic mass  
term ; on the other hand a strong charge dependence of the mass i s  apparent .  There­
fore we sha l l  assume that al l l epton- and quark masses are el ectromagneti c i n  
ori gi n .  We real i ze that th i s  assumpti on puts very strong constrai nts o n  model s 
for the l epton- quark substructure . 

I n  pri nci p l e  there are i nfi n itely many mas s i ve fermi on s tates (m � 1 TeV ) , 
wh ich contri bute as i ntermedi ate states to the el ectromagnetic sel f energy di agram , 
menti oned above . The trans i ti on matri x el ement <l epton ,  quark [ jµ J  mass i ve fermi on> 
( jµ : el ectromagneti c current )  wi l l  depend on formfactors , dependi ng on the 
i nternal structure of the fermi ons . One expects that the fermion mass  sel f 
energy di agram ( Fi g . }  i s  domi nated by the l owest state wh i ch can contri bute . 
(Somethi ng s imi l ar i s  true i n  hadron phys ics : the el ectromagneti c se l f  energy of 
the proton is domi nated by the l owest i ntermedi ate state ) .  The res u l ti ng mass 
matri x for the fermi ons has the form : 

3a 2 m ( fermion ) = 4;" · Q · Ah 

where Q2 i s  the el ectri c charge of the fermi on and Ah the hypercol or confi nement 
scal e .  The parameters gi descri be the rel ative strengths of the trans i tions <i [ j µ J  
i nt .  state > (  [ i > :  l epton o r  quark state ) ;they are i n  genera l o f  order 1 .  

The mass  matri x gi ven above i s  o f  rank 1 .  I ts di agona l i zati on gives : 

m ( fermi on ) 3" Q2 
· A · const .  

4n 
· 

h 

( 0 0 0 )  0 0 0 0 0 1 

Thus i n  the approximati on made above ( only one i ntermedi ate state taken i nto 
account ; terms of order a2 are negl ected ) only one fermi on of each el ectri c charge 
acqu ires a mass . Those are i denti fi ed wi th ' •  b ,  and t ;  the hierarchy pattern of 
the fermion masses starts to emerge . No weak i nteracti on mi xi ng exi s t  in th i s  
approximati on . The fol l owi ng re l ations are val i d :  
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111_ill - i?fli 4 iii\bT - ( -1/3 )  2 
Before we return to these rel ati ons , we sha l l  comment on the mass generation 

for the other fermions and on the weak i nteraction mi x i n g .  

A s  soon as we  give up  the assumpti on of  the domi nance of  the fermi on self 
energy by one i ntermedi ate s tate , the mass matri x ceases to be of rank 1 ,  but 
acqui res rank 2 ( i n  case of two i ntermedi ate states ) or rank 3 ( more than 2 i nter­
medi ate states ) .  The h ierarchy pattern of  fermion masses i s  therefore re lated to 
the qual i ty of the domi nance of the fermi on sel f energ ies by one or several mass i ve 
fermion states (m r- 1  TeV) ( see ref . ( 7 ) ) . 

The wave functi ons of the quarks of charge 2/3 and -1/3 are d i storted by 
electromagnetic effects . The mass matri x of the charge 2/3 quarks deviates s l i ghtly 
from the mass matrix of charge -1/3 quarks ( th i s  effect i s  of order a2 ) .  The net 
resul t i s  a fl avor mixi ng ; the weak mixing angl es arise as functions of the quark 
masses ( see ref .  ( 7 ) ) .  Wi th i n  the mechanism of mass generation outl i ned here , 
the thi rd fami ly of leptons and quarks i s  s i ngled out ; thei r masses serve as 
dri vi ng terms for the generation of mass of a l l  other fermi ons . S i nce the masses 
of the members of the thi rd fami ly are much l arger than the other fermi on masses , 
one expects not much weak i nteraction mixi ng betw�en the th i rd and the other 
fami l i es .  Speci fi cal ly the t-quark is expected to decay a lmost exc lus ively i nto 
the b-quark ( p l us a vi rtual W-boson ) .  The b-quark , which wou l d  be s tab le  i n  the 
absence of fl avor mi x i ng ,  i s  expected to have a rel atively l ong l i fe time , wh ich 
may be cl ose to the present experi mental l imi t of the order of 10-12 s .  

The mass re l ati ons gi ven above imply : 
1 )  The neutri nos bei ng electri cal ly neutral d o  not acqu ire a mass o f  order a ,  

i n  accordance wi th observati on . Neverthel ess one expects the neutri nos to be 
mass ive , due to hi gher order effects . 

2 )  The re lation mt I mb = 4 i s  val i d ,  i f  effects of order a2 ,  i nc l ud i ng al l 
f l avor mi xi ng effects , are negl ected . I t  seems that the latter cannot change 
that rel ation by more than about 10 % , i . e .  

mt = 3 . 6  . . .  4 . 4  mb 
implyi ng that the ( tt ) -ground state shou ld  have a mass lower than 43 GeV . I t  
cou l d  wel l be that the re l ation mt I mb = 4 i s  fu l fi l l ed rather accurately , 
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and  the tt-ground state has  a mass i n  the range between 36 .8  and  38  GeV , i . e .  
i t  i s  j ust  above the present l ower l i mit for the tt-mass g iven by the PETRA­
experi ments . 

F i na l ly I woul d  l i ke to stress the importance of the QED i nteraction .  I f  the 
weak forces are effecti ve forces , one cannot escape the concl us i on that the l epton 
and quark masses are ei ther enti rely or at l east mostly of el ectromagneti c ori gi n ,  
refl ecti ng the exi stence o f  a new fundamental mass sca l e  o f  the order of 1 TeV . 
Some of the deta i l s  of the new phys i cs ari s i ng at 1 TeV can al ready be probed 
wi th a hi gh energy el ectron-quark col l i der l i ke the proposed HERA machi ne .  

Fi na l ly I wou l d  l i ke to thank D r .  Tran Thanh Van and h i s  staff for organ i z i ng 
th i s  Meeti ng i n  th i s  wounderfu l part of the Haute Savoie  and g i v i ng most of us the 
opportun ity to do not only hi gh energy phys ics , but a l so doi ng experiments i n  · 

cl assical mechanics , usi ng the gravi tati onal i nteraction . 
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. 

n J 
The s e l f  energy d i agram wh i c h  i s  s upposed to be respon s i b l e  for the genera ­

t i o n  o f  l e pton a nd quark masses ( i  ,j : l epton o r  quark state , n :  i ntermediate s tate 
w i th mass of order 1 TeV ) . 
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By extendi ng the strong i nteraction theory from QCD to  i ts s imp l est super­
symmetri c exten s i on SQCD , the pred i cti on for the cross section of two jets events 
i n  p-p col l i s i ons gets substanti a l l y  l arger . If the scal ar partners of quarks 
have a mass of the order of magni tude of the i r  experimental l imi t ( � 17 GeV ) the 
cross secti on of 2-jet events wi th a transverse momentum of order 80-100 Gev gets 
mul ti pl i ed by a factor 2 .  
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p-p h igh  energy col l i s i ons are beauti fu l  experiments for probi ng the par­
ton model hypothesi s .  Accordi ng to th i s  model , i n  the center of mass frame , the 
proton and anti proton see each other as made of partons i dentified with el emen-

, 

tary fields of the underlyi ng asymptotica l ly  free strong i nteraction theory 
carry i ng a l l quantum numbers and propagati ng freely i n  the l ongitud i na l  di rec­
tion .  Two jet events wi th a l arge transverse momentum are predi cted by thi s model 
i n  the l owest order approximation iJ .  The scenario for thei r production i s  as 
fol l ows . Two partons of proton and anti proton i nteract via a hard Born type pro­
cess , yi e l d i ng two other partons whi ch may have a l arge scatteri ng ang l e  with 
respect to the beam axi s  whi l e  they carry out a substanti al fraction of the to­
tal reaction energy Iii . Then soft hadroni zations dress both outgoi ng partons 
i nto hadroni c jets wi th energy and angul ar dependences g iven by those of both 
partons . Obv iously soft i nteractions a lso  occur among al l l ongitudi nal spectator 
partons , and many hadrons wi th a smal l tranverse momentum are expected to be pro­
duced , more or l ess i sotropi cal l y ,  i n  addition to both hadronic jets . 

p.l 
p p 

b 
Typi cal ly i n  the SPS p-p col l i der where IS =  540 GeV 1 one observes two 

hadroni c jets events wi th a transverse momentum 10 � p! � 100 GeV accompan i ed 
by a cl oud of hadrons wi th a l ow p! (� few GeVs ) .  

The 
as fol l ows 

da 
dpJ. dco-sB 

parton model 

21T 
312 s 

pred i ction 

2 8 sin e· tgz 

for the cross secti on of the above process 

r xM i n 

a-2 ¢1.1.2) dxl s -;q- x 

( 1 ) 

i s  
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� 1 

( 2 )  

i ,j ,a , b  denote al l poss ib le  parton types i n  the proton . q i ( x1 ,a) and qj ( x2 , a )  
are the probabi l i ti es of f i nd i ng the parton i and j respectively wi th l ongitudi ­
nal momentum x1 fs and -x 2 f i n  the proton and antiproton .  These parton 
dens it ies are to be extracted from an analys i s  of l epton hadron scatteri ng deep ab 
i ne l asti c structure functi ons and of the i r  scal i ng viol ations . The A ij are the 
ampl i tudes for the parton processes i + j � a + b and are functi ons of p� , 
f"s , x1 , x2 . I n  the l owest order approximation they can be computed from tree d i a­
grams of the underlyi ng asymptotica l ly  free strong i nteraction theory , the run­
n i ng coupl i ng constant of which i s  ii ( Q2 ) .  

The phase space constrai nts i n  the i ntegral ( 1 ) are model i ndependent and 
refl ect only the ki nemati cs of a two bodi es ---.. two bodies reaction . They are 
strongly dependent on the val ue of p .l I Iii , due to the presence of the fac­
tor xi2 i n  the i ntegrand , and the i r  consequence on the shape of the cross section 
has been beautiful ly veri fied when going from the p-p P . S .  col l i der (/"s. ,,, 50 GeV) 
to the p-p SPS col l i der (f"s "' 540 GeV ) . 

On the other hand , when goi ng from QCD to a supersymmetri c extension 
{ SQCD ) , a l l  factors i n  formul a  1 ( the parton densities , the A �� and ti) are modi -
fied , and our purpose has been to compute the changes i n  the two jet cross sec­
ti on due to these modifi cations as a possib le  i ndication for the exi stence of 
supersymmetri c parti c les . 

The change due to parton dens i ti es i s  not expected to be quantitatively 
s ign i fi cant because the normal i zati on of these quanti ti es is  kept fixed in any 
theory by sum ru l es expressi ng the fact that the partons carry al l quantum 
numbers of the proton .  Numeri cal analys i s  have i ndeed shown that one can f it  as 
wel l  deep i nel asti c data ei ther with QCD or SQCD . Essenti a l ly ,  one gets redef i n i ­
ti ons of parton densi ti es accordi ng to  the approximated formul a  
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[�Gl uon ( x ,  a) + 9G l u i ono ( x ,  a )] sQC D 

[9ouark ( x ,  a) + js quark (x , (; )] sQCD 

" A  ( a } [9Gl uon ( x ,  a)] 
" A ' (a )  [!quark (x , 

QCD 

a)  ] orn 
( 3-a ) 

where the norma l i zation factors A ,A '  i n sure the conve rsati on of energy momentum 
s um rul es both i n  QCD and sQCD 

f9 ( 2 ) 9( 2 ) 
A ( as ) 

=L Gl uon + Gl u iono s CD 

[9(2�l uon ] QCD 
fr9( 2 ) 9( 2 ) J 

= l Quark + sguark sQCD 

[9(26uark ] oco 
1 1 - h )  

The change of the runni ng coupl i ng constant a i ncreases the cross 
secti on ( 1 ) . I ndeed , when goi ng fro.n QCD to SQCD , the theory becomes " l ess "  
asymptoti cal ly free , s i nce new fermi ons ( the g l u i nos )  and scal ars ( the squarks ) 
contri bute posi tively to the � function , and the SQCD runni ng coup l i ng constant 
decreases s l ower than that of QCD . 

The change of the A ab i s  a l so expected to i ncrease the cross secti ons 
s i nce new fi na l states appe�i . for i nstance g l uon + g l uon ---..g l u i no + gl u i no ,  
gl uon + g l uon ---.. squark + anti -squark etc . . .  Furthermore the p� dependence 
of the cross section is expected to be di fferent because of new Born di agrams . 
However the l atter argument shou l d  be handl ed with care because i f ,  effecti vely 
new squared ampl i tudes occu r ,  new i nterference term a l so occur ,  sometimes wi th a 
negative s i gn , and the effect of the emergence of new thresho lds can be sma l l 
when goi ng from QCD to SQCD . Then a ful l cal cu l at ion i s  necessary .  

I n  a previ ous communi cation 2] , Del duc had s hown that when squarks 
are neg l ected , suppos i ng that they are too heavy , the effect of l i ght g l u i nos i s  
t o  i ncrease the QCD cross secti on by a factor roughly i ndependent o f  e , and 
equal to a�QC D ( pf ) ; a2qco ( pf ) . Th i s  factor i s  not very di fferent from 
1 .  

Here I present the resu l t  of our computati on , done with Antoniadis and 
Del duc , when squarks are taken i nto account . We s uppose that the squarks mass i s  
the PETRA l im it ( � 1 7 GeV ) and , to be cons i stent , we only cons ider jets wi th 
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PJ � 34  GeV . We have used parton dens i ti es sati sfyi ng eq . ( 3 b  and computed 
al i necessary ampl i tudes A �� 3 . Putti ng everyth i ng together ,  we have obtai ned 
a s i gn i fi cant enhancement factor when goi ng from QCD to SQCD whi ch i s  an i ncrea­
s i ng functi on of p� , of order 2 when P.l' � go GeV . Thi s factor i s  sti l l  roughly 
i ndependent of e ( except for sma 1 1  e at the boundary of phase space) , and the 
fol l owi ng figure d i sp lays i ts vari ati on as a functi on of P� .  On thi s p lot we a l -

-2 (p 2 ) -2 ( 2 )  s o  show the factor a s QCD 1- I a QCD Pi. 
J 

2.5 

2 .  

L S  

l ,  

I dt- )/(io- ) , S O C D  QC D 
(D<.2 )/(0<:2 ) 

SOC D O C D  

w'i th s q uarks 
w ithou t squarks 
w i th s quarks  
w i thout  squarks 

N = I.  1 - -
� -- · ......:=· - · 

- '"' ·:..":.:.:.: :;. '.:.' ._.?;_·��:_;_._,·:::�· -:::,.:., ,�. �' " " '  ' " ' '  ' "  '" 
20 60 100 1 40 p ( GeV ) 

_j_ 

One of us , Antoniad i s  i n  col l aboration with Contogouri s has done an ana­
l ogous analys i s  for the production of a di rect pol ari zed photon ( i n  p-p col l i s i on )  
wh ich  i s  zero i n  massl ess QCD . If heavy quark masses are taken i nto consideration , 
a sma l l  pol ari zati on effect i s  present . I t  i s  however very sma l l ,  because heavy 
quarks are al l i n  the sea wh ich  i s  very much peaked at x� 0 .  If l i ght gl u i nos are 
,i nc luded i n  the analys i s ,  the photon can have a pol ari zati on ,  but the effect i s  
sti l l  sma l l ,  of order 1 % .  I f  squarks of 17 GeV are i ncl uded i n  the analysi s ,  
then the pol ari zati on effect becomes much l arger or order 10 % .  Thi s pol ari zatio� 
effect comes from the presence of squarks among val ence partons ( then the squark 
eens i ty i s  not peaked towards x � 0 )  and from thei r l arge mass . 

I n  concl usi on ,  when goi ng grom QCD to SQCD the parton model predi ctions 
change i n  a s i gn i fi cant way only when squarks are present . The effect of 
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i ntroduci ng only l i ght g l u i nos yie l d  only mi nor modi fi cations despi te the naive 
argument of col or factors . The same conclusion has been a l so reached by Al tarel l i  
i n  h i s  tal k about the modif i cati on of vi rtual effects due to SUSY parti c les . 
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The exact calculation of the fourth order weak corrections to these 
two reactions is performed in the Glashow-Weinberg-Salam pattern, using 
dimensional regularisation and Feynman parameters methods . It requires the 
e lectric charge "e" and the Weinberg angle 9w renormalisation . We found 
corrections of 1 %  order in both cases � 1 )  

3 9 7  
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I - INTRODUCTION ------------
In a previous paper

(
2 ) , we concluded that the e

+
e

-
- yy reaction is a 

good and clean place for testing the electro-weak standard mode l .  In this 

calculation we used unitary gauge , followed by a dispersive eva luation of 

Feynman integra ls . Here we use the 't Hooft gauge and the normalisation con­

ventions introduced in Passarino-Veltman
(

3 ) to perform the fourth order weak 
+ - + -

corrections of e e - yy and e e - y Z reactions . 

We find that the result is very sensitive to the electron beam polari­

zations = maxima l for left polarized electrons and minimal for right polari­

zed e lectrons , More important terms are diagrams with charged gauge boson 

WC and coupling W - e - v is left . 

This provides us with a good characterization of weak corrections since 

strong and e lectromagnetic ones do not tnake the difference between left and 

right electrons . 
+ - + -

e e - Y'T process has been performed for polarized beams . But e e -yz 
reaction, becausg

f
more technical difficulties ,  has been performed with mean 

+ -
on electron helicities .  That explains the difference between e e - yy and 

+ -
e e - y z results . 

II - DIAGRAMS 

All particles are on-shell and we neglect electron mass . We list dia­
+ -

grams for e e - y z process and indicate when there is not a corresponding 
+ -

diagram for e e - yy process .  

1 )  Born 

2 ) 
Weak 

with 

• 

term:
11 

.. 

I
¥ 

e· Z 
corrections e•===r 

e· Z 

= e�==r 
e z 

w C\ 
v 

+ Bose synunetric 

z 
+ n 

e e•� J 
e·� z 

( excepted for y y )  
where the bubb le on photon line i s  photon self-energy and Z - y transition . 

The photon self-energy contains 7 loops and z - y transition contains the 

same diagrams ( with other couplings ) .  The same things hold for the bubble 

on the Z line but the Z boson se lf-energy contains 1 2 loops , three of them 

depending on the physical Higgs (unknown mass ) .  
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e.- ��r 
"" z. ... �r 

.. - z 

e+ 2£::: e- ... 

e.• �r:: : e.-

e.:=n=� e. z 

( excepted for y y ) 

All diagrams mentioned above are divergent . 

Z�¥ ( excepted for y y ) 

These four diagrams are very difficult to compute but they converge . 

III - RENORMALIZATION 

399  

gle 

Absorption of divergences needs e lectrical charge "e" and Weinberg an­

"9 " renorma lizatioA� ) 
w 

e+e- y corrections lead to a shift oe of e lectrical charge with 

where {\ = 2 
+ 

y - log TT y = Euler constant ) 
n-4 

Absorption 

cult because it 

( s2= sin2 ew > 

of divergences induced by e+e
- z corrections is more diffi­

needs a shift o ( sin2 e ) and of precedent 0e . We obtain w 

with 

and 

2 0 s 

� + (a s�2) finite 

7c ) - (  ) ( {1 - log m ) 
2 1 - 4s 2 2 ] 

3 
e 

( 0 s 2 
) 

= - 0 , 0 1 2 in agreement with Marciano and SirliA5 ' result \T finite 

and with SU ( 5 ) theory which predicates a decrease of sin2e when energy w 
increases . 
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IV - RESULTS AND CONCLUSION ----------------------
Correction percentages of cross section are 1 , 2  at '{s = 160 GeV for 

e+e-
� y y process ( for left polarized beams ) and 016% at '{s = 1 00  GeV for 

e+e-
� y Z process .  So e+e-

� y y is the better process to test weak radia­
tive corrections to the Weinberg-Salam mode l .  Nevertheless a such experi­
ment needs polarized beams . 
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Magne t ic Monopoles i n  Par t i c l e  Phy s i c s  

Almos t  exac t ly f i fty years ago , Dirac d i scovered that point magne t i c  

charges were con s i s tent with the requirements o f  quantum mechani c s  provided 

that the quantum, g, of magne t i c  charge and the quantum, e, of electric  

charge sat i s fied the cond i t ion eg= ( n+ l /2 ) .  Al though Dirac ' s  argument showed 

that monopoles were perm i t t e d ,  it in no way showed that they were requi red 

to ex i s t  and gave no hint as to how heavy a monopole should be . 

About ten years ago , deve lopments in quantum field theory made i t  

poss ible to unders t and the s t rong interac t ions and the weak/e le c t romagne tic 

interact ions as non-ab e l i an quantum gauge field theor ies . It also became 

reasonab le to specul ate that thes e  separate gauge theories actually me l ted 

into one uni fying gauge theory at very h igh energies or very short d is­

t ances . The expec ted "un i f i c a t ion scale" was no t tied down prec i s e l y ,  but 

all arguments sugge s ted that it should be somewhere in the v i c inity of 1 0 1 4  

t ime the mas s  of the proton . 

Phys i c s  at the un i ficat ion scale is very d i fferent from the phy s i c s  we 

are famil iar with.  As nearly everybody has heard , baryon number i s  not 

expec ted to be conserved at this leve l , so that the free nuc leon should have 

a very smal l ,  but very f init e ,  decay rat e .  Ano ther s trange feature is that 

the theory has s o l it ons ( s t able finite-energy solut ions o f  the c l a s s ical 

field equa t ions) whose ex i s tenc e ,  s i ze and mas s are determined by uni f i c a­

t ion-scale phy s i c s  and whose external properties  are those of the Dirac 

magne t ic monopole . The mas s  turns out to be l / a t imes the uni ficat ion scale 

or 10 1 6 t imes the proton mas s !  

In other words , uni fied gauge field theor ies comp l e te Dirac ' s  argument 

by g iving us a phys i c a l  framework in which monopoles are required and in 

which their properties  can be compute d .  As t rophys ical concerns enter 

immediately because ,  s ince the monopoles are so incred i b l y  mas s ive , they 

could have been produced only in the very ear l i e s t  moment s  o f  the Big Bang . 

The observation of superheavy magne t ic monopo les would s imul taneous l y  give 

evidence for grand uni f ic a t ion and the Big Bang and would be of the greates t 

interest to both par t i c l e  phys i c i s t s  and a s t rophys ic i s t s .  
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A new e l emen t has recen t l y  entered the pic ture with the theor e t i c al 

d i scovery that a baryon has a s t rong cross-sect i on ( in the neighborhood o f  

l0- 2 6  s quare cen t ime ters)  to undergo baryon decay i n  the course o f  a c o l l i­

s i on w i th a monopol e .  Th i s  i s  about thirty orders o f  magn i tude l arger than 

na ive e s t imate s  would have sugges t ed ! Th i s  remarkab l e  synergism of the two 

character i s t ic features of uni fi ed gauge theor ies (monopoles and proton 

decay) has import an t  consequences for monopole astrophy s i c s  which are j u s t  

beginning t o  b e  worked out . 

My a im in th i s  talk is to give an audience of a s t rophys i c i s t s  a gener­

al introduc t ion to this s et of topic s . I w i l l  try to explain the theore t i c­

al background of the magne t i c  monopo l e , f i r s t  at the level of Dirac ' s  

original argument and then at the level o f  modern un i f i ed gauge theor i e s . 

Thi s  means that I wi l l  have to give an expl anat ion , nec e s s a r i ly over s imp l i­

f i e d ,  of how spontaneous l y  broken gauge theor ies work and why they suppor t  

magnet ic monopole s . I aim to give enough de t a i l  so that the phenomenon of 

monopole catalysis  o f  baryon decay c an be g iven an inte l l igib l e , i f  qual i t a­

t ive , exp l anat ion . I wi l l  give a brief introduc t ion to the a s trophysical 

consequences o f  this new aspect o f  monopole phys ics , but will not d i scuss 

"convent ional" monopole astrophysics  in any det a i l , s ince that topic should 

be wel l-known to this audienc e . 

Thi s  talk is too general for me to g ive an adequate set  of re ferences 

to a l l  the topics discussed her e .  The reader looking for more details on 

general aspec t s  of monopole phys i c s  could not do better than to consu l t  re f .  

1 .  The original papers on monopo le catalys i s , refs . 2 and 3 ,  are probab ly 

too crypt i c  to be he l p fu l  to any reader o f  th i s  art ic l e .  The conference 

talk c i ted in r e f .  4 might be more acces s ib l e . 

Monopole Kinema t i c s  

Dirac ' s  argument for the cons i s tency o f  monopo l e s  w i th quantum 

mechani c s  i s  very s impl e  but very pro found . A point monopo l e  of magnet ic 

charge , g ,  located at the origin o f  polar coordintes has field s t rength 

:B = g�/r 2 

In a part icular l y  convenient gauge , the vector potent ial as soc i ated wi th 

this field s trength is 

A g ( 1+cos a) r1 r s i n e  

Al though the magnet ic field is s i ngular only at r=O ,  the loc a t i on o f  the 

point monopol e , the vector potent i a l  is s ingul ar along the ent ire l ine 6=0 . 
Thi s  " s t ring" s ingulari t y  is a gauge art i fac t : i t  can be moved around by 

making gauge trans forma t ions , al though i t  always starts  at the monopole and 



404 

runs to in f inity . It would be 6f no concern i f  phys ics could be formulated 
' 

ent irely in terms of the magnet1ic f i e l d .  Unfortuna t e l y ,  the quantum mechan-

ics of charged par t i c l e s  is fo�mulated dire c t ly in terms of the vec tor 

potent ial and d i s as t er will s t r,ike un less some way is found to make the 

s t r ing s ingularity invi s ible . 

Consider the ef fec t on the wave func t ion of a part ic l e  of charge , e ,  

o f  making a s l ow c ircuit around a very sma l l  path surrounding the s t r in g .  

I n  general the ef fec t o f  carrying t h e  part ic le around a c l osed p a t h  in the 

presence of a vec tor potent ial is 

1jJ + 1jJ exp( ieqd;; •A) 
Evaluat ing the l i ne int egral for a path around the s t r ing s i ngularity o f  the 

monopol e ,  we f ind that 

1jJ + 1jJ exp( i4 11e g )  

The cond i t ion for a n  invisible  s t r ing i s  t h a t  the wave func t ion should b e  

unchanged after this c ircui t ,  or that 

eg=n/2 n= . .  , - 1 , 0 , l , 2 ,  . .  

A c areful inve s t iga t i on shows tha t ,  as long as this quant izat ion cond i t ion 

on the magnet ic charge i s  me t ,  the quantum mechanics o f  charged par t i c les 

moving in the fields o f  such monopoles i s  ful ly cons i s t en t . 

If an experimental i s t  is to search for a monopo l e , he would l ike to 

know not only its charge , but a l so its mas s . Here there i s  a sma l l  d i f f i­

cul t y .  One of Maxwe l l ' s  equa t ions asserts that the divergence of the mag­

ne t ic field vanishes ,  
+ + 
'l •B 0 ,  

s o  tha t , wi th the pos s ib le except ion o f  i s o la ted point s ,  there i s  no magnet­

ic charge . In other words , accord ing to Maxwe l l ,  the charge of a magne t ic 

monopole must truly be located at a point and i t s  e l e c tromagne t ic mass mus t  

b e  divergent . 

Now the electron is thought to be a point par t ic le also and we have 

learned from renorma l i za t ion theory that the d ivergence of i t s  electromag­

net i c  mas s  means , not that there is anything wrong wi th the phy s i c s  of the 

point e lec tron , but s imply that i t s  phys ical mass is a free parame t e r .  If 

Maxwe l l ' s  equa t i ons are val id down to arb i trarily short d i s t ances , we cannot 

pred ict the mass of the monopole . If the monopole mass is to be predict­

ab le , there has to be a short d i s t ance scale be low which s tandard electro­

magnet ism is mod i fied and the que s t ion "wha t ' s  ins ide the monopole?" mus t 

have a meaningful answe r .  
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One s igni ficant extens ion i s  required t o  br ing Dirac ' s  argument up t o  

dat e .  We now know that e l ec t romagnet i sm i s  n o t  the only unbroken gauge 

theory . There is also the SU3 "color" gauge theory responsible for the 

s trong interac t ions and we must c ons ider the pos s i b i l i t y  of color magnet ic 

charge for the monopol e . It turns out that , al though the mos t  plaus ible 

monopoles will have both ord inary and color magnet ic charge s ,  the allowed 

values of ordinary magnet i c  charge wil l  s t i l l  be the same as those ident i­

f ied by Dirac ' s  original argument .  

As has frequent ly been expl a ined in the context o f  hadron phys ics , 

quantum phenomena are respon s ib le for very pecul i ar long-range behavior o f  

co lor fields . In part icular , i t  i s  expec ted that color magnetic fields are 

screened by vacuum fluc tuat ions at d i s tance scales of order one fermi ( the 

typical strong inter c t ion scale) . Th i s  means that at truly long d i s t ance s ,  

the monopole wi l l  show only ord inary e l ec t romagnetic e ffec t s  and wi l l  be 

ind i s t ingu i shable from Dirac ' s  monopol e ,  whereas , i f  it is examined at 

scales o f  a fermi or sma l ler i t  will have a more comp l i c at ed s truc ture wi th 

two types of magnetic charge . Thi s  more e l aborate s truc ture makes the 

interac t ions of the monopole w i th ord inary matter at ordinary energ ies a 

much richer subject  than Dirac would have ant ic ipated . 

Interac t i on Wi th Mat ter 

The ques t ion of how the monopole interac t s  with matter i s  at the heart 

o f  the interest ing recent developments in monopol e  phys i c s . In the f i r s t  

instanc e ,  o f  course ,  t h e  monopole pos se s s es a v e r y  s t rong l ong-range magnet­

ic field which c an be detected e i ther by i t s  ionizat ion of nearby matter or 

by its induc t i on of currents in superconduc t ing loops . More sub t l e  mono­

pole-matter interact ion e f fe c t s  can be seen by solv ing the Dirac equat ion 

for the mot i on of a fundamental s p in one-h a l f  par t ic l e  ( lepton or quark) in 

the background field of a monopol e .  Le t u s  there fore s tudy the Dirac equa­

t ion for an electron ( for s imp l i c i t y  t emporari l y  taken to be mas s l e s s )  mov­

ing in the field o f  a s t andard Dirac monopol e . 

The conserved angular momentum of this s y s t em i s  
+ + + " 

+ + 
J = L + S + egr 

where L and S have the i r  usual meaning , e and g are the charges of the 

e lectron and monopole respec t ive l y ,  and r is the uni t  vec t or pointing from 

the monopol e  to the elec tron . The egr term i s  a spec ial feature of the 

monopole sys tem and c an be thought of a s  ari s ing from the need t o  rotate the 

s t r ing along with everything e l s e .  For mos t  monopol e s  o f  phys ical interes t ,  

eg takes on the value o f  1 / 2  and the total angular momentum takes on integer 
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values start ing a t  0 .  We w i l l  d o  a par t i al-wave decompos i t ion with respec t 

to total angular momen tum and w i l l  concentrate on the s-wave (J=O) s t ate , 

s ince it leads to the s trongest interac t ion between the elec tron and the 

monopole cente r .  

Along with angu lar momentum ,  hel i c i t y  o r  y 5  i s  a l s o  conserved s ince we 

are neglect ing elec tron mas s .  The solut ions to the s-wave D irac equa t i on for 

pos i t ive energy E and for the two values o f  hel i c i t y  are eas i l y  wr i t ten out 

out exp l i c i t l y :  

+ \ ±iEr 
e 

r 

where n( 8, �) is a spec i a l  two-component s pinor ensur ing that the Dirac 

sp inor has J=O . If we try to construct t ime-dependent wave packet solut ions 

out of the se energy e igen s t ates , we qu ickly see that the hel i c i t y  + states 

can only make ingo ing waves whi l e  the hel i c i t y  - states can only make outgo­

ing waves ! The ingo ing waves c an only be swa l lowed with 1 00% e f f i c iency by 

the monopole center -- there is no way , cons i s tent with the conserva t ion 

laws bui l t  into the D i rac equat ion,  for the ingo ing pos i t ive hel i c i ty s­

waves to be reflec ted back out !  

The s i tuat ion looks l i ke ,  and i s ,  a problem for conservat ion o f  proba­

b i l i t y .  What ' s  happening is that the interac t ion be tween the inverse­

s quare-law magnet i c  f i e ld of the monopole and the magne t i c  moment o f  the 

e l ec tron leads to such a s ingular attrac t ive potent ial that the f l ux o f  

elec tron probab i l ity into the point center o f  the monopole i s  f i n i t e ,  no 

mat ter what the electron ' s  energy.  The Di rac pic ture o f  the monopole treats 

the center as an und i f ferent iated s ingular point about which i t  is not 

necessary to a sk que s t ions . Th i s  is apparently not good enough : l ow-energy 

fermions apparently do "get ins ide" the monopole , and we cannot ob tain a 

complete p ic ture of the monopo le-e lectron interac t i on wi thout a detailed 

p i c ture o f  "what ' s  ins ide" . 

Broken Gauge Theor i e s  

The k e y  to unders tandi ng the internal s tructure o f  magne t i c  monopo les 

is provided by spontaneously broken non-abel i an gauge theory . Thi s  class  o f  

f ield theory i s  the foundat ion o f  the current unders t anding o f  the s trong , 

weak and electromagne t i c  interac t ions , individua l l y  as we l l  as in the i r  

relat ions to one ano the r .  I n  the l im i ted t ime avai lab le to m e  I cannot hope 

to exp l a in the i r  workings in any det ai l ,  but there are some essen t i a l  fac ts 

that I must get across if I am to proceed w i th an explanat i on o f  magne t i c  

monople phys i c s . I wi l l  assume that the aud ience has a l im i ted degree o f  
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famil iarity wi th convent ional quantum elect rodynamics and o f  Feynman 

d i agrams , at least as a pic torial rend it ion of the qual i t a t ive content o f  

per turbat ion theory .  What fo l l ows might convey some useful informat ion even 

to those readers who do not feel themselves up to this s pec i f icat ion . 

Non-ab e l ian gauge theories are a generalizat ion of ordinary elec tro­

magne t i sm in wh ich the gauge invariance is based on a general Lie group . 

Remember that is based on the abe l ian gauge group, Ul , having one generator . 

There are as many gauge bosons ( s p in-one part i c le s ,  gener a l i z a t ions of the 

photon) as G has generator s .  The s e  par t ic les no t only transm i t  the forces 

between charge s ,  but in general are thems elves charged s o  that gauge bosons 

can exert forces on gauge bosons . The Lagrangian which de s c r ibes a l l  this 

for a theory in which there are N gauge bosons is 

L 
N 

l_ l l ( a Aa - a Aa 
+ e 4 a=l 

µ v v µ µ, v 

where A: are the vector poten t i a l s  for the N gauge bosons , f
abc 

are the 

structure constants of the Lie group and e is the gauge coupl ing constant . 

The quadratic terms describe the free propagat i on of the gauge bosons ( i den­

tical to ord inary electromagnet i sm) , wh i l e  the cub ic and quar t i c  terms des­

cr ibe the point interact ion o f  three and four gauge bosons . The Feynman 

d i agrams corresponding to thes e  three pos s ib i l i t ie s  are shown in the accom­

panying d i agram . Because o f  the gauge boson s e l f-interac t i on s ,  the pure 

gauge theory i s  already very non- t r ivial  ( indeed , if G=SU( 3 ) , it descr ibes 

the strong interac t i ons . )  

In any intere s t ing theory ,  there are charged s p in 1 / 2  par t i c l e s  wh ich 

interact with each other through the gauge bosons . In elec tromagnet i sm 

these would be the electrons , but in general they would be some set  o f  

quarks and leptons . I n  a gauge theory based o n  a group G, the spin 1 / 2  

par t icles  must f i l l  o u t  repres entations o f  G.  The ir interac t i ons w i th the 

gauge bosons i s  governed by a typical Dirac Lagrangian 

L = I ""iii (i yµa - m + ie 
f f µ 

in which the index f runs over a l l  the independent group representations 

which occur and the ta are the corresponding matrix representat ions o f  the 

group generator s :  it is as if the charges of the spin 1 / 2  par t i c l e s  were 
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spec i fied b y  matrices rather than s imple numbers . Th i s  Lagrangian contains 

terms describ i ng free propagat i on o f  the spin- 1 /2 par t i c l es as we l l  as the 

emis s ion of absorpt ion of gauge bosons by them. The Feynman d i agrams for 

these two pos s ib i l it i e s  are shown in the accompanying d i agram 

The minimal set  of gauge bosons we need to describe something res em­

b l ing the elect roweak interact ions is the triplet  w 0  ( s ame as photon) and 
± 

W • Let us di scuss the interac t ion of the leptons ( e lectron ,  muon and the ir 

assoc iated neutrino s )  with these gauge bosons . The charged lepton interac t s  

with the photon j u s t  a s  i n  quantum electrodynamics , whi l e  the interac t i on of 
+ 

a lepton wi th W- clearly introduces something new in such an event the lep-

ton ' s  charge and par t i c l e  t ype mus t  change . The var ious pos s ib i l i t ies are 

The vertex in which the e l ec tron emi t s  a photon contains a fac t or of e, the 

usual electromagnet i c  coupl ing con s t an t .  
± 

Since the W are symmetry partners 

of the photon , the vertex in which , s a y ,  the µ turns into a neutrino whi l e  

emi t t ing a W i s  governed by the s ame coupl ing s trength . 

The archetypical weak interac t i on is the decay of the muon . By put­

t i ng together interac t ion vert ices o f  the type just d i s pl ayed we can e a s i l y  

produce a graph ( shown in t h e  fo l l owing d i agram) 

for the muon to decay into an electron and two neutr inos ( i t s  s t andard decay 

mode) . The key que s t ion is whe ther this d i agram reproduces the actual (very 

s l ow) decay rate o f  the muon despite the fact that all the vert ices have 
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coupl ing s trengths typ ical of the electromagne t ic interac t i ons ! Here the 

que s t ion of the mass of the gauge bosons ari s e s  in an e s sen t i al way . 

The photon ,  as everybody knows , is mas s l e s s  and we might be tempted , 

because of the s ymmetry be tween the photon and the W, to a s s ign zero mass to 

the W bosons . A l i t t l e  exper ience wi th Feynman d i agrams shows that the 

decay rate assoc iated wi th the d i agram j us t  d i s pl ayed is invers e ly propor­

t ional to the fourth power of the W mas s .  Zero mas s  for the W would g ive 

zero l i fet ime for the µ! It turns out that the correct answer for the muon 

l i fe t ime ( and a l l  other que s t ions we might pose about i t s  decay) i s  g iven i f  

we take the mass of the W to be about 1 0 0  t imes the m a s s  o f  the proton . 

Th i s  choice of di f ferent masses  for the gauge bosons clearly "breaks" the 

under lying gauge s ymmet r y ,  but s eems to be es sent i a l  for a correct under­

s t and ing of the phenomenology of the weak and electromagne t i c  interac t ions . 

Broken Gauge Symmetry 

I sha l l  now try to expl ain in some det a i l  how "broken gauge symme try" 

works s ince i t  turns out to be the key to unders t and ing not only how weak 

and electromagnetic interac t i ons f i t  togethe r ,  but also how the s trong 

interact ions f i t  in wi th them as wel l  and how magnetic monopoles natur al l y  

ar i s e . Th i s  i s  a d i f f ic u l t  sub j ec t  and you wi l l  have t o  a l l ow me more than 

the usual amount of poet ic l icense . 

Our aim now i s  to "hide" the under lying gauge symmetry by giv ing the 

gauge bosons d i fferent mas s e s . In a l l  concrete realizat ions of such a scheme 

th i s  is done by l e t t ing the gauge bosons interact with a new type of charged 

s pin-0 matter cal led the Higgs boson . The most general Lagrangi an descr ib­

ing the Higg s '  interac t i on w i th themselves and the gauge bosons can be 

wr i t ten as fol lows : 

L = l I ( 3 cj> - ie A 
a 

t cj>) I 2 - V( cj>) 
µ µ a 

µ 
In thi s  express ion, the mat r ix t

a 
is the group generator in the representa-

t ion f i l led out by the Higgs bosons , V( cj>) is a func t ion describ ing the Higgs 

bo son s e l f- interac t ion an A
a 

is the gauge boson field . The special way in 
µ 

wh ich the gauge boson field enters the kine t i c  energy term i s  d i c tated by 

gauge invar i anc e .  Thi s  Lagrangi an descr ibes free propagat ion of the Higgs 

boson , its interac t ion wi th the gauge boson and i t s  se l f- interac t ion . Typi­

cal d i agrams for a l l  of these proces s e s  are d i s pl ayed in the following f igure 

' / ' ,; 
' .,; � 

e 2  

' / 
' / 

' / 
x 

; ' 
/,, ' 

' 
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The graph i n  which the Higgs boson interac t s  w i t h  two gauge bosons i s  boxed 

to ind ic ate that it wi l l  shor t l y  play a spec i a l  role . 

The poten t i a l  func t ion V( �) pl ays a cruc i a l  role in det ermin ing the 

phy s i c s  of this  theory .  The f i e l d  � f i l l s  out s ome representat ion of the 

gauge group and there fore cannot be thought of as a s ingle f i eld : it is more 

l ike a mul t i-component vec t or .  Al though one c annot talk in a representat ion­

independent (or gauge- invarian t )  way about the components of a vec tor , the 

length of the vec tor i s  a perfec t l y  good invariant concept . Suppos e ,  for 

ins t ance that , as a func t ion of the length of the � vec tor , the poten t i a l  

func t ion has the form shown i n  the fol lowing f igur e :  

v 

The lowe s t  energy s tate ( or vacuum) of thi s  system wi l l  correspond t o  

the point where the length o f  the Higgs vec tor takes on the value �O ' not 0 .  

Thi s  "non-zero vac uum expec t a t ion value" o f  the Higgs f i e l d  i s  re spon s i b l e  

f o r  a number of interes t ing e f f e c s  known in t h e  l i t erature as "s pontaneous 

breaking" of the gauge s ymmetry . 

I f  we go back to the Lagrangi an describ ing the Higgs gauge-boson 

interac t i on we see tha t ,  i f  the Higgs f i e l d  t akes on a uni form background 

value �O ' the Lagrangi an reduce s  to something which is quadra t i c  in the 

gauge f i e ld and equival ent to a mass t erm for the gauge f i e l d .  Al ternat ive­

l y ,  the boxed interac t ion d iagram shows the gauge f i e ld propagat ing in a 

cons tant background f i e l d ,  a c ircums t ance which i s  equivalent to giving the 

gauge boson a mas s . A careful s t ud y  of the nature of th i s  effect ive mas s  

term shows that i t  i s  qui te e a s y  to arrange things so that the neutral gauge 

boson ( the photon) is unaffec ted by thi s  phenomenon and con t i nues to have 
+ 

zero mas s  whi l e  the charged boson w- acquire a mas s  e �0 • If we adj us t  the 

"vacuum expec tat i on value" of phi to be about 250 t imes the mas s  of the 

proton , we reproduce the mas s  o f  the W which is needed to match the pheno­

menology of e le c tro-weak phys i c s . Note that much of the phys i c s  i s  bui l t  

into the cho i c e  o f  V( �) .  We could perfec t l y  we l l  have chosen i t  such that 

the minimum energy came at cjl=O ,  in which case a l l  of the gauge bosons would 

have had zero mass and the symme try woul d  have been unbroken . Although this  

does  not  corre spond to the real  worl d ,  it  i s  per fec t l y  internal l y  cons i s tent . 
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It is impor tant to no te that once we have adopted this  s o r t  of scheme , 

the phys i c s  we s ee is dependent on the d i s tance scale we probe . If we probe 

d i s tances large compared to the Comp ton wave l ength of the W ( energ i e s  smal l  

compared to 100 proton mas s e s ) ,  the W i s inv i s ib l e ,  we s e e  only the photon 

and the underl ying non-Ab e l ian gauge symme t ry is h idden . If we probe d i s­

tances sma l l  compared to this  s c a l e ,  then the W bosons come into p l ay on 

e s sent i a l ly the same foo t ing as the photon and the underlying gauge symme t ry 

becomes v i s ib l e .  Thi s  not ion of hidden s ymmetry wh ich c an be revealed by 

looking at suf f i c i ently short d i s tances i s  cruc ial to many deve lopment s  in 

par t i cle phys i c s . The rec ent exper imental d i scovery of the W-mes on a t  

prec isely the expec ted mas s  i s  s trong confirma t ion that thi s  symme try break­

ing mechanism rea l ly pl ays a role in phys i c s . 

It i s  even pos s ib l e  to inc lude the s trong interac t ions in this  

framework in a scheme known as "grand un i f i c a t ion " .  The s t rong interac t ions 

are descr ibed by an unbroken non-abe l ian gauge theory based on the gauge 

group SU( 3 ) . Thi s  means among o ther things that the s t rong forces are due 

to the exchanges of e ight mas s l e s s ,  s e l f- in terac t ing gauge bosons . The 

bas ic idea of grand uni fi c a t i on is that the world is really descr ibed by a 

large non-abel ian gauge group with more gauge bosons than those we can 

d irec t ly see in the s t rong and e le c t roweak forces but that this  larger 

symmetry is spontaneous l y  broken at extreme ly short d i s t ances by the some 

sort of mechani sm as breaks the electroweak gauge symmet r y . Thi s  means that 

all o f  the "extra" gauge bosons ( those not d i rec t ly involved in s trong and 

electroweak force s )  acquire a very l arge mass ( the Comp ton wave l ength of the 

heavy bosons is es sent i a l ly the same thing as the d i s tance S�ale of the 

spontaneous symmetry breaking) . 

Several independent argumen t s  sugg e s t  that the energy scale of th i s  

new level o f  spontaneous symmetry breaking mus t  b e  about 1 0 1 4  t imes the mas s  

o f  the pro ton ! Furthermore , i t  i s  extremely pl aus ible that processes  medi­

ated by the exchange of the new gauge b osons conserve ne i ther baryon number 

nor lepton number so that processes  whi c h  involve the heavy gauge bosons in 

any way would most l ikely man i fe s t  baryon-number non-conservation.  A typic­

al such effect  would be the spontaneous decay of the free proton . The other 

s ide of the coin i s  that s ince the t ypical  energy scale for the dynamics o f  

t h e  pro ton i s  so sma l l  compared to the mas s  o f  the heavy gauge bosons , bary­

on number v io l a t ing e f fec t s  are heav i l y  suppres sed ( the expected l i fe t ime o f  

the proton due to thi s  s o r t  o f  phenomenon i s  longer than 1 0 3 0  years) . 
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Gauge Theory Monopo les 

Now that the general p i c ture of the phsyics  of s pontaneously broken 

gauge theor ies has been laid out , it  i s  pos s i l e  to explain,  at a very qual i­

tat ive leve l ,  how the se theor ies naturally support magne t ic monopo les and t o  

give a n  account of the ir mas s , s i ze and other proper t ies . 

As we exp lained in an ear l ier section,  the magne t i c  monopole discussed 

by Dirac is neces sarily a s ingular obj e c t  because one of the Maxwe l l  equa­

t ions asserts that the magne t ic field is everywhere d ivergence l e s s . 

v.JiY = o 
Thi s  forces the monopole magne t ic field to grow l ike r- 2 at arb i t rar i l y  

small d i s tances from the monopo le center and lead s  t o  a d ivergent monopole 

mas s .  In non-abel ian theor ies , the magne t ic field obeys a sub t l y  d i f ferent 

divergence equat ion wh ich perm i t s  an escape from this trap . 

For s impl i c i t y ,  cons ider the electroweak gauge theory conta in ing a s  
+ 

gauge fields the mas s l e s s  photon and the heavy W-.  Thi s  t ime , i t  is not the 

ord inary divergence , but the gauge-covariant d ivergence of the magnetic  

field which must vani sh . The expl i c i t  equa t ion to be  s a t i s fied by the 

photon magn e t ic field i s  

D •By = �·By + ie A_+ .;- - ie A.- .;+ 

This can be rearranged in the form 

where p is a source term b u i l t  ent irely out of the heavy , charged gauge 

fields : 

(++ +_ +_ ++ ) p = ie A •B - A •B 
It is phys ically per fec t l y  poss ible for this source term to have a s t at i c , 

non- zero value in a reg ion of s ize equal to the Compton wavelength of the 

heavy gauge fields out of which it is bui l t .  Thi s  means that we can c on­

s t ruc t a non-Ab e l ian gauge field configurat ion which has the long range 

ord inary fields of a Dirac monopo l e  but has the source of these fields 

spread out over a region o f  s i ze equal to the Comp ton wave length of the 

heavy gauge fields . Once the source region is of finite s ize rather than a 

point , the mas s  and other phys ical prope r t i e s  of the monopo le are perfec tly 

we l l-defined and fini t e .  On top o f  that , the que s t ion "what ' s  ins ide the 

monopole" which arose in our discuss ion of the scat t er ing o f  spin one-hal f  

particles  from the monopole now has a prec ise and d e f in i t e  answer . 

For technical reas ons , the pos s ib i l i t y  j u s t  descr ibed does not ac tual­

ly work wi thin the context of the purely electroweak gauge theory . It doe s ,  
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however ,  work wi thin the context of the grand uni fied gauge theor ies wh ich 

unite the s t rong and elec troweak interac t ions . The heave gauge b osons which 

s e t  the s i ze o f  the monopole source region (or core) are therefore the ob­

j ec t s  mentioned in the last  sect ion which are 1 0 1 4  t imes more mas s ive than 

the proton . The s ize of the monopole core is therefore some 10- 1 4  t imes 

smaller than the proton and , a s  far as interac t i ons with other particles  at 

typical accelerator energies are concerned , the monopole would behave l ike a 

po int par t i c l e .  The core turns out to have both ordinary and col or magne t ic 

charge and exerts s trong and elec tromagnetic forces on par t icles at a d i s­

tance from i t .  The t iny core region is cons t ruc ted out of the superheavy 

gauge bosons whose interac t ions are l ikely to violate conserva tion of baryon 

number.  

Since the mas s of a monopole constructed in th i s  way i s  largely e lec­

tromagnet i c ,  it is a s imple " Coulomb energy" exerc i s e  to calculate the mas s 

of a uni t  of magne t i c  charge conf ined to a region of thi s  s i z e .  The answer 

turns out to be of order 1 0 1 6 t imes the mas s  of the photon ! Although th i s  

i s  finit e ,  i t  i s  far too large for monopol e s  t o  b e  produced i n  any event 

which can occur in the current univer s e .  They c ould only have been produced 

in the ear l ie s t  ins tan t s  of the Big-Bang and could onl y  be seen today as a 

rel ic radia t i on in the cosmic ray flux. It i s  beyond our power to make re l i­

abl e  e s t imate s  of what the current monopo l e  flux should be s ince the correc t  

answer depends o n  phys i c s  and cosmology in energy domains about which we 

know almo s t  nothing . Indeed , the mere knowledge that superheavy monopol e s  

exi s ted would be a valuable window i n t o  a n  o therwise inaccess ible domain o f  

phys ics . Hence the current interest i n  magne t ic monopol e s  o n  the part o f  

par t i c le physic i s t s .  

Prot on Decay Catalys i s  

The previous d iscuss ion implies  that the mere exis tence o f  superheavy 

monopoles i s  evidence for the occurrence o f  new phy s i c s  in the domain of 

supershort d i s t ance s .  In fac t ,  i t  turns out that i f  we had a monopole t o  

play wi th , we could learn a great deal about the deta i l s  of the supershort 

d i s tance physics  by s t ud ying the interact ions o f  the monopole w i th ordinary 

matter.  That thi s  i s  s o  i s  qui t e  surpr i s in g .  Bec ause the core i s  so 

incredibly smal l ,  one i s  inc l inded t o  think that the rate o f  interac t ion of 

ordinary matter wi th the core i t s e l f  would be negl igibly sma l l  and that we 

could only hope to see the convent ional interact ion o f  matter w i th the long 

range color and elec tromagne t ic fields o f  the monopole . 
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However ,  a s  was exp l ained ear l i er in t h i s  talk,  there i s  something 

spec ial  about the interac t ion of spin one-hal f part i c les w i th the monopo l e s  

in the i r  lowe s t  angular momentum par t i a l  wave s t a t e ,  they are "s ucked into" 

the monopole c enter w i th un i t  probab i l i t y ,  no matter what the i r  energy . 

Thi s  means that they interac t d irectly with the heavy gauge bosons of the 

core be fore they are " s p i t  out" aga i n .  If the interac t ions of these bosons 

are , as expec ted , baryon number violat ing , then the overa l l  interact ion of 

even low-energy s p in one-h a l f  part i c l e s  with the monopo le wi l l  not c onserve 

baryon number ! 

A de tai led d i scuss i on of th i s  c l ass of phenomena i s  rather comp l i­

cated : one has to s tart with the fundamental spin one-hal f par t i c les ( quarks 

and leptons ) , straighten out the i r  direct interac t ion with the monopole core 

and then d2al with the hard prob l em of b ind ing the quarks into the observed 

hadrons . Al though th i s  cannot yet be done in anything l ike complete quan-

t i tat ive det ai l ,  the outl ine of the answer i s  c l ear.  Reac t ions l ike 

pro ton + monopo le - + monopo le + pos itron 

proton + monopo le -+ monopole + pos i t ron + n °  

etc . have cross-sect ions at low energ i e s  typ i c a l  of the st rong interac t ions 

( i . e .  o f  order a few mi l l ibarns ) . Th i s  general c la s s  of process  might be 

c a l led "monopole catal y s i s  of baryon dec ay" s ince the net e f fe c t  is to des­

troy a proton wh i l e  leaving the monopole uns cathed and ready to do the same 

thing aga i n .  S ince the catalys i s  c ro s s-sect ion i s  l arge and the reac t ion 

very exothermic ,  one m ight expec t the occurrence of such react ions to have 

intere s t ing experimental and a s trophys ical  consequence s . 

I wi l l  give a brief  out l ine of those consequences as they are now 

unders tood . As you a l l  know, the d irec t test  o f  the not i on that baryon 

number is violated at extremel y  short d i s tances cons i s t s  of a search for 

spontaneous decay of the free proton . Since the expec ted l i fe t ime i s  very 

long , i t  is neces s ary to observe a large volume o f  mater i a l  under cond i t ions 

of extreme ly low and we l l-unders tood background . The typical apparatus i s  a 

many-cub ic-meter volume of sc int i l l ator buried deep underground and sur­

rounded by detect ion dev ices capab le of s ee ing the decay of a s ingle proton 

inside i t . If the proton decay catalys i s  cross-sect ion i s  of strong inter­

act i on magni tude then this sort of device w i l l  also s e e ,  w i th uni t probab i­

l i t y ,  the induced proton decay produced by the pass age of a s ingle monopol e .  

In this way, proton decay exper iments are prov i ding us w i th i nformation on 

the monopole flux at the same t ime as the proton l i fe t ime . 
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Another fasc inat ing point i s  that because the monopole catalys i s  reac­

t ion is exothermic , the presence of monopoles in the dense core of s tars 

would increase the ir energy output . In the case of neutron s tars the e f fec t 

is so s trong that the non-observat ion of x-ray neutron s t ars puts a very 

s t r ingent upper l im i t  on the galac t ic flux o f  monopol e s  ( s everal orders of 

magn i tude s t ronger than the Parker bound , which is based on the per s i s tence 

of the galac tic magnet ic f i e l d ) . 5 

Taken toge ther these two types of argument put us in a very uncomfor­

table b i nd .  The occurrence o f  proton decay a t  the rates suggested by grand 

uni f icat ion and the presence of monopoles in the galaxy in large enough 

numbers to be detectable seem to be mutua l ly exc lus ive pos s ib i l i t i e s !  How 

th i s  wi l l  a l l  turn out is not at a l l  c lear -- our unders tand ing of a l l  the 

ques t ions rl i scussed in this t alk is s t i l l  deve lop ing and there m i ght be 

further surpr i s e s  in s tore for us . 

For the part i c l e  phy s ic i s t ,  the remarkable thing about the monopol e  i s  

that , without y e t  having de igned to p u t  in a n  appearance in the r e a l  wor l d ,  

i t  has been impl icated i n  an important way i n  mos t  o f  the success ive 

improvements in our unders tanding of the par t i c le world and cont inues t o  

entertain u s  wi th theore tical  surpr i s e s . Perhaps some o f  these surpr i s e s  

wi l l  suggest astrophys ical ways and means o f  fina l l y  tracking down this 

elusive par t i c l e  or o f  fina l l ing rul ing i t  out o f  our univer se al together . 
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* THE SEARCH FOR MAGNETIC MONOPOLES 

Barry C. Barish 
California Institute of Technology 

Pasadena, California 91125 

Abstract : In this review, I discuss the status and prospects for 
experimental studies aimed at the detection of Grand Unified Mono­
poles . The only positive evide)ce, at this time , remains the one 
observed candidate of Cabrera . 1 The relations of this observation 
to the expected abundance in cosmic rays and to limits from other 
detection techniques are discussed . Lastly, prospects for future 
studies with sensitivity to much smaller fluxes are also presented . 
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I .  INTRODUCTION : 
Physicists have long been interested in the existence (or non-existence) 

of magnetic monopoles . The early historical interest in monopoles was due to 
the symmetry between Electric and Magnetic fields in Maxwell ' s  equations . 
However , due to the lack of abundance of free magnetic charges compared to 
electric charges they were not included in the final formulation of those 
equations . 

In 1931 ,  Dirac showed that the existence of free magnetic charges (Dirac 
monopole) could provide reason for quantization of electric charge (n l'\ /c) . 2 • 3) 

This work motivated renewed interest in searching for monopoles. 
Although there was no guidance as to the mass , size , etc . of these mono­

poles , several experimental consequences were apparent . First , these monopoles , 
which were quantized to 137/2 electric charge would produce a great deal of 
ionization passing through matter . It was assumed that the monopole mass would 
not be very different from other elementary particles ( e . g .  protons) and would be 
highly relativistic . A second possibility , that could result from such high 
ionization is that these monopoles could come to rest in matter and might be 
abundant in certain forms (e . g .  sediment , moon rocks , etc . ) .  Finally, if 
monopoles were this light they might be directly produced in accelerators . 

All these effects were extensively looked for , with the final results being 
that there was no evidence for Dirac Monopoles . Earlier indications of possible 
evidence4 ) proved incorrect . 

' 5 ,6)  More recently, t Hooft and Polyakov showed that monopoles exist as 
solutions in many non-Abelian Gauge Theories . The possibility of these GUT 
monopoles provided stimulus for much recent theoretical and experimental inter­
est in the subj ect . The fact that Grand Unified Monopoles are extremely heavy 
(M � 10 1 6  GeV) makes most previous searches irrelevant . The fluxes in cosmic 
rays are expected to be extremely small , and experimental techniques required 
for detection are different . 

These GUT monopoles are so massive that they will necessarily be slow 
(B � 10- 3) if they are gnlactic in origin . At this low B a monopole has great 
penetrating power and easily passes through the earth . This means that both 
previous searches using ionization losses for direct detection or searched for 
monopoles trapped in matter would be insensitive . 

II .  INDUCTION EXPERIMENTS : 
The most straightforward technique to search for GUT monopoles is by the 

electromagnetic induction from passage of a magnetic monopole through a closed 
conducting loop . This technique was first used to search for the presence of 
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magnetic monopoles in various materials . 7 , 8 ) This idea has been extended to the 
case of free GUT magnetic monopoles by Cabrera:) who applied the combination of 
a SQUID (Superconducting QuantUm Interfermeter Device) , and a very well magnet­
ically shielded loop to reach the needed sensitivity to detect the passage of 
a single magnetic monopole .  

This technique is ideal , since it is based solely on long range electro­
magnetic interaction between the magnetic charge and the macroscopic quantum 
state in a superconducting ring . The method is independent of the monopole 
mass ,  velocity , electric charge , etc . 

A schematic view of this detection method is shown in Fig . 1 .  From 
Maxwell ' s  equation , 

+ 
+ 1 aB 'V x E + 7; a t  

integrate over the plane of the ring , obtaining 

1 £ .  dt + l � = -±:i'._g_ o Ctl . Y' r  c a t  c 
E vanishes, along the path r ,  therefore , 
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The induction technique used in the Cabrera experiment is 
shown . The f lux change from passage of a monopole is 2 q,0 
(the flux quantum in a superconductor) . 
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where �g is from the monopole , �s is the induced supercurrent , and �s -l (t )  L 
(the self inductance of the ring) . Note that � changes by 2�0 , where 
� = hc/2e is the flux quantum in a superconductor and 4rrg = hc/e .  3 0 0 2� 9 s lo- . To get an idea of the sensitivity , Lil = -"-f" � lO- A; LIE = -L- Joules . 
So consider the example of a loop of 5 mil wire with D � 1 meter . 

L � 2µH 

LIE = 4 • 10-24 j oules (2 fluxons) 

For comparison a commercial squid has a sensitivity of LIE � 10-2 7 j oules or 
� 10-3 fluxons ! Therefore the combination of a SQUID and a superconducting 
loop are ideal . 

The limitation of this technique comes from the problem of shielding the 
loop magnetically . The change in flux due to a monopole (2�0 ) is 4 10-7 

Gauss -cm2 , while the earth ' s  magnetic field is approximately . 01 -1 Gauss ,  so 
the earth ' s  field is 106 fluxons/cm2 . 

Cabrera ' s  experiment uses a superconducting lead shield of � 10-8 Gauss .  
Therefore, it has the needed sensitivity . However , i f  the technique were extra­
polated to a lm2 detector , it becomes extremely difficult ,  since the field 
would need to be shielded to � lo- 12 Gauss .  

The results o f  the Cabrera experiment remain at one observed event , but 
with increased sensitivity from continuing to run the original detector , plus 
running with a 3 coil detector with a much larger "effective" area . 

Including the new data , the results are now 

I/Coils 
1 
3 

cr(cm2 ) 
10 
70 

The one candidate corresponds to a limit of 

and based on one event a rate 

Days 
370 

61 

Ill .  CONSTRAINTS ON THE FLUX OF GUT MONOPOLES FROM ASTROPHYSICS : 
Estimates of the fluxes of GUT monopoles in cosmic rays requires under­

standing of the production mechanisms , acceleration (W = g0Bt = 2 MeV/Gauss) , 
gratitational dynamics , annihilations , trapping , etc . These have not been 
worked out in any detail due to the various uncertainties in the calculations . 
The best that can be done with our present knowledge is to place some constraints 
on the presence of GUT monopoles in cosmic rays . 
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The constraints come from two sources : (1) limits on the total mass of 
the Universe ;  and (2) the existence of Galactic magnetic fields . Below I 
briefly outline these constraints .  
(1) Mass o f  the Universe 

The most straightforward astrophysical limit comes from assuming that 
magnetic monopoles account for most of the mass of the Universe . lo) 

The mass density contained in galaxies pG accounts for about . 02pc , the 
critical density to close the Universe . This implies that the number of mono­
poles , 

n .s 10 x [ (Galactic Mass/Monopole Mass) ] 
m (Dist .  between Galaxies ) 3  

For comparison , the number of nucleons is  

and , 

n n 

I 10-1 4 monopoles � � .s nucleon 

From this , one obtains a flux limit 

F " 5 . 4  x lo-1 Bcm-2sr-lsec- lm-l [ v J 1 9 10-3c 

A more optimistic flux limit is obtained using the fact that monopoles could 
cluster like mass in our galaxy (10 1 28 within 30 kpc) . This implies a flux 
limit of 

(2) Survival of Galactic Field 

[�] 
If galactic fields are due to persistent currents ,  (V x B 1 # 0) , mono-ga 

poles move along field lines and gain kinetic energy at the expense of the field . 
In order for the fields to survive , the field energy cannot be dissipated more 
rapidly than currents can be regenerated by dynamo action (t . "' 108 yr) .  regeneration ll This requirement places a limit on the fluxes , usually called the Parker Bound . ) 

(Parker Bound) 

This bound has been reexamined by Turner , Parker , and Bogdan using the 
monopole mass , velocity distributions , etc . They obtain a less restrictive 
bound for � > 1016 GeV. Combined with the flux bounds from the mass-density of 
the Universe 
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for � � 10 1 9 GeV , S � 3 x 10-3 ,  and clustering . 

IV. CONFRONTING THE ASTROPHYSICS BOUNDS WITH EXPERI�ENT 
The Astrophysics bounds I have just discussed are orders of magnitude 

below the level indicated by the Calbrera event even with the most favorable 
choice of parameters . These combined bounds are shown in Fig . 2 .  This empha­
sizes the need for confirmation of that event . 

If that event is correct and the level is much higher than the bounds ,  
what are the implications for Astrophysics? Two suggestions have been discussed : 
( 1 )  Monopoles are the source of the intergalactic B-f ield and there i s  an 
plasma oscillation ( e . g .  B2 /8n + KEM + B2 /8n) back and forth between the field 
and the monopoles ; 12 • 13) and (2 ) that the source of monopoles is actually "local" 
rather than intergalactic .  That is , monopoles have been captured in a cloud and 
orbit around the sun and pass by the earth . Freeze and Turner14 ) have shown 
that this gives a maximum enhancement of 0 (50) . 

Another possibility is that the Cabrera event is misleading and the rate 
indicated from Astrophysics should be regarded seriously . If so , NO PRESENT 
SEARCH is yet below these bounds .  The induction technique cannot be extra­
polated to such large areas and alternate ( less direct ) techniques are needed . 
Ionization techniques appear the most promising , although other alternatives 
are also being considered . The rest of this report reviews the status and 
prospects using Ionization and other techniques .  

V .  LARGE AREA DETECTION TECHNIQUES 
(1) Ionization Techniques 

A monopole passing through matter will lose energy by ionization los s .  
The amount of energy loss for charged particles (or monopoles) i s  well under­
stood for relativistic particles . However , the ionization loss for very slow 
particles is much less understood . Discrepancies in the various calculations 
for slow monopoles (S � 10-3 )  have plagued the interpretation of the present 
generation of scintillator experiments and evaluation of scintillator for a 
large array . Much work is presently being done to clarify this situation . 

In general , ionization loss varies as a function of S ( S  < 10-3 )  differ by 
several orders of magnitude .  These calculations of the atomic collisions and 
excitation are quite complicated . At relativistic energies the impulse approxi­
mation can be used and the problem is simplified . However , at low S ,  a detailed 
model of the atom must be used in order to understand the dynamics and this 
requires various approximations . Ahlen and Kinoshita15) have done a detailed 
calculation of this energy loss in analogy to calculations of Lindhard16) for 
protons . The results of this calculation vs . S are shown in Fig . 3 .  
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scintillator experiments . Also shown is the energy loss in hydrogen 
due to Zeeman splitting which might be exploited in future detectors . 



4 2 5  

It has been shown recentlyl? ) that energy losses due to Zeeman splitting 
at low velocity are quite large in hydrogen and enchance the signal for low 
S .  What this means for a complex material like plastic scintillator is unclear , 
but it could indicate the desirability to use a different material in a future 
monopole detector . 

Considerable work has been done experimentally on searching for heavy slow 
monopoles by ionization loss .  Typically , the detectors consist of multiple layer: 
of ionization detectors ( e . g .  scintillator) set to respond to low light levels . 
This threshold level , combined with the energy loss calculations discussed above 
determine the lowest detectable S for each experiment . The actual "signal" of 
a monopole is from recording the time-of-flight between layers and searching for 
a very slow moving penetrating particle . 

All results from these searches are negative , 18-24)but each measurement has 
different limitations in terms of solid angle acceptance ,  ionization material , 
electronics and minimum S accepted . Fig . 4 summarizes these results . Note that 
none of the results yet approach the astrophysics bounds and a large array , 
approximately the size of a football field , is needed to reach such sensitivi­
ties . Also , note that two of  the experiments20 • 21)have taken special measures 
to be sensitive at low S .  This requires electronics that will respond to the 
low level , stretched pulse coming from the passage of a very slow particle . 
(At S � lo-4 , it takes the monopole hundreds of nanoseconds j ust to pass 
through the individual layers) . 

These final results ,  sensitive to low S ,  are particularly important since 
they are significantly below Cabrera and are sensitive to the lower S (S � 10-4) 
expected from local sources of monopoles . These experiments appear to be in 
direct contradiction to that result . 

(2) Other Techniques for Direct Detection 
A second mechanism for energy loss exists for monopoles passing through 

conductors . The energy loss by this mechanism has been calculated by 
Martem' yanov and Khakimor25) and more recently by Ahlen and Kinoshita26) . 
Ahlen obtains 

for aluminum 

dE _ 4112Nse2g2 dx - --rn;c2--
and S � 3 x lo-3 . 

J!.s:. " 1 GeV/cm VF 
This is considerably larger than ionization los s ,  

but also varies as 'S making detection more difficult for very slow monopoles . 
At Cal tech , 27 ) we have built a prototype detector to study empirically the 

problems of detecting monopoles by acoustic techniques . The present detector 
is meant to be a test device to study sensitivity and not a design for a "real" 
monopole detector . This prototype monopole detector consists of two aluminum 
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astrophysics bounds .  
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disks which are 144cm in diameter and lOcm thick. Six transducers are coupled 
to each disk to detect ultrasonic pulses . These transducers are sensitive from 
8 to 12 MHz and were developed specifically for this proj ect .  Two scintillator 
arrays are mounted on the disks , one between the disks and one above them, to 
provide triggering information and a cosmic ray veto . 

Considering the very small signal , to evaluate this technique , it is 
important to understand where the technique will be fundamentally limited due 
to acoustic noise . In order to minimize this problem we have chosen to work at 
high frequency ( � 10 MHz) .  This is about the highest frequency where the 
acoustic pulse will pass through the aluminum with small absorption. 

The primary frequency of the acoustic pulse generated when a monopole 
passes through the medium is much higher ( > 100 MHz) ,  however that frequency 
is absorbed with some of the energy becoming thermal and some re-emitted at 
lower frequency . Below � 15 MHz the acoustic pulse will pass through the 
medium. This inefficiency of turning the energy loss into an acoustic pulse is 
the fundamental limitation in this method . We have estimated that the final sig­
nal is comparable or greater than the acoustic noise from the aluminum medium 
itsel f .  This has encouraged u s  t o  pursue the technique t o  determine where it 
will ultimately be limited .  

A t  present , the real limit should come from the noise in the transducer 
itsel f .  In  our present detector , transducers ,  and electronics we expect this 
noise to be about 50 times greater than the monopole signal . We are empirically 
determining this level and studying various methods such as focusing the acous­
tic pulse for improving this S/N ratio . 

A theoretical study of the intrinsic limit due to acoustic noise has been 
made by Akerlof28)with the conclusion that this technique is practically un­
feasible .  Although our approach is somewhat more empirical , we agree that 
present techniques appear to be about a factor of 102 away from the required 
sensitivity . Although some improvements can be envisioned , whether the neces­
sary sensitivity can be obtained remains unclear . 

VI . PROTON CATALYSIS 
There has been a great deal of interest recently in the possibility that 

monopoles can catalyze proton decay . The work of Dokos and Tomaras , 29) 

Rubakov , 30) and Callan31) has lead to the possibility of detecting the passage of 
monopoles through a proton decay detector by the detection of proton decay by 
the process 

+ M + N -+- M + e + mesons 

where N = proton or neutron . If these catalyzed decays occur with cross sec­
tions typical of the strong interaction (o � 10-26cm2 ) several decays will 
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occur along the trail of the monopole path through the detector .  These will be 
separated by time characteristics of the S of the monopole . 

The IMB proton decay detector has been used for such a search . 32) The 
effective cross sectional area of the detector is 550m2 for an isotropic flux 
of monopoles , with area times solid angle of 6900m2-sr . The mean path length 
through the detector is 12 . 8m for an isotropic flux . 

The most sensitive search involves looking for multiple interactions , since 
a single interaction gives events that are kinematically difficult to distin­
guish from the � 1 event/day of cosmic ray neutrino interactions depositing 
� 940 MeV . The back to back kinematical constraint applied to the "natural" 
p + n° e+ decay mode is not applicable here . 

For multiple interactions , 100 days of data have been analyzed looking for 
two proton decay candidates within 8 µsec . No events of this type have been 
observed and therefore a 90% C .L .  upper limit on the product of the monopole 
flux times the cross section has been determined . For oc > 10 mb , this corre­
sponds to F (min) = 7 . 2  x l0- 1 5cm-2sr- 1 s- 1 within a velocity window m 
lo-4 < Sm < 10-1 . The 90% C . L .  upper limit on the product F x o has a min 

1 m c 
value (Fm x oc)min = 3 . 6  lo-4 l sr-1 s- at oc = lmb and monopole velocity . These 
results are summarized in Fig . 5 .  The significance o f  this result clearly 
depends heavily on the catalysis cross section . This is very uncertain and 
active theoretical work is in progress to better determine this cross section . 

V. CONCLUSIONS : 
At present the only positive experimental evidence for the existence of 

GUT magnetic monopoles is the original Cabrera event . That event has not been 
confirmed by Cabrera or others .  The level seems in conflict with recent scin­
tillator results optimized for low S .  In addition , the level is in conflict 
with bounds from Astrophysical considerations . 

No detectors are as yet large enough to be sensitive below these astro­
physics bounds .  Work is  proceeding on various techniques to develop a detector 
array large enough to be capable of detecting fluxes below that level . 
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ABSTRACT 

A search for superheavy magneti c monopol es " catalyzi ng" nucl eon decay 
i n  an underg round water C herenkov detector has b een carried out. No 
positive evi dence for such a process has b een found duri ng 100 days of  
detector l i ve time .  Cross secti on a n d  vel oci ty dependent l i mits o n  the 
monopo le  fl ux are presented, whi ch have a mi nimum of 
7 . 2  x 10- 15  cm-2 s r-1 s- 1 for catal{si s c ross secti ons > 10  mb and 
monopol e vel oci ti es 10-4 .; Sm .; 10- • For l ow c ross secti ons , we obtai n 
vel oc i ty i ndependent l imi ts on the monopol e fl ux. L imits on the monopol e 
i nteraction rate are presented. 

*Presented by S .  Errede 



Theoreti cal and experimental i nterest i n  magnet ic  monopol es has not 
c eased s i nce Di rac ' s  p i oneeri ng workl i n  1 931 .  Recently ,  a resurgence of 
i nterest has resul ted from the work of 't Hooft and Polyakov2 i n  1974 
which s howed that superheavy magnetic monopol es are a natural consequence 
of g rand un i fied theori es ( G UTs) whi ch s pontaneously b reak and even­
tual ly  y i e l d  a U ( l )  g auge g roup. The monopol e mass i n  GUTs i s  expected 
to be of the order of the u n i fi cation scal e ,  Mm - 1 016 GeV _3 ,4 Such 
superheavy monopol es cou l d  have been produced i n  l arge numbers i n  the 
early moments of  the u n i verse.3 , 5  I n  the present epoch the fl ux of  a 
s uperheavy magneti cal ly c harged parti cl es i s  constrai ned by the mass 
dens i ty of the u n i verse.6 ,9 The most stri ngent astrophys i cal l imi t on 
the monopol e fl ux can be  estimated from the maximum fl ux wi thi n our ga l ­
axy that can b e  tol erated wi thout destroy i ng the ob served ga l acti c 
magnetic f iel d (- 3 µG ) .  Th i s  upper l imi t,  k nown a s  the Pa rker Bound? , i s  
Fm < 6 x 1 0- 16  cm-2 s r- 1 s- 1 . Furthermore , various consi derati ons 
s uggest thei r present vel oc i ti es are of order 1 0- 4 < $m < 1 0-2 

i n  our gal axy and so lar system.8 ,9 Monopol es wi thi n th i s  vel oc i ty range 
a nd mass are unl i kely to be stopped i n  thei r passage th rough the ea rth . 

In 1980, Dokos and Tomaras suggested that the presence of a g rand 
u ni fied monopol e i n  proximi ty to hadron i c  matter may act as a catalyst, 
s trong ly enhanc i ng baryon number v i ol ati ng processeslO . Sub sequently ,  
Rubakovl l  and Cal l an1 2  i n  s tudy i ng the i nteraction mechan i sm o f  fermions 
w i th monopol es s howed that processes such as  

M + p , n  + M + e+ + mesons ( 1 )  

a re essenti al ly  i ndependent o f  the u n i f i cati on mass . Catalysi s  cross 
s ecti ons typi cal of  strong i nteractions a c - 10- 26  cm2 are predi cted , b ut 
w i th a l arge uncerta i nty .  

Kol b ,  Col gate , and Ha rvey1 3 have ob ta i ned an i ndi rect, model 
dependent l imi t on the fl ux of monopol es i nc i dent on neutron stars from 
consi deration of the i ncrease i n  l umi nos i ty due to catalys i s  of nucl ear 
matter wi thi n the star. From the u se of experimental l imits on the i nter­
s tel l ar x- ray l umi nos i ty ,  they ob ta i n  a l i mi t on the monopol e fl ux t imes 
catalys i s  c ross secti on , Fm x ac < 5 x 10-49 sr- 1 s- 1 . Other authors14  

have suggested neutron star model s wh i c h  y i e l d  far  l ess  stri ngent l i mi ts , 
compatib l e  even wi th the Parker b ound for l arge catalys i s  cross secti ons .  
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Di rect experimental evi dence for monopol e cataly zed nucl eon decay 
woul d b e  of profound i mportance for g rand u n i fi ed theori es s i nce a s i ng l e  
u namb iguous ob servati on cou l d s i mul taneously p rove the exi stence of 
magneti c monopol e �<!. proton decay . Large  detectors designed to l oak for 
n ucl eon decay are wel l su i ted to search for the reaction of equati on ( 1 ) .  

The  I r  vi ne-M i chigan-B rookhaven ( IMB) water Cherenkov detectorl 5 , 
l ocated underg round at a depth of 760 m i n a sal t mi ne near Cl evel and, 
Oh i o ,  was designed and b u i l t  expressly to search for evi dence of nucl eon 
decay . The detector consi sts of  a total of 2048 hemi spheri cal ( 5" d i a . )  
p hotomul ti pl i er tubes ( PMT� ) pl aced on a regul ar s urface l attice 
(- 1 m spac i ng )  of d imensi ons , 23 x 17 x 18 m3 and i s  s hown in F i g ure 1 .  
The  effecti ve cross secti onal area of the detector i s  5 5 0  m2 for an  
i sotrop i c  fl ux of  monopol e s ,  wi th area x sol i d  ang l e of 6900 m2 -s r .  The 
PMT' s l ook i nward at 7 . 0  metri c k i l otons (- 4 x 1 Q33 nucl eons) of 
c hemi cal ly pure water. Rel ati v i sti c c harged parti c l e s  from nucl eon decays 
or enteri ng cosmi c  rays are detected v i a  thei r l ight  impi ng i ng on the 
PMT' s .  The readout el ectron i c s  i ndependently records for each tub e above 
t hreshol d ( 0 . 2 5  p . e . )  the t ime of arri val ( T l )  and t he amount Cherenkov 
1 i ght at that tub e .  The resol uti on of the T l  time scal e i s  1 n s  wi th a 
ful l scal e of 5 1 2  n s .  For triggeri ng the detector the PMT ' s are d i v i ded 
i nto 32 g roups of  8 x 8 matri ces .  A trigger requi res ;;. 3 PMT' s i n  a g roup 
to wi thi n  50 ns and > 2 g roups fi ri ng wi thi n 150 n s .  A second unb i ased 
trigger s imply requi res ;;. 12 PMTs to f i re wi thi n 50 n s .  Each 
p hotoel ectron of recorded Cherenkov l i ght corresponds to - 4 M eV of energy 
l oss i n  water ,  hence , the above tri gger energy threshol ds are 24 M eV and 
48  M eV ,  respecti vely . For nucl eon decay the energy deposi ted i n  the 
detector may be a s  high a s  the nucl eon rest mass . Hence , for p + e+11 °  
decay w e  expect 1 7 0  ± 2 5  PMT ' s t o  f i re with a n  energy depos iti on o f  
940 ± 1 0 0  MeV . 

Fol l owi ng a trigger on the T l  scal e ,  the el ectronics activates for 
each tube a second time scal e ( T 2 ) for an  addi ti onal 7 . 5  µ s ,  wj_th 15 n s  
resol uti o n .  T he  T2 time scal e enab l es t he  detecti on of µ + evv decays for 
muons wh ich  stop i n  the detector. For  monopol es the T2 timi ng enab l es the 
d etection of a sequence of mul ti pl e catalyzerl nucl eon decays occurri ng 
w i th i n  8 µ s .  The monopol e woul d not be d i rectl y ob served unl ess i ts 
ve loc ity 1�ere above Cherenkov threshol d .  
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SEARCH FOR M ULTIPLE I NTERACTIONS 

We have searched 100 days of  l i vetime data for evi dence of mu l ti pl e  
c ata lyzed nucl eon decays ( >  2 )  occurri ng wi thi n the detector vol ume . 
Spec i fi cal ly ,  we requ i re an event with > 30 PMT' s i n  the Tl time scal e and 
at  l east one addi ti onal event w ith > 50  PMT' s f i ri ng withi n any 300 ns 
time wi ndow in the T2 time scal e .  Furthermore , to enab l e  unamb i g uous 
rej ection of enteri ng cosmi c  ray b ackgrounds ,  we requi re at l east one of 
the events to occur wi thi n  the detector f i ducial vol ume ( i nset 2 m from 
the PMT pl anes ) .  We measure a rate of 4 . 6  ± 0 . 3  events/day for events 
occurri ng anywhere i n  the detector vol ume ,  consi stent wi th the expected 
trigger rate from random two-fol d c o i nc i dences due to 2 . 7 cosmi c 
rays/second through the detector. No > 3-fol d coi nci dences have b een 
ob served. 

The overal l effi ci ency for detecti ng a monopol e catalyzed nucl eon 
decay has 3 components : 

( 1 )  The trigger detection effi c i ency E d i s  somewhat dependent on the 
spec if ic  nucl eon decay mode . The resul ts of computer s imul ati ons for 
vari ous modes of nucl eon decay i ndicate an overal l detection 
effi ciency for mul t ipl e i nteracti ons in the detector of 
E d = 0.9 ± 0 . 1  for neutri nol ess decay modes . 16  

( 2 )  The g eometrical acceptance o f  the detector fi ducial  vol ume , E g , 
i s  a al so a functi on of  the catalysi s c ross section ac · E g (crc l i s  
defi ned a s  the rati o o f  events w ith s i ngl e ( mul tipl e)  i nteracti ons 
sati s fy i ng the f i ducial vol ume requi rement to al l events wi th s i ng l e  
( mul ti pl e )  i nteractions i n  the total detector vol ume . We determi ne 
E g by computer s imul ati ons of monopol es travers i ng the detector , 
a ssumi ng an i sotropi c  monopol e fl ux. The mean path l ength through 
the detector i s  1 2 .8 m. F i g ure 2 s hows E g (cr cl versus crc for s i ngl e 
and mul ti pl e i nteracti ons i n  the detector . 

3 )  For mul ti pl e i nteracti ons ( >  2 )  i n  the detector ,  the constrai nts 
i mposed by the Tl and T2  time scal es g i ve an effi ci ency , or i nter­
action probabi l i ty g (crc , Sm l which i s  dependent upon the catalysi s 
c ross secti on and monopol e vel oci ty .  Th i s  effici ency was al so 
determi ned by computer s imul ations and i s  refl ected by the fl ux 
l im it  curves shown i n  F i g ure ( di scussed b el ow) . In the ab sence of any 
velocity dependence ,  E (crc , am )  reduces to the Po i sson probab i l i ty for 
> 2 i nteracti ons i n  the detector.  
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We  have found no events pas s i ng t he  event sel ection cri teri a 
c onsi stent wi th mul tipl e i nteracti ons from magnetic  monopol e catalyzed 
n ucl eon decays .  Hence , we obtai n an upper l imit on the monopol e fl ux from 

F < ________ N..._ ___ � ( 2 )  
m A • n ·  lit · E: d E: g (cr c l • E: (crc , Bml 

where for no ob served events , N0 = 2 . 3  for 90% confi dence , A i s  the 
effecti ve cross secti onal area of the detector ,  n i s  the sol i d  ang l e  ( 4� ) ,  
li t  i s  the detector l i vetime , the effic i enc ies  E: d , E: gkc l and doc , f3ml are 
defi ned above . In F i g ure 2 we show the 90% C . L .  upper l imi ts on the 
monopol e fl ux for mul ti pl e i nteracti ons i n  our detector a s  a function of 
monopo le  vel oc i ty ,  for several val ues of  the catalysi s c ross secti on .  
For l arge cross secti ons , crc > 100 mb , the  90% C . L .  upper l imi t on the 
monopol e fl ux ,  Fm , has a m i n imum of  Fm( mi n )  = 7 . 2  x 10- 15  cm-2 sr- 1 s- 1 

w i th i n  the vel oc i ty range 10-4 <: f3m .; 10- l . The 90% C . L .  upper l imi t for 
the i nteraction rate , Fm x crc , for mul ti pl e i nteracti on has a mi n imum of 
( Fm x cr c lmi n = 3 . 6  x 10-41 sr-1 s- 1 at  cr c = 1 mb and monopol e vel oc i ty 
Sm = S x lo- 3 . 

Throughout th i s  work , we have taci tly a ssumed a l i near A-dependence 
for the catalysi s cross secti on . Hence , the i nteraction l ength 
" c = ( n  cr c ) - 1 where n i s  the nucl eon number densi ty .  The A-dependence of 
the catalysi s c ross section i s  u ncerta i n  at the present time .  The 
monopol e fl ux l i mi ts we have ob tai ned shou l d  be modi fied accordi ngly  i f  an 
A-dependence other than Al i s  assumed. 

SEARCH FOR S INGLE I NTERACTIONS --------------

For catalysi s cross secti ons ,  cr c " 1 mb the i nteraction l ength , "c • 
b ecomes l arger than the mean path l ength , consi derab ly  reduci ng the 
p robab i l i ty for mul ti pl e i nteractions i n  the detector .  Under these 
c i rcumstances we can ,  neverthel ess ,  set l imi ts on the monopol e fl ux and 
i nteraction rate from s i ng l e  i nteracti ons i n  the detector .  In deri vi ng 
these l imi ts one must consi der the b ackground due to atmospheri_£ neutri no 
i nteractions and possibly " spontaneous" n ucl eon decays and/or nn  
o sci l l ati ons .  Spontaneous 2-b ody n ucl eon decays wi l l  have a c haracteri sti c 
b ack-to-b ack s i g nature wi th the openi ng ang l e  of  the decay products 
typi cal ly > 1 50° .  The s i g nature for a monopol e catalysi s nucl eon decay 
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can be  qu i te di fferent d ue  to  t he  k i nemati cs  of t he  reacti on . I n  i ts own 
rest frame , the heavy monopol e ab sorb s  a neg l i g i b l e  fracti on of 
d i si nteg rati ng nucl eon rest energy . It can , however ,  acqui re up to 
1 GeV/c  momentum wh i c h ,  by momentum conserv�t ion ,  i s  transferred to the 
decay products.  Thus , catalyzed decays or nn  trans i ti ons can have the same 
g eneral appearance as atmospheri c neutri no i nteracti ons of Ev < 2 GeV i n  
the detector. 

Duri ng our i ndependent search for spontaneous nucl eon decay in the 
detector,  a total of 69 s i ng l e  i nteraction events i n  80 days of detector 
t ime were found. 1 7 The event rate and c haracteri sti cs  of these events are 
c onsi stent wi th neutri no i nteracti ons i n  the detector. Of the 6 9  events , 
6 6  have energ i es b e l ow twi ce the nucl eon rest mas s ,  MN · We use these 
events to ob tai n conservati ve l imi ts on the monopol e fl ux and i nteracti on 
rate wi th fu rther event sel ection i n  order to i ncorporate the b roadest 
range of possib i l i ties for monopol e catal ys i s  of nucl eon decay .  

T h e  absol ute rate of neutri no i nteractions whi ch pass o u r  fi l teri ng 
i s  cal cul ated to be Rv = 0 . 9  ± 0 . 4  events per day1 7 , based on estimated 
fl uxes and cross sections appropri ate to the energy range we ob serve. The 
e stimated overal l effi ci ency for the detection of atmospheri c neutri nos 
Nv = 48 ± 7 ( s tat . ) ± 25 ( syst . )  events i n  80 days of detector l i ve time, 
to be compared wi th the 6 6  events b el ow 2 MN · Thu s ,  as many as 5 2  events 
( 90% C . L . )  coul d be due to monopol e i nteracti ons . 

We use equation ( 2 )  i n  determi n i ng fl ux l imi ts for s i ng l e  
i nteractions .  The detecti on effi ci ency for s i ng l e  catalys is  i nteractions 
i n  the fi duc i al vol ume i s  cal cul ated to be E d = 0 . 9  ± 0 . 1  for 
neutri nol ess decay modes . 16 The geometri cal acceptance E g for si ngl e 
i nteracti ons i n  the fi duc i al vol ume i s  s hown i n  F i g ure 1 . The effi ci ency 
dcr c l i s  merely the Po i sson probab i l i ty for s i ngl e i nteracti ons wi thi n the 
detector.  

The upper l i mits on the monopol e fl ux,  Fm , and i nteraction rate , 
Fm x a c , for s i ngl e i nteracti ons are vel oci ty i nde��n_9_en�, and are shown 
i n  F i gure 4 .  Th e 9 0 %  C . L . upper l i mit o n  the monopol e fl ux h a s  a 
mi nimum of Fm( mi n )  = 1 . 1 x 1 0- 12 cm- 2 s r- 1  s- 1  at a catalys is  c ross 
section cr c = 1 mb . For cross sections cr c .; 0 . 1 mb , the upper l i mit on the 
monopol e s i ngl e i nteraction i s  Fm x cr c < 3 . 6  x 1 0- 40 sr- 1  s- 1  ( 90% C . L . ) . 
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Th i s  experiment has searched for magneti c monopol es v i a  the  new and 
u n i que mechani sm of magneti c monopol e catalysi s of nucl eon decay .  The 
c ross secti on dependent l i mits o n  the monopol e fl ux encompass a 
s ig nfi cantly wi der vel oci ty range and a re consi derab ly l ower than , or  
c omparab l e  to  those of prev ious experiments18 , wh ich  a re sensitive to the 
e l ectromagnetic  i nteraction of magnetic monopoles w ith matter .  F i g ure 5 
s hows l im its on the monopol e fl ux a s  set these experiments . 

ACKNOWLEDGEMENTS 

We wi sh to thank the many peopl e who made th i s  detector a real i ty and 
e speci al ly the empl oyees of  Mo rton-Th i okol who operate the Fa i rport m i ne .  
T h i s  work i s  supported i n  part b y  the U . S .  Department o f  Energy . 

REFERENCES AND FOOTNOTES 

( a) Al so at Ha rvard Un i versi ty .  

( b )  Permanent address :  Warsaw Un i versi ty ,  Pol and. 

1 .  P . A .  M .  D i rac , Proc . Roy . Soc . 1 33A , 60 ( 1931 ) ;  Phy s .  Rev. !3._, 817  
( 1 948 ) .  

--

2 .  G .  ' t  Hooft, Nucl . Phy s .  B79 ,  276 ( 1974 ) ;  
A .  M .  Pol yakov , J ETP Le tt--:-20, 1 94 ( 1 974 ) .  

3 .  J . P .  Presk i l l ,  Phy s .  Rev. Lett. �. 1 365  ( 1979 ) .  

4 .  H .  Georg i  and S .  L .  Gl ashow, Phys .  Rev.  Lett. 32 ,  438 ( 1974 ) ;  
H .  Georg i , H .  R .  Qu i nn and  S .  We i nberg ,  Phys . Rev. Lett. E· 4 5 1  
( 1 974 ) . 

5 .  A . H .  Guth and S .-H .  H .  Tye ,  Phy s .  Rev. Lett. 44, 63 1  ( 1 980 ) ;  
J .  N .  F ry and D .  N .  Sc hramm , Phy s .  Rev. Lett. U, 1 361  ( 1 980 ) ;  
P .  Langacker and S .  Y .  Pi , Phy s .  Rev. Lett. 4!),"°"1 ( 1980 ) ;  
M .  E i nhorn , D .  L .  Stei n and D .  To ussai nt , Phys. Rev. D 2 1 ,  3295 
( 1 980 ) ;  

-

A .  Ba i s  and S .  Rudaz ,  Nucl . Phy s .  B170,  507 ( 1 980 ) ;  
G .  La zari des and Q .  Shafi , Phy s .  Lett:- 9 1B ,  7 2  ( 1 980 ) ;  
G .  La zari des and Q .  Shafi , Phys .  Lett. "94B-, 149 ( 1 980 ) ;  
G .  La zari des , Q .  Sh afi a n d  T .  Wal sh , Phys:- Lett. lOOB , 2 1  ( 1 981 ) ;  
M .  S .  Turner, Phy s .  Lett • .  !?..!..1:_�. 9 5  ( 1 982 ) .  --

6 .  M .  J . Lo ng o ,  Phy s .  Rev. ��. 2 399 ( 1 982 ) .  

7 .  M .  S .  Turner, E .  N .  Parker and T .  J . Bogdan, Phy s .  Rev .  D 2�, 1296 
( 1982) . 



440 

8 .  J .  El l i s ,  D .  V .  Nanopoul ous and K .  A .  Ol i ve ,  CERN prepri nt TH-3323 
CERN ( J une ,  1 982 ) .  

9 .  M .  S .  Turner, Proceedi ng s  o f  M agneti c Monopol e Workshop , Wi ngspread, 
Rac i ne ,  Wi sconsi n ,  Oc t .  1 982 , ed .  by R.  A.  Carrigan , W .  P .  Trower. 

10 .  C. R .  Dokos , T. N .  Tomaras ,  Phys . Rev. Q?_!_, 2940 ( 1980 ) .  

1 1 .  V .  A .  Rub akov , Nucl . Phy s .  B2�, 3 1 1  ( 1 982 ) ;  J ETP E· 644 ( 1981 ) .  

1 2 .  C .  Cal l an ,  J r . , Phy s .  Rev .  D26,  2058 ( 1 982 ) ;  Phy s .  Rev. 025 ,  2 141 
( 1 982 ) ;  ( L PTENS prepri nt 8 2-n-o ( 1 982 ) .  See a l so C .  Cal lan;- tal k 
p resented at conference . 

13 .  E .  w .  Kol b ,  S .  A .  Co l g ate and J .  A .  Ha rvey , Phys . Rev. Lett . i2_, 1 37 
( 1 982 ) .  

14 .  V .  A .  K uzmi n  and V .  A .  Rubakov , I CTP prepri nt I C/83/1 7 ,  to be 
p ub l i shed. 
S. Di mopou l o s ,  J .  Preski l l  and F .  Wi l c zek , submi tted to Phys .  Lett . 
( U CSB prepri nt NSF- I TP-82-9 1 ) ;  F .  A .  B a i s ,  J .  El l i s ,  
D .  N .  Nanopoul os and K .  A .  01 i ve ,  CERN prepri nt 3383-C ERN ( August 
1 982 ) . 

1 5 .  J . C .  van  der  Ve l de ,  i n  the  " Proceedi ngs of Neutri nos ' 81 , "  M au i , 
Hawai i ( J u ly ,  1981 ) ,  ed .  by R .  J .  Cence , E .  M a ,  A .  Rob erts , Vol . 1 ,  
p .  205.  

16 .  The detection effi ci ency for s i ng l e and mul ti pl e i nteractions 
w i th decay modes i nvol vi ng neutri nos i s  E d = 0 .6 ± 0 . 2 .  The fl ux 
l imits for for mul ti pl e and s i ngl e i nteractions for these modes 
s houl d therefore b e  i ncreased accordi ng l y .  

1 7 .  R .  M .  B i onta , et al . ,  Phy s .  Rev. Lett . 50 ( 1 983 ) .  
See a l  so J .C.v an der Ve l de , tal k presented a t  th i s  conference. 

18 .  J .  D .  Ul l man ,  Phys .  Rev .  Lett. 47 ,  289 ( 1 981 ) ;  
R .  Bonarel l i ,  e t  a l . ,  Phy s .  Lett. 112B , 100 ( 1982 ) ;  
D .  E .  Groom, e t  al . ,  Phy s .  Rev. Lett . 50 ,  573 ( 1983 ) ;  
B .  Cabrera , Phys .  Rev .  Lett. 48 , 1378 Tf982 ) ;  
J .  Ba rtel t ,  e t  al . ,  Phys .  Rev-:-Lett. 50, 655 ( 1983 ) ;  
D .  Ayres ,  e t  al . ,  i n  the Snownass DPFlfroceedi ngs ,  p .  603 ( J une/Ju ly  
1 982 ) ,  ed .  by R .  Do nal dson , H .  R .  Gu stafson and F .  Pa i ge .  
See  al so B .  Bari sh ,  tal k presented at thi s conference. 



IM B DETECTOR 
2048 PM TUBES 

I r 
16.Sm � 

'1 
17.Sm 

) 

F i g ure 1 .  The Irvi ne-M i chi gan-B rookhaven 8000 ton water 
Cherenkov Detector.  

4 4 1  



4 4 2  

O") 
(l) 

ti 10 
:z ;::: 0.. LU u u 
-< 

0.1 - 2 10 

S INGLE 
INTERACTIONS 

( = 1 )  

10-1 1 .0 10 
CATALYS IS CROSS SECTION,  o-c ( m b )  

100 

F i gure 2 .  The geometri cal detection effici ency , c g {cr c l ,  versus catalys is  
c ross secti on , cr c , for s i ng l e  and mul ti pl e i nteracti ons ,  for an 
i sotropic fl ux of  magnetic monopol e s .  

.;=- 10-10 
"' I .... 

""
"' 10-ll 
E u 

MULTIPLE INTERACTIONS ( � 2 )  
EXCLUDED ( 90% C.L.) 

10-15 '---_J_�--'----'----L--.L_-_j 
10-6 10-5 10-4 10-3 10-2 10-1 

MONOPOLE VELOCITY, l3m 

F i gure 3 .  Upper l imits ( 90% C . L . )  on the monopol e fl ux , Fm , versus 
monopol e veloci ty ,  Sm , for mul ti pl e  i nteractions in the 
detector, for several val ues of catalys is  c ross secti on ,  crc . 



I (/) I 
"'l;; 10-10 

I E 
� 
cf. 
x :::J -l ..... 0-11 ....... 1 -l C) <:>.. C) z C) ::E: 

SINGLE INTERACTIONS 
EXCLUDED ( 90 %C.l.) 

I I 
I I I I I 

I I 
I I I 

I 
I I 

- --

I Fm X CJC / 
�/ 

; �  
- �  

./' 
,. 

I I I , 

10-12 10-40 
10-1 1.0 10 

CATALYSI S  CROSS SECTION ,  0-c (mb)  

4 4 3  

F i g ure 4 .  Upper l im i t  ( 90% C . L . )  o n  t h e  monopol e f l u x ,  Fm , 
( l eft  a x i s ,  sol i d  c urve) a n d  i nteracti on  rate , Fm x crc , ( ri gh t  
a x i s ,  dashed c u rve)  v e r s u s  t h e  cataly s i s  c ro s s  secti o n , cr c , f o r  
s i ngl e i nteract i o n s  i n  the  detector f i duc i al vol ume . 

F i g ure 5 .  

MAGNETIC (CABRERA) AND IONIZATION 
LIMITS ON MONOPOLES 

10-9 �-�--�--�-�--�-� 

.;:-- 10-10 
I/) 

I \.... 

�I/) 10-1 1 
E 
u 

CABRERA 

UTAH- STANFORD 

, BAKSAN i 
I ' 

\...___.........' 

10-15 '--::c---'--=--��-'-----'---_l_--
1 0-6 10-5 10-4 10-3 10-Z 1 0- 1 

MONOPOLE VELOCITY, !.3m 

Monopol e fl u x  l i m i t s  set by p rev i ou s  experiments 
wh i ch rely upon el ectromagnet i c  i nteracti ons  of m ag neti c 
monopol es  wi th matte r .  





4 4 5  

WHAT IS  THE DARK MATTER? 
IMPLICATIONS FOR GALAXY FORMATION AND PARTICLE PHYSICS 

Joel R. Primack* and George R. Blumenthalt 

*Board of Studies in Phf,sics and Santa Cruz Institute 
for Particle Physics , Lick Observatory , Board of Studies 
in Astronomy and Astrophysics ,  University of California , 
Santa Cruz , CA 95064 , U . S . A .  

ABSTRACT We  discuss three arguments that the dark matter which dom­
inates the present universe is not baryonic - based on excluding 
specific baryonic models , deuterium abundance , and the absence of 
small-angle fluctuations in the microwave background radiation. 
If the dark matter consists of elementary particle s ,  ·it may be 
classified as hot (free streaming erases all but supercluster­
scale fluctuations) ,  warm ( free streaming erases fluctuations 
smaller than galaxies) , or cold (free streaming is unimportant) . 
We consider scenarios for galaxy formation in all three cases . We 
discuss several potential problems with the hot (neutrino) case : 
making galaxies early enough, with enough baryons , and without too 
much increase in MtotfMtum from galaxy to rich cluster scales . 
The reported existence of dwarf spheroidal galaxies with relatively 
heavy halos is a serious problem for both hot and warm scenarios .  
Zeldovich (n = 1 )  adiabatic initial fluctuations in cold dark matter 
( axions , or a heavy stable "ino") appear to be lead to observed 
sizes and other properties of galaxies , and may also yield large 
scale structure such as voids and filaments .  
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I .  INTRODUCTION 

There is abundant observational evidence that dark matter (DM) 
is responsible for most of the mass in the universe ( 1 ) . Dark 
matter is detected through its gravitational attraction in the 
massive extended halos of disk galaxies and in groups and clusters 
of galaxies of all sizes . It is appropriate to call this matter 
"dark" because it is detected in no other way ; it is not observed 
to emit or absorb electromagnetic radiation of any wavelength. 
Matter observed in these latter ways we wil l  call "luminous " .  Here 
we consider the nature of the dark matter . 

I I .  THE DM IS PROBABLY NOT BARYONIC 

There are three arguments that the DM is not "baryonic" , that 
is ,  that it is not made of protons , neutrons , and electrons as all 
ordinary mat ter�. As Richard Feynman has said in other contexts ,  
one argument would suffice i f  it were convincing . All three argu­
ments have loopholes. The arguments that DM # baryons are as 
follows : 

A. Excluding Baryonic Models (2 ) 

The dark mat ter in galaxy halos cannot be � (it would have 
to be hot to be pressure supported , and would radiate) ; nor frozen 
hydrogen "snowballs" ( they would sublimate) ; nor dust grains ( their 
"metals" , elements of atomic number :?:3, would have prevented for­
mation of the observed low-metallicity Population II stars) ; nor 
"jupiters" (how to make so many hydrogen balls too small to initi­
ate nuclear burning without making a few large enough to do so? ) ; 
nor collapsed stars (where is the matter they must have ej ected 
in collapsing ? ) . 

The weakest argument is probably that which attempts to 
exclude "jupiters" : arguments of the form "how could it be that 
way?" are rarely entirely convincing. 

I 

B .  Deuterium Abundance (3 ) 

In the early universe ,  almost all the neutrons which "freeze 
out" are svnthesized into 4He . The fraction remaining in D and 
3He is a r�pidly decreasing function of n ,  the ratio of baryon to 
photon number densities .  The presently observed D abundance (com­
pared , by number, to H) is ( 1 - 4 ) x 10- 5 • Since D is readily con­
sumed but not produced in stars , 10- 5 is also a lower l imit on 
the primordial D abundance ,  This , in turn , imp lies an � limit 
n .<: 10- 9 ' or 

( 1 )  

where ab is the ratio of the present average baryon density Pb  to 
the critical densitv 

( 2 )  

Hn i s  the Hubble parameter (the subscript o denotes the present 
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epoch) , and observationally h = H0 (100 kms- 1Mpc- 1 ) - 1 lies in the 
range J, .,;  h .,;  1 .  The total cosmological density 0 = P totlPc is very 
difficult to determine observationally , but it appears to lie in 
the range 0 . 1  � 0 :5 2 .  Cosmological models in which the universe 
passes through an early de Sitter "inflationary" stage , predict 0 
very close to unity . 

In a baryon dominated universe (O " Ob) ,  the deuterium bound , 
Eq . (1) , is consistent only with the lower limit on O ,  and then 
only for the Hubble parameter at its lower limit .  An Einstein­
de Sitter or inflationary (O = 1) or closed (0 > 1) universe cannot 
be baryonic . 

C .  Galaxy Formation 

In the standard cosmological model , which we will adopt ,  large 
scale structure forms when perturbations 6 = op/p grow to 6 ?:  1 ,  
after which they cease t o  expand with the Hubble flow. Let us 
further assume that perturbations in matter and radiation density 
are correlated ( these are called adiabatic perturbations , since 
the entropy per baryon is constant ; these are the sort of pertur­
bations predicted in grand unified models) .  Then photon diffusion 
("Silk damping" ) erases perturbations of baryonic mass smaller 
than (4) 

Thus galaxies (Mb ;; 10 1 1- 1 2  M9 ) can form only 
collapse of larger-scale perturbations (5) . 
matter dominated universe grow linearly with 

(3) 

after the "pancake" 
Perturbations 6 in a 
the scale factor 

(4) 

where z = ( A0 - :\ ) I  A is the redshift and T is the radiation tempera­
ture . In a baryonic universe , 6 grows only between the epoch of 
hydrogen recombination , Zr " 1300, and z "  0- 1 • It follows that at 
recombination 6T/T � 6p / 3p 2: 3 x 10-3 for M ;;  Msilk • which corresponds 
to fluctuations on observable angular scales 8 > 4 '  today . Such 
temperature fluctuations are an order of magnitude larger than 
present observational upper limits ( 6 ) . 

The main loophole in this argument is the assumption of adia­
batic perturbations . It is true that the orthogonal mode, pertur­
bations in baryonic density which are uncorrelated with radiation 
(called isothermal perturbations) , do not arise naturally in cur­
rentlv fashionable particle physics theories where baryon number 
is generated in the decay of massive gra�d unified theory (GUT) 
bosons , since in such theories 11 = nb/ny is determined by the under­lying particle physics and should not vary from point to point in 
space . But galaxies originating as isothermal perturbations do 
avoid both Silk damping and contradiction with present 6T/T limits . 
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A second loophole is the possibility that matter was reionized 
at some z � . by hypothetical very uv sources . Then the fluctua­
tions in oT/T at recombination associated with baryonic proto­
pancakes could be washed out by rescattering . 

Despite the loopholes in each argument , we find the three 
arguments together to be rather persuasive , even if not entirely 
compelling . If it is indeed true that the bulk of the mass in the 
universe is not baryonic , that is yet another blow to anthropocen­
tricity : not only is man not the center of the universe physically 
(Copernicus) or biologically (Darwin) , we and all that we see are 
ngt even made of the predominant vari

.ety of matter in the universe! 

III . THREE TYPES OF DM PARTICLES : HOT , WARM 1; COLD 

If the dark matter is not baryonic , what is it? We will con­
sider here the physical and astrophysical implications of three 
classes of elementary particle DM candidates , which we will call 
hot ,  warm, and cold . (We are grateful to Dick Bond for proposing 
this apt terminology . )  

Hot DM refers to particles , such as neutrinos , which were 
still in thermal equilibrium after the most recent phase transition 
in the hot early universe, the QCD deconfinement transition, which 
presumably took place at TqcD - 102 MeV . Hot DM particles have a 
cosmological number density roughly comparable to that of the 
microwave background photons , which implies an upper bound to their 
mass of a few tens of eV. As we shall discuss shortly, free 
streaming destroys any perturbations smaller than supercluster 
size, -10 1 5 Me . 

Warm DM particles interact much more weakly than neutrinos .  
They decouple ( i . e . , their mean free path first exceeds the hori­
zon size) at T > TqcD •  and consequently their number density is 
roughly an order of magnitude lower, and their mass an order of 
magnitude higher , than hot DM particles . Perturbations as small 
as large galaxy halos , -10 1 2 M8 , could then survive free streaming . 
It was initially suggested that , in theories of local supersymmetry 
broken at -106 GeV , gravitinos could be DM of the warm variety ( 7 ) . 
Other candidates are also possible, as we will discuss . 

Cold Dl1 consists of particles for which free streaming is of 
no cosmological importance . Two different sorts have been pro­
posed , a cold Bose condensate such as axions, and heavy remnants 
of annihilation or decay such as heavy stable neutrinos . As we 
will see, a universe dominated by cold DM looks remarkably like 
the one astronomers actually observe . 

It is of course also possible that the dark matter is NOTA -



none of  the above! A perennial candidate, primordial black holes , 
is becoming increasingly implausible (8-10) . Another possibility 
which , for simplicity , we will not discuss ,  is that the dark matter 
is a mixture , for example "j upiters" in galaxy halos plus neutrinos 
on large scales (3) . 

IV. GAlAXY FORMATION WITH HOT DM 

The s tandard hot DM candidate is massive neutrinos (3-5) , al­
though other , more exotic , theoretical possibilities have been 
,suggested , such as a "maj oron" of nonzero mass which is lighter 
than the lightest neutrino species , and into which all neutrinos 
decay (11) . For definiteness ,  we will discuss neutrinos .  

A . Mass Constraints 

Left-handed neutrinos of mass � l MeV will remain in thermal 
equilibrium until the temperature drops to Tvd •  at which point 
their mean free path first exceeds the horizon size and they es­
sentially cease interacting thereafter , except gravitationally (12) . 
Their mean free path is , in natural units (h = c =  1) , (v - l ovn�/ J - I 
- [ (G�k T2 ) (T3 ) l  - I , and the hprizon size is Ah - (Gp) -"> - Mn T- , 
where the Planck mass MpJt = G-"> = l . 22 x l0 1 9 GeV = 2 . 18 x l0-5 g .  Thus 
Ah/ Av - (T/Tvd)3, with the neutrino decoupling temperature 

_1/3 
_2h 

Tvd - �Jt Gwk - 1 MeV . (5) 

After T drops below lMeV , e+e- annihilation ceases to be balanced 
by pair creation, and the entropy of the e+e- pairs heats the 
photons . Above l MeV , the number density nvi of each left-handed 
neutrino species (counting both vi and vi) is equal to that of 
the photons , ny , times the factor 3/4 from Fermi vs . Bose statis­
tic s ;  but e+e- annihilation increases the photon number density 
relative to that of the neutrinos by a factor of 11/ 4 . 1 Thus 
today , for each species ,  

(6 ) 

Since the cosmological density 

p = rip c = 11 rth2 keV cm- 3 ,  ( 7 )  

it foll ows that 

(8) 
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where the sum runs over all neutrino species with mvi :;; 1 MeV. 2 
Observational data imply that nh2 is less than unity (3) . Thus 
if one species of neutrino is substantially more massive than 
the others and dominates the cosmological mass density , as for 
definiteness we will assume for the rest of this section, then a 
reasonable estimate for its mass is mv - 30 eV . 

At present there is apparently no reliable experimental evi­
dence for nonzero neutrino mass .  Although one group reported (15) 
that 14 eV < mve < 40 eV from tritium S end point data, according to 
Boehm (16) their data are consistent with mv = O with the resolu­
tion corrections pointed out by S impson. Th� so ,.far unsuccessful 
attempts to detect neutrino oscillations also give only upper limits 
on neutrino masses times mixing parameters (16 ) . 

B .  Free Streaming 

The most salient feature of hot DM is the erasure of small 
fluctuations by free streaming . I t  is easy to see that the mini­
mum mass of a surviving fluctuation is o f  order M�i /m� (17 , 4) .  

Let us suppose that some process in the very early universe -
for example , thermal fluctuations subsequently vastly inflated , 
in the inflationary scenario (18) - gave rise to adiabatic fluc­
tuations on all scales . Neutrinos of nonzero mass mv stream 
relativistically from decoupling until the temperature drops to 
mv , during which time they will traverse a , distance dv : Ah (T = mv) 
- Mpi m�2 • In order to survive this free streaming , a neutrino 
fluctuation must be larger in linear dimension than dv• Corres­
pondingly , the minimum mass in neutrinos of a surviving fluctuation 
is MJ v - d� mv nv (T = mv) - d� m0 - Mp i 3 mv-2 • By analogy with Jeans ' 
calculation of the minimum mass of an ordinary fluid perturbation 
for which gravity can overcome pressure , this is referred to as 
the (free-streaming) Jeans mass .  A more careful calculation (4 , 19) 
gives 

and 

d \) 41 (m / 30 eV ) - 1 (1 + z ) - 1 Mp c ,  \) ( 9 )  

(10) 

which is the mass scale of superclusters .  Obj ects of this size 
are the first to form in a v-dominated universe , and smaller scale 
structures such as galaxies can form only after the initial col.­
lapse of supercluster-size fluctuation� . 



c .  Growth of Fluctuations 

The absence of small angle 6T/T fluctuations is compatible 
with this picture. When a fluctuation of total mass -10 1 5 Me 
enters the horizon at z - 104 , the density contrast of the radia­
tion plus baryons ORB ceases growing and instead starts oscillating 
as an acoustic wave , while that of the neutrinos Ov continues to 
grow linearly with the scale factor a =  (1 + z ) - 1 • Thus by recom­
bination, at zr " 1300 , 6RB/ 6v < 10- 1 , with possible additional 
suppression of 6RB by Silk damping (depending on the parameters 
in Eq . ( 3) ) .  This picture , as well as the warm and cold DM schemes , 
predicts  small angle fluctuations in the microwave background radi­
ation j ust slightly below current observational upper limits (6 ) . 

In numerical simulations of  disaipationless gravitational 
clustering starting with a f luctuation spectrum appropriately 
peaked at A "  dv , the regions of high density form a network of  
filaments , with the highest densities occurring at the inter­
sections and with voids in between ( 5 , 20-22) .  The similarity of 
these features to those seen in observations ( 23 , 24 ) is certainly 
evidence in favor of this model . 

D ,  Potential Problems with v DM 

A number of potential problems with the neutrino ·dominate.d 
universe have emerged in recent studies , however .  (1 )  From studies 
both of nonlinear (22 ) clustering ( A ,; 10 Mpc) and of streaming 
velocities (25) in the linear regime ( A > 10 Mpc) , it follows that 
supercluster collapse must have occurred recently : Zsc ,; 0 . 5  is in­
dicated ( 25 ) , and in any case Zsc < 2 (22) .  But then , if QSOs are 
associated with galaxies , their abundance at z > 2 is inconsistent 
with the "top-down" neutrino dominated scheme in which superclusters 
form first : zsc > Zgalaxies . ( 2 ) Numerical simulations of the non­
linear "pancake" collapse taking into account dissipation of the 
baryonic matter show that at least 85% of the baryons are so heated 
by the associated shock that they remain ionized and unable to con­
dense ,  attract neutrino halos , and eventually form galaxies ( 25a) . 
( 3 )  The neutrino picture predicts ( 26) that there should be a factor 
of -5 increase in Mtot/Mlum between large galaxies (Mtot - 10 1 2 �le ) 
and large clusters (Mtot � 10 1 4 Me) ,  since the larger clusters , with 
their higher escape velocities ,  are able to trap a considerabl� 
larger fraction of the neutrinos .  Although there is indeed evi­
dence for a trend of increasing Mtot /L with Mtot ( 1 , 27 ) , when on= 
takes into account the large amount of x-ray emitting gas in ric:":o 
clusters ( 28 ) one finds comparable Mtot/Mlu - 14 for galaxies wi::h 
large halos and for rich clusters ( 29 , 30) . (Mlum here includes nat­ter luminous in x-ray as well as optical wavelengths , in contrast to 
luminosity L that includes only the latter . )  (4 ) Both theoretice.l 
arguments (31) and data on Draco (32 ,33) imply that dark matter ci o:.:1-
inates the gravitational potential of dwarf spheroidal galaxies . The 
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phase-space constraint (34) then sets a lower limit (33) mv > 500 eV, 
which is completely incompatible with the cosmological constraint 
Eq. (8 ) . (Note that for neutrinos as the DM in spiral galaxies , 
the phase space constraint implies mv > 30 eV. )  

These problems , while serious , may not be fatal for the 
hypothesis that neutrinos are the dark matter .. It is possible 
that galaxy density does not closely correlate with the density of 
dark matter, for example because the first generation of luminous 
obj ects heats nearby matter , thereby increasing the baryon Jeans 
mass and suppressing galaxy formation. . This could complicate the 
comparison of nonlinear simulations (22 ) with the data. Also , if 
dark matter halos of large clusters are much larger in extent than 
those of individual galaxies and small groups , then virial esti­
mates would underestimate Mtot on large scale:> and the data could 
be consistent with Mtot fM1um increasing with M1um• But it is hard 
to avoid the constraint on Zsc from streaming velocities in the 
linear regime (25) except by assuming that the local group velocity 
is abnormally low . And the only explanation for the high Mtot/L 
of dwarf spheroidal galaxies in a neutrino-dominated universe is 
the rather ad hoc assumption that the dark matter in such obj ects 
is baryons rather than neutrinos . Of course , the evidence for 
massive halos around dwarf spheroidals is not yet solid . 

V .  GALAXY FORMATION WITH WARM DM 

Suppose the dark matter consists of an elementary particle 
species X that interacts much more weakly than neutrinos . The 
Xs decouple thermally at a temperature Txd >> Tvd and their number 
density is not thereafter increased by particle annihilation at 
temperatures below Txd · With the standard assumption of conserva­
tion of entropy per comoving volume , the X number density today 
n� and mass mx can be calculated in terms of the effective number 
of helicity states of interacting bosons (B) and fermions (F) , 
g =  gB + ( 7 / 8 ) gF , evaluated at Txd ( 35 ) . These are plotted in Fig. 1, 
assuming the "standard model" of particle physics . The simplest 
grand unified theories predict g (T ) ,. 100 for T between 102 GeV and 
TGUT - 10 1 4 GeV , with possibly a factor of two increase in g begin­
ning near 102 GeV due to N = 1 supersymmetry partner particles . 
Then for Txd in the enormous range from -1 GeV to -TGUT • n� - 5gxcm-3 
and correspondingly mx � 2(lh2 gi( 1 keV ( 36 ) , where gX is the number 
of X helicity states . Such, "warm" DM particles of mass mx - 1 keV 
will cluster on a scale -M;£ mi(2 - 10 1 2  Ms , the scale of large 
galaxies such as our own ( 7 , 37 , 38 ) . 

What might be the identity of the warm DM particles X? It 
was initially (7) suggested that they might be the ±Y, helicity 
s tates of the gravitino G, the spin 3 /2 supersymmetric partner of 
the graviton G. The gravitino mass is related to the scale of 



1 
supersymmetry breaking by mG = (4TT/3) '1 mSUSYZ mp� • so IDG * 1 keV cor-
responds to msusy - l06GeV . This now appears to be phenomen­
ologically dubious , and supersymmetry models with mSUSY - 10 1 1  GeV 
and me; - :!;02 GeV are currently popular (39) .  In such models , the 
photino y ,  the spin � supersymmetric partner of the photon, is 
probably the lightest R-odd particle , and hence stable. But in 
supersymmetric GUT models my - 10 ml!; , and there is a phenomenolog­
ical lower bound on the mass of the gluino mg > 2 GeV (40) . The 
requirement that the photinos almost all annihilate , so that they 
do not contribute too much mass density, implies that my l: 2 GeV 
(14 , 41 ) , and they become a candidate for cold rather than warm 
dark matter . 

A hypothetical right-handed neutrino vR could be the warm 
DM particle (42) , since if right-handed weak interactions exist 
they must be much weaker than the ordinary left-handed weak inter­
actions , so TvRd >> Tvd as required. But particle physics provides 
no good reason why any vR should be light . 
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Thus there is at present no obvious warm DM candidate ele­
mentary particle , in contrast to the hot and cold DM cases . But 
our ignorance about the physics above the ordinary weak interaction 
scale hardly allows us to preclude the existence of very weakly 
interacting light particles , so we will consider the warm DM case, 
mindful of Hamlet ' s  prophetic admonition 

There are more things in heaven and earth , Horatio , 
Than are dreamt of in your philosophy . 

A. Fluctuation Spectrum 

The spectrum of fluctuations 8v at late times in the hot DM 
model is controlled mainly by free streaming ; ov (M) is peaked 
at -MJ v •  Eq . ( 10 ) , for any reasonable primordial fluctuation 
spectri'.m. This is not the case for warm or cold DH . 

The primordial fluctuation spectrum can be characterized by 
the magnitude of fluctuations as they j ust enter the horizon . It 
is expected that no mass scale is singled out , so the spectrum is 
j ust a power law 

8 DM,H (11) 

Furthermore , to avoid too much power on large or small mass scales 
requires a •  0 (43 ) ,  and to form galaxies and large scale structure 
by the present epoch without violating the upper limits on both 
small ( 6 )  and large (44) scale (quadrupole) angular variations in 
the microwave background radiation requires K - 10-4 • Eq . (11)  
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corresponds to I •\ 1 2 � kn with n = 6CL + 1 .  The case CL =  O (n = 1) is 
commonly referred to as the Zeldovich spectrum, 

Inflationary models predict adiabatic fluctuations with the 
Zeldovich spectrum (18 ) , In the simplest models K is several orders 
of magnitude too large , but it is hoped that this will be remedied 
in more realistic - possible supersymmetric - models (45) . 

The important difference between the fluctuation spectra oDM 
at late times in the hot and warm DM cases is that 6oM,warm has 
power over an increased range of masses , roughly from 1011 to 
10 1 5  Ma • As for the hot case , the lower limit , Mx - Mp 1\3 mj(.2 , arises 
from the damping of smaller-scale fluctuations by free streaming . 
In the hot case, the DM particles become nonrelativistic at es­
sentially the same time as they become gravitationally dominant ,  
because their number density i s  nearly the same a s  that of the 
photons . But in the warm case, the X particles become nonrela­
tivistic and thus essentially stop free streaming at T - mx, well 
before they begin to dominate gravitationally at Teq • 6�fa2 eV . 
The subscript "eq" refers to the epoch when the energy density of 
massless particles equals that of massive ones : 

(12) 

We assume here that there are nv species of v'ery light or massless 
neutrinos ,  and y = p�/p� = (7 /8) ( 4/11)4/3 nv (= 0 . 681 for nv = 3 ) , 
6 = T0 / 2 .  7K,  and a is the Stefan-Boltzmann constant . During the 
interval between T - mx and T - Te , growth of 6DM is inhibited by the "stagspansion"3 phenomenon (�lso known as the Meszaros (46) 
effect ) , which we will discuss in detail in the section on cold 
DM. Thus the spectrum oDM is relatively f lat between Mx and 

M eq 
411 (� ) 3  p Q 3 l+z c eq 

(13) 

Fluctuations with masses larger than Meq enter the horizon 
at z < Zeq , and thereafter 6DM grows linearly with a =  (1 + z) - l 
unti l  nonlinear gravitational effects become important when 6DM - 1 .  
Since for CL =  0 all fluctuations enter the horizon with the same 
magnitude , and those with larger M enter the horizon later in the 
matter-dominated era and subsequently have less time to grow, the 
fluctuation spectrum falls with M for M > Meg : o0M � M-2/3 . For a 
power-law primordial spectrum of arbitrary index , 

(14 ) 



This is true for hot ,  warm, or cold DM. In each case , after re­
combination at Zr • 1300 the baryons "fall in" to the dominating 
DM fluctuations on all scales larger than the baryon Jeans mass ,  
and by z ::: 100, ob ::: cSDM (47 ) .  

In the simplest approximation , neglecting all growth during 
the "stagspansion" e�a!. }76 fluctuati�Y 1gpectrum for Mx < M < Meq is j ust cSDM "' M-a = M- n 1 = wCneff+ •2}3'here neff = n - 4 ; i . e . , 
the spectrum is flattened by a factor of M compared to the 
primordial spectrum. The small amount of growth that does occur 
during the "stagspansion" era slightly increases the fluctuation 
strength on smaller mass scales : neff • n - 3 .  Detailed calcula­
tions of these spectra are now available (19 , 37 ) .  

B .  Which Formed First ,  Galaxies or Superclusters? 

For a <: O ,  cSx (M) has a fairly broad peak at M - Mx• Conse­
quently , obj ects of this mass - galaxies and small groups - are 
the first to form, and larger-scale structures - clusters and 
superclusters - form later as ox (M) grows toward unity on suc­
cessively larger mass scales . For a particular primordial spectral 
index a , one can follow Pebbles (48 , 49 ) and use the fact that the 
galaxy autocovariance function C (R) = 1 for R = 5h-1 ,  together with 
the (uncertain) assumption that the DM is distributed on such 
scales roughly like the galaxies , to estimate when galaxies form 
in this scenario . For a =  O ,  zgalaxies - 4 , which is consistent 
with the observed existence of quasars at such redshifts . But 
superclusters do not begin to collapse until z <  2 , so one would 
not expect to find similar Lyman a absorption line redshifts for 
quasars separated by - 1 h -1 Mpc perpendicular to the line of sight 
(50) . Indeed , Sargent et al . (51) found no such correlations . 
This is additional evidence against hot DM. 

C .  Potential Problems with Warm DM 

The warm DM hypothesis is probably consistent with the ob­
served features of typical large galaxies , whose formation would 
probably follow roughly the "core condensation in heavy halos" 
scenario (52 , 29 , 53) . The potentially serious problems with warm 
DM are on scales both larger and smaller than Mx• On large scales , 
the question is whether the model can account for the observed net­
work of filamentary superclusters enclosing large voids (23 , 24 ) . 
A productive approach to this question may require sophisticated 
N-body simulations with N - 105 in order to model the large mass 
range that is relevant (54 ) . We will discuss this further in the 
next section in connection with cold DM, for which the same ques­
tion arises. 

On small scales , the preliminary indications that dwarf 
spheroidal galaxies have large DM halos (31-33) pose problems 
nearly as serious for warm as for hot DM. Unlike hot DM, warm DM 
is (barely) consistent with the phase space constraint (32-34 ) . 
But since free streaming of warm DM washes out fluctuations ox 
for M :S Mx - 10 1 1 MQ , dwarf galaxies with M - 107 Ms can form in this 
picture only via fragmentation following the collapse of struc­
tures of mass -Mx , much as ordinary galaxies form from superslusters 
fragmentation in the hot DM picture . The problem here is that 
dwarf galaxies ,  with their small escape velocities -lOkm s-1, would 
not be expected to bind more than a small fraction of the X par­
ticles ,  whose typical velocity must be -102 km s- 1 (- rotation 
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velocity of spirals) . Thus we expect Mtot/Mlurn tor dwart galaxies 
to be much smaller than for large galaxies - but the indications 
are that they are comparable (31-33) . Understanding dwarf galaxies 
may well be crucial for unravelling the mystery of the identity 
of the DM. Fortunately , data on Carina , another dwarf spheroidal 
companion of the Milky Way , is presently being analyzed (55) . 

VI. GALAXY FORMATION WITH COLD DH 

Damping of fluctuations by free streaming occurs only on 
scales too small to be cosmologically relevant for DM which either 
is not characterized by a thermal spectrum, or is much more massive 
than 1 keV. We refer to this as cold DM. 

A. Cold DM Candidates 

Quantum chromodynamics {QCD) with quarks of nonzero mass vio­
lates CP and T due to instantons . This leads to a neutron electric 
dipole moment that is many orders of magnitude larger than the 
experimental upper limit , unless an otherwise undetermined com-
plex phase eQCD is arbitrarily chosen to be extremely small . Peccei 
and Quinn (56) have proposed the simplest and probably the most ap­
pealing way to avoid this problem, by postulating an otherwise 
unsuspected symmetry that is spontaneously broken when an associated 
pseudoscalar field - the axion (5 7 )  - gets a nonzero vacuum expecta­
tion value <<f>a> - faei8 • This occurs when T - fa . Later , when the 
QCD interactions become s trong at T - J\QCD - 102 MeV , instanton ef­
fects generate a mass for the axion ma = m11f11/fa • 10-5 eV (10 1 2  GeV /f) · 
Thereafter , the axion contribution to the energy density is (58) 
Pa = 3ma T 3  f�(Mpi AQcD ) - 1 • The requirement p�  < P en implies that 
fa :s 10 1 2  GeV , and ma � 10- 5 eV . 4 The longevity of helium-burning 
stars implies (59 ) that ma < 10-2 eV , fa > 109 GeV . Thus if the hypo­
thetical axion exis t s ,  i t  is probably important cosmologically , 
and for ma - 10-5 eV gravitationally dominant . (The mass range 
109- 1 2 GeV, in which fa must lie , is also currently popular with 
particle theorists as the scale of supersymmetry (39 ) or family 
symmetry breaking, the later possibility connected with the axion 
(60) . )  

Two quite different sorts of cold DM particles are also pos­
sible . One is a heavy stable "ino" , such as a photino (41) of 
mass m:y > 2 GeV as discussed above . By a delicate adjustment of 
the theoretical parameters controlling the y mass and interactions, 
the ys can be made to almost all annihilate at high temperatures , 
leaving behind a small remnant that , because my is large, can con­
tribute a critical density today (14 ) .  

The second possibility may seem even more contrived : a 
particle , such as a vR, that decouples while still relativistic 
but whose number density relative to the photons is subsequently 
diluted by entropy generated in a first-order phase transition 
such as the Weinberg-Salam SYmroetry breaking (36 ) . (Recall that 
the mx bound in Fig . 1 assumes no generation of entropy . )  More 
than a factor ,; 103 entropy increase would over dilute 11 = nb/n·y. 
if we assume 11 was initially generated by GUT baryosynthesis ; 
correspondingly , mx ,; 1 MeV , and Mx <: 106 Me • 



Actually , it is not clear that we have a good basis to j udge 
the plausibility of any of these DM candidates , since in no case 
is there a fundamental explanation - or, even better , a predic­
tion - for the ratio w = pgM/p�um• which is known to lie in the 
range 10 ;S w ;S 102 • Two fundamental questions about the universe 
which the fruit ful marriage of particle physics and cosmology has 
yet to address are the value of w and of the cosmological constant 
t. .  (We have here assumed t. = 0 ,  as usual . )  

B .  "Stagspansion" 

Peebles (49 ) has calculated the fluctuation spectrum for cold 
DM, with results that are well approximated by the expression 

l <\ 1 2  
a = 6 92 h-2 Mpc , 13 = 2 . 65 84 h-4 Mpc2 , 8 = T0/2 . 7K. (15) 

This calculation neglects the massless neutrinos ; we find qualita­
tively similar results with their inclusion (61) . For an adiabatic 
Zeldovich (n = 1) primordial fluctuation spectrum, the spectrum of 
rms fluctuations in the mass found within a randomly placed sphere , 5 
oM/M, is relatively flat for M < 109 � ,  cr M-1/6 (neff " -2 )  for 2f 109 M8 s M s l0 1 2 M8 , crw1fl (neff :;: - 1 )  for l0 1 2 M(;j .:: M s Meq • and cr M- 3 
(n = l , reflecting the primordial spectrum) for M 2: Meq • 

The flattening of the spectrum for M < Meq is a consequence of 
"stagspansion" , 3 the inihibition of the growtli of oDM for fluctua­
tions which enter the horizon when z > zeq , before the era of matter 
domination . In the conventional formalism (12 , 48 , 62) - synchronous 
gauge ,  t ime-orthogonal coordinates - the fastest growing adiabatic 
fluctuat ions grow cr a2 when they are larger than the horizon. When 
they enter the horizon, however ,  the radiation and charged particles 
begin to oscillate as an acoustic wave with constant amplitude 
(later damped by photon diffusion for M < Ms ilk) ,  and the neutrinos 
free stream away . As a result ,  the main source term for the growth 
of oDM disappears ,  and once the fluctuation is well inside the hori­
zon oDM grows only as (46) , (48 , pJ1. 56-59) 

(16) 

until matter dominance (a = aeql ;  thereafter , om1 cr a .  Based on 
Eq . ( 16) , it has sometimes been erroneously remarked [ also by the 
present authors (38) , alas] that there is only a factor of 2 . 5  
growth i n  oDM during the entire stagspansion regime , from horizon 
crossing until matter dominance. There is actually a considerable 
amount of growth in oDM j ust after the fluctuation enters the 
horizon, s ince donM/da is initially large and the photon and neu­
trino source terms for the growth of dark matter fluctuations do 
not disappear instantaneously . (See reference 61 for details . )  
This explains how (oM/M) nM can grow by a factor �30 between M 
and 109 Mf'l . 

eq 

C .  Galaxy Formation 

When o reacpes unity, nonlinear gravitational effects become 
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imp o r t an t . The fluctuat ion separates from the Hub b l e  expans i o n ,  
reaches a maximum radius , and then contra c t s  t o  a b o u t  half that 
radius ( fo r  spherically symme t r i c  f luctuations ) ,  at which p o in t  
t h e  r a p i d l y  changing gravitat ional f ield h a s  converted enough 
energy from p o t ential to kinet i c  f o r  the viri a L  r e l a t ion <PE> 
- 2<KE> to be s a t i s f i e d .  ( F o r  reviews s e e  ( 63 ) and (48 ) . )  

Although small-mass f l uc tuat ions will b e  the f i r s t  to go non­
l inear in the c o l d  DM p i c ture , baryons will be inhib i ted by pres­
sure f r om f a ll ing into them i f  M < MJ b • What i s  more imp ortant 
is that even for M > MJ b • the baryon� wil l  not b e  able to contract 
fur t he r  unless they ca� lose kinet i c  energy by rad iat ion . With-
out such mas s  segregat ion b etween baryons and :OM, the resul t ing 
s t ructures w i l l  b e  d isrup t ed b y  virializat ion as f luc tuat ions 
that contain them go nonlinear (52 ) . Moreove r ,  s u c c e s s ively 
larger f l uc tu a t ions wi l l  collapse relatively soon a f ter one an­
o ther if they have mas s e s  in the f l a t t e s t  part of the 811/M s p e c t rum, 
i . e . , ( to t a l )  mas s :;; l 0 9 M9 • 

Gas o f  p r imordial comp o s i t ion (about 7 5% atomic hydrogen and 
25% h e l ium, by mas s )  cannot c o o l  s i gn i f icantly unl e s s  it is f i r s t  
heated t o  - 1 0 4K ,  when i t  begins t o  ionize ( 6 5 ) . Assuming a pri­
mordial Zeldovich s p e c t r um and norma l i z ing (49) s o  that 

oM ( R  = Sh- l) = 1 , M 

the smal lest p r o t o ga l axies f o r  which the gas is su f f i c iently 

( 1 7 )  

heated b y  virializat ion t o  radiate rapidly and contract have 
Mt o t  � 1 0 9 MEl (65 ) . One can a l s o  deduce an �!:. bound on galaxy 
mas s e s  from the requirement that the c o o l ing t ime b e  shorter than 
the dynamical t ime (64 ) ;  w i t h  the same a s s ump t ions as b e f o r e ,  t h i s  
u p p e r  bound is Mt o t :; 1 0 1 2  MQ ( 65 ) . It may be s i gn i f icant that t h i s  
is indeed t h e  range o f  ma s s e s  o f  ordinary galaxi es . The c o l l a p s e  
o f  fluc tuations o f  l a r g e r  mas s  i s  expe c ted in this p icture t o  l e a d  
to c l u s t ers o f  galaxi es . Only t h e  o u t e r  p a r t s  o f  t h e  memb er galaxy 
halos are s t ripped o f f ;  and the inner baryon cores cont inue t o  
contra c t , presumably unt i l  s tar formation halts d i s s ip a t ion ( 2 9 ) . 6 

D .  P o t ential P r o b l ems w i th Cold DM 

Dwarf galaxies w i th heavy DM halos are l e s s  of a problem in 
the c o ld than in the h o t  or warm DM p i ctures . There is c e r tainly 
plenty of power in the cold DM f luctuat ion spect rum at small mas s e s ; 
the problem is to get s u f f ic ient baryon c o o l ing and avoid d i srup­
tion. Perhaps dwarf spheroidals are relat ively rare because mos t  
suf fered d i s rup t i o n .  

The p o t en t i a l ly s e r i ous d i f f i c u l t i e s  for t h e  cold and warm 
DM p i ctures arise on very large s cal es , where galaxies are o b s erved 
t o  form f i l amentary supe rc lus t ers with large voids b e tween them 
( 2 3 , 24 ) .  These features have seemed to some authors to favor the 
hot DM model , apparen t ly for two main reasons : ( 1 )  it is thought 
that f orma t i on of caus t i c s  of supercluster size by grav i t a t ional 
collapse requires a f lu c t ua t ion power spec trum sharply peaked at 
the corresponding wavelength , and (2) the relat ively low peculiar 
velo c i t ies of galaxies in superclusters are seen as evidence for 
the s o r t  of d i s s i p a t i o n  expe c t e d  in the baryon i c  shock in the 



"pancake" model .  Recent work by Dekel (6 7 )  suggests , however , 
that nondissipative collapse fits the observed features of super­
clusters . Results from N-body simulations with N � 106 (54) will 
soon show whether broad f luctuation spectra lead to filaments . 

VII . SUMMARY AND REFLECTIONS 

The hot , warm, and cold DM pictures are compared schematically 
in Fig . 2 .  Although only very tentative conclusions can be drawn 
on the basis o f  present information , it is our impression that the 
hot DM model is in fairly serious trouble. Maybe that is mainly 
because it has been the most  intensively studied of the three pos­
sibilities considered here . 

Probably the greatest theoretical uncertainly in all three 
DM pictures concerns the relative roles of heredity vs . environ­
ment .  For example, are elliptical galaxies found primarily in 
regions of high galaxy density , and disk galaxies in lower density 
regions , because such galaxies form after the regions have under­
gone a large-scale dissipative collapse which provides the appro­
priate initial conditions , as in the hot DM picture? Or is it 
because disks form relatively late from infall of baryons in an 
extended DM halo , which is disrupted or stripped in regions of 
high galaxy density? An exciting aspect of the study of large 
scale structure and DM is the remarkable recent increase in the 
quality and quantity of relevant observational data, and the 
promise of much more to come . 

Perhaps even more remarkable is the fact that this data may 
shed important light on the interactions of elementary particles 
on very small s cales . Fig. 3 is redrawn from a sketch by Shelley 
Glashow which recently was reproduced in The New York Times 
Magazine (68) . Glashow uses the snake eating its tail - the uro­
boros , an ancient symbol associated with creation myths (69 ) -
to represent the idea that gravity may determine the structure of 
the universe on both the largest and smallest scales . But there 
is another fascinating aspect to this picture . There are left­
right connections across it : medium-small-to-medium-large, very­
small-to-very-large , etc .  Not only does electromagnetism determine 
structure from atoms to mountains ( 7 0 ) ,  and the strong and weak 
interactions control properties and compositions of s tars and 
solar systems . The dark matter, which is gravitationally domin­
ant on all s cales larger than galaxy cores , may reflect fundamental 
physics on still smaller scales . And if cosmic inflation is to 
be believed , cosmological structure on scales even larger than 
the present horizon arose from interactions on the seemingly 
infinitesimal grand unification scale . 
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FOOTNOTES 

1 .  This discussion is approximate . Since neutrino decoupling and 
e+e- annihilation so nearly coincide , there is actually a little 
heating of the neutrinos too (13 ) . 

2 .  It is also possible that the DM is heavy stable neutrinos witn 
mass ;: 2 GeV, almost all of which would have annihilated (14) . 
This is a possible form of cold DM, discussed below. 

3 .  I n  economic "stagflation" , the economy stagnates but the econ­
omic yardstick inflates . The behavior of oDM during the "stag­
spansion" era is analogous : onM = constant but a expanding . 
We suggest here the term stagspansion rather than stagflation 
for this phenomenon since it occurs during the ordinary expan­
sion (Friedmann) era rather than during a possible very early 
"inflationary" (de Sitter) era. 

4 .  One might worry that such a light particle could give rise to 
a force that at short distances (l0-5 ev) - 1 - 2 cm would be 
much stronger than gravity. But because the axion is pseudo­
scalar , its nonrelativistic couplings to fermions are - o • p .  

5 .  One calculates ok initially . In order to discuss mass fluctu­
ations it is more convenient to use oM/M than op/p , the Fourier 
transform of ok (49) . Note that there is a simple relation­
ship between J op /p12 and J ok J 2  only for a power law fluctua­
tion spectrum J ok i cr kn. 

6 .  The model presented by Peebles a t  the Moriond conference dif­
fers from that sketched here mainly in Peebles ' assumption 
that there is sufficient cooling from molecular hydrogen for 
baryon condensation to occur rapidly even on globular cluster 
mass scales . 
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The predictions of the standard cosmological model and its  variations for 
the cosmological relic neutrinos are discussed . I t  is shown that the detection 
of the relic neutrinos could provide important information concerning (a) a pos­
sible anisotropic expansion in the early universe , (b) a possible large lepton 
asymmetry of ' the present and early universes (which could only occur if the uni­
verse did not undergo a maj or inflationary period) , and (c) the magnitude , nature 
(Maj orana or Dirac) , and origin of the masses of the light neutrinos . In parti­
cular it is shown that if the lightest neutrino has a Majorana mass in the lOeV 
range then for a large class of models any large initial lepton asymmetry would 
have been reduced to a fixed point of order unity prior to nucleosynthesis . This 
is precisely the range that would substantially modify the usual nucleosy�thesis 
scenario and therefore alter the standard limits on the number of neutrino fla­
vors and other sources of energy density and the determination of the baryon 
density . Finally , the possibility of detecting the relic neutrinos is discussed. 
In particular , it is shown that recent proposals to detect the neutrinos by their 
coherent interaction with matter are incorrect . A general theorem is established 
that the momentum, energy , and angular momentum transferred from the neutrinos to 
a macroscopic or microscopic unpolarized detector vanishes to first order in the 
weak interactions . 
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The Standard Hot Big Bang Model 
The maj or tests of the standard hot big bang cosmological model include the 

Hubble expansion of distant galaxies (which is sensitive to the relatively late 
period T � 10 °K when the galaxies formed) , the T0 = 2 . 7°K' microwave radiation 
(which probes back to the time of  photon decoupling at Ty - 4000 °K , ty - 4 x 105 

yr) , and the primordial nucleosynthesis of light elements ( for which the relevant 
event is the freeze-out of the neutron/ proton ratio at Tn/p - 1 MeV, tn/p - 1 sec). 
In addition, the standard model and its variations predict the existence of a sea 
of cosmological relic neutrinos1) which , if they could be detected and studied , 
could give a wealth of complementary infonnation from the same period as primor­
dial nucleosynthesis . 

In the standard model the neutrinos were kept in equilibrium in the early 
universe by ordinary charged and neutral current scattering processes such as 
va++va , e-a ' ,  v\i+-+aa , etc . as long as the reaction rate 

fR = <crv>T na(T) - (G;T2) (g�T3) - g� G; TS 

exceeded the expansion rate 

H = t = l-_ = J8TIGp "' 1 66 g !;,.* T2 /m_ R 2t 3 ' !' 

(1) 

(2) 

In (1) and (2) , <> denotes a thennal average at tempe.ratures T ,  na "' 1 . 2  g� T3 /TI2 

is the density of target particles , R is the scale parameter , p is the energy den-
� li 7 sity , l11p = G 2 = 1 . 2  x 10 GeV is the Planck mass ,  g* = gB + �F and 

g� = gB + t gF ' where gB ( gF) is the number of  light boson ( fermion) degrees of 
freedom at T. For T � 1 MeV , g* "' g� "' 10 . Comparing (1) and (2) we see that 
the neutrinos stayed in equilibrium until T dropped to a decoupling temperature 

TD "' (G; ffip) -l/3 "' 1 MeV , ( 3) 

which occurred at a time tD N 1 sec , after the big bang . 
At the time of decoupling the phase space distribution functions F (p) for 

l· th vi the neutrino species were therefore given by the equilibrium functions 

where mi is the mass of vi 
guishes between vi and vi . 

For T<<TD ( t>>tD) the 

+ 1 

(4) 

and )JD is a possible chemical potential which distin­
i 

interaction rate was negligible compared to H .  Hence 
(in most models) these relic neutrinos should s till exist in the present universe, 
essentially undisturbed since tD except for a redshif ting of their momenta by the 
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expansion of the universe .  

I f  the universe expanded by a factor n = R (  t0) /R(tD) between ' tD and the 
present ( t0) then an individual neutrino with initial momentum p' would be red­
shifted to a final momentum P = P' /n . (An intuitive way to see this is to con­
sider a quantum mechanical pllrticle with momentum p = ;h/2R in a box of linear 
dimension R ,  where the ni are integers . Clearly p'+p = p' /n as the box adiabatic 
ally expands to size nR) . The phase space volume element de d3xd3p/h3 is left 
invariant by the expansion , so the phase space density Fv Sp) of the decoupled neu-

1 
trinos in the present universe is the same as that at tD , except the equilibrium 
form in (4) must be evaluated at the larger momentum p'  = nP which redshifted in­+ to p .  That is 

Fv1. (p) = F ( p '  ,m . , J.ln , TD) eq 1 i 
1 

- µ _/ i; + 1 (5) 

The last expression has been written in terms of rescaled effective variables 
TD 4 1/3 4 TV = Tl = ( ll) TO " l .9°K " 1 .  7 x 10- eV (6) 

(T is smaller than the present photon temperature T0 due to v + - 9 
the reheating of the 

photons from e e annihilation at T - 4 x 10 °K) , 

and 

meff , i  =
mi = � n mi TD 

- µDi TV µi � --n- = µDi TD 

( 7) 

( 8) 

Hence , the distributions maintain a thermal form with an effective "temperature" 
T long after decoupling . Note that it is the effective mass m ff . = m . /n which v e , 1 1 
appears . Hence , if the neutrinos were relativistic at decoupling (mi<<TD) then 
FV . is o f  relativistic form even if TV << mi , because there were no interactions 
to1reduce Fvi 

to a non-relativistic distribution. Also , the ratio si = µi/Tv of 
effective chemical potential to temperature is constant for an adiabatically ex­
panding universe provided that lepton number Li is conserved ( this is true before 
decoupling as well) . 

In the standard model it is usually assumed that l si l << l .  Assuming mi<<TD 
as well we therefore have 

50/cm3 (9) 

For three flavors of neutrinos this implies a very large density n - 300/cm3 of tot 
V ' s and V ' s .  The average momentum and energy are 

( lOa) 
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<E> 
( <p> , mi << 

( mi ' mi >> 
and the corresponding average velocity is �l ,  

- 5 2 x 10- , 

T \) 

T v ' ( !Ob) 

( 11) 

If mv. has a 30 eV mass the neutrinos are moving very slowly (even though Fv . (p) 
i i 

has a relativistic form) . The flux of neutrinos is 

( 12) 
The predicted flux for massless neutrinos is very large : ' it is comparable to the 
flux of \i ' s  at reactors and much larger than the estimated flux2) of solar neu­
trinos (� 6 x l010/ cm2-s) or of high energy 8B neutrinos (� 3 x 106cm2-s) pre­
sumably measured in the Davis experiment2) . As we shall see, however ,  the ex­
tremely low energy of the neutrinos renders their detection incredibly difficult. 

Before proceeding to variations on the standard model it should be commented 
that if the neutrinos are massive then within the galaxy they would be speeded up 
to typical speeds of  vgal � 300 Km/s , implying enhancement of <p> and j of � 50 .  
Such massive neutrinos could possibly provide the dark matter in galactic clus­
ters3) and could dominate the dynamics of the universe . 4) Furthermore , if they 
cluster on the 
be enhanced by 

scale of galaxies then the local density in our galaxy could 
as much as 105 ( Fermi s tatistics allow n as large as 

3 3 2 3 m. v 1/ 6Tr 1'i i ga 3) 
7 3 � � 

"' 6 x 10 (mi/ 30 eV) cm ) . These issues are currently under in-
tense debate and will not be discussed further here . 

It should also be remarked that there is one sensible model 5l (in which the 
neutrinos have a Maj orana mass generated by a Higgs triplet) in which the neu­
trinos annihilated6) into Maj orons (massless Goldstone bosons associated with 
the spontaneous violation of lepton number) at T $ m\J , so that there would be no 
neutrinos in the present universe . 

I now turn to two variations on the standard cosmological model .  
Lepton Asymmetric Cosmologies 

A possible asymmetry between neutrinos and antineutrinos enhances the num­
ber density and average neutrino momentum. 
for m << T is?) 

\)i \) 

From (5) the neutrino energy density 

( 13) 

where �i = µi/T\J is constant for an adiabatically expanding universe if i-type 
lepton number is conserved . S imilarly , the lepton asynnnetry is 
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( 14) ny 
For large I � . I ,  (13) and ( 14) ]. 8) 

reduce to the usual formulas for a degenerate Fermi 
gas . I t  is usually assumed that the lepton asymmetry is negligibly small. This 
would be expected in most  grand unified theories because the lepton number violat­
ing interactions would first reduce any initial asymmetry to zero and then create 

-10 a new asymmetry comparable to the baryon asymmetry nB /ny - 10 . However , Harvey 
and Kolb9) have shown that it is possible to have large asymmetries subsequent to 
the GUT epoch if (a) there is a large initial asymmetry in Li or some related 
quantity and (b) there is an approximately conserved quantum number . Realistic 
cosmologieslO ,ll) allow I Li l � 0 (1) . Inflationary models12) predict I Li l << 1 
because any large asymmetries will be diluted to negligible levels during the in­
flationary phase . Subsequent reheating should produce small Li comparable to 
�/ny. 

Linde13) has pointed out a very interesting feature o1 lepton asymmetric 
cosmologies , In most field theories (excepting some with complicated Higgs struc­
tures) broken symmetries are restored at sufficiently high temperatures , i . e .  the 
effective vacuum expectation value (VEV) v(T) := < q»T of a Higgs field ¢ goes to 
zero for T >> v(O) because of the positive interaction energy between � and the 
plasma of gauge and Higgs fields at temperature T .  However, Linde argued that a 
large lepton asymmetry L would prevent symmetry restoration . In fact , 
v(L ,T) := <¢>L ,T  actually grows linearly in T for T >> v (O )  if I L i  is  larger than 
a critical value Lc of  order unity . This is due to a negative energy associated 
with the interaction of ¢ with the asymmetric neutrinos (mediated by Z ' s) . The 
behavior of v (L ,T) 2/T2 as a function of L2 is shown in Figure 1 .  

Segr� , Soni , and IlO , l4) have recently considered the role of a Maj orana 
( lepton number violating) neutrino mass in reducing a possible large initial lep­
ton asymmetry prior to nucleosynthesis (where a lepton asymmetry would play a 
significant role , as described below) . The idea is that a Maj orana mass term 
violates lepton number by two units .  There is therefore an amplitude � mv/Ev for 
a neutrino to be changed into an antineutrino or positron in a neutral or charged 
current scattering process . 

In the early universe an initial asymmetry would therefore be reduced at a 
rate 

( 15) 

where n2 is the density of target particles and <va> � a g4 m 2/T4 with 
� � � ' 

a � 10 -10 . m is presumably produced by some sort of Higgs mechanism and is vi therefore itself a function of L := t Li and T .  We have studied two particular 
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for IL I > L . a ,  S, and L are model dependent , but typically c c 

I 2 "" 

seen that v I- 0 
of order unity . 
quartic Higgs In the su2 x u1 model , Lc "' 2 . 3  (1 + A  2 . Se ) 2, where A is the 

coupling . 

models in detail : ( a) the triplet modellS) in which mv (L ,T) = H .v(L ,T) ; 
i l 

v(L ,T) = <X0> is the VEV of the neutral member of a Higgs triplet and H1. is L ,T t the Yukawa coupling in the interaction L = HiZiZi X of X to the lepton doublet 
Zi = (vi ,e-i) 1

. 
t
l f  there is no explicit lepton number violation in the model 

( e . g .  from a <jl<jlX coupling , where ¢ is the Higgs doublet) then L violation is 
spontaneous and the theory involves a Goldstone boson (Majoron) M which couples 
mainly to neutrinos .  (b) The other model is the singlet mode116) , in which· one 
introduces an su2 x u1 singlet neutrino field N with a very large Maj orana mass 
MN . Then the ordinary doublet neutrino acquires a small Maj orana mass 
mvi 

(L ,T) "' h� v(L ,T) 2/�, where v(L ,T) is the VEV of the ordinary Higgs doublet 
¢0 and h . is the Yukawa coupling between v . and NR. i i1 2 We therefore have that the rate of erasure of Li is proportional to v(L ,T) 
or v(L,T) 4 , where v(L ,T) is the relevant VEV for the triplet or singlet model , 
respectively. One would normally expect v(L ,T) and hence mv . (L ,T) to be small or 

l 
zero at high temperature so that dLi/dT is unimportant . However , we have seen 
(Figure 1) that this is not the case for L = LLi > Lc . 

We have shownlO) that for a wide class o f  large initial asymmetries in both 
models the asymmetries are reduced to a fixed point 
for T >> �· where the neutrino species are labeled 
This is because the asymmetries in the more massive 

L1 � Lc and L2 ,  L3 , . . .  �o 
by rnv ( O) < mv < mv ( 0) . . .  

1 2 3 species are reduced most 
rapidly so that eventually only L1 remains . L1 is then reduced to Lc at which 
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point the mechanism turns itself off  ( i . e .  v � 0) . The asymmetries then remain 
constant until T « �·  Then L1 is diluted to "' L/10 due to the production of 
additional photons from qq and µ+µ- annihilation . It is this value that is rele­
vant to nucleosynthesis . In the singlet model , the final value of L1 ranges from 
0 . 23 to 1 . 0  as the quartic Higgs coupling A (Higgs mass �) varies from A<<e2 

(� - 10 GeV) to A = 8n/3 (� - 1 TeV) . In the triplet model , L1 depends on un­
known Higgs parameters , but is typically of  order unity . 

The behavior of Li as a function of  T
-l is shown for the two models in 

Figure 2 .  Two additional events occur after nucleosynthesis in the triplet model : 

t L ·  I 

L e  
1 0  

( a ) 

( b )  
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( 1  Mev r1 
- 1  T _  

Figure 2 ,  The lepton asymmetries as a function of T-l in the triplet ( top) and 
singlet (bottom) models . 
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( i) The asymmetry is driven to zero by vv + M+  vv , where M is the Majoron , for 
T < vX(O) .  (ii) Neutrinos disappear6) entirely due to vv + MM for T < mv(O) .  

Anisotropic Cosmologies 
The relic neutrinos can in principle be used to limit17) the possible aniso­

tropy in the expansion of the universe between neutrino decoupling at TD - 1 MeV 
and photon decoupling at Ty - 4000°K .  ( The approximate isotropy of the microwave 
radiation to one point in 103 rules out any significant anisotropy subsequent to 
Ty) . Prior to TD the neutrino distribution Fv . would have been maintained in 

l 
the isotropic equilibrium form ( 5) by collisions even if the universe were ex-
panding anisotropically . I f ,  for example , the universe expanded by a factor 
ni = Ri ( t0) /Ri ( tD) in the ith rectangular direction between decoupling and the 
present then the present distribution is easily computed to be ( for l �i l << 1 ,  

1 
1 ( 16) 

where T \) 
1/3 parameters Yi - ni/ (n1n2n3) measure 

the anisotropy of the expansion . S ince y1y2y2 = 

sities n " n� " SO/cm3 ( these would be reduced 
1 one still has the number den-
if the decay of the anisotropic 

\)i \Ii 18) shear created extra photons ) .  However , the neutr:ino momentum distribution 
would be anisotropi c .  More important , the average neutrino energy ( for m " O) 

-1 \) 
would be increased from ( lOa) by a factor of  order Ymin ' where ymin is the 
smaller of y1 , y2 , and y3 • 

Limits on ymin from the relic neutrinos will be discussed below . Other 
possible implications of anisotropy are the creation of entropy and particles 
by dissipation18) , galaxy formation19 ) , a modification of the baryosynthesis 
scenario in GUTsZO) , and a modification of nucleosynthesis ( the anisotropic shear 
energy raises the helium abundance but the anisotropy in the neutrino distribu­
tion decreases it21) ,) . Anisotropy may also lead to fine tuning problems22) to 
avoid modes in which the anisotropy grows . A substantial inflationary phase 
prior to decoupling would destroy a moderate preexisting anisotropy23) and there­
fore imply Yi = 1 ,  while large initial anisotropies present inflation23) . 

Limits and Detection Possibilities 
We have seen that a direct study of the relic neutrinos could provide a 

great deal of  information relevant to both particle physics and cosmology . We 
will now see , however , that the prospects for such a direct detection are ex­
tremely discouraging. 

Astrophysical Limits 
There are several types of indirect astrophysical limits on the properties 

of the relic neutrinos . Many authors24) have considered the scattering of high 
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energy cosmic rays of energy E = Ymp by the relic neutrinos , which in principle 
can distort the primary cosmic ray spectrum and also produce high energy scatter-
ed neutrinos . 

where 

However , the cross section ( for EVL < mp) 

2 2 -56 2 ( EVL)2 a - GF EVL " 10 cm leV , (17) 

( 18) 

is the neutrino energy in the proton rest frame , is much too small to yield in­
teresting results unless there are enormous deviations from the standard model . 
Using the order of  magnitude criterion of Cowsik, et a124) that a lo18ev proton 
could have suffered no more than 14 collisions in 50 million years one findslT, 24) 

the weak limits 

for the lepton 
f·' x 104 m 0 ' v .  

l t;i I < l 

160 m 30 eV vi asymmetry , and 

> 5 x 10-9 , (<E> < lOO KeV) ymin 

(19) 

( 20) 

for the anisotropic expansion between TD and Ty . Weiler24) has recently made the 
interesting suggestion that if the neutrinos have a mass in the 30 eV range then 
the resonant process vv + Z could lead to a dip in the spectrum of very high 
energy (E - lOll±lGeV) primary neutrinos . However ,  such an effect would only be 
measurable if the (unknown) primary \J flux was enormous (several orders of mag­
nitude larger than the proton flux at comparable energies) . 

Clarke , et al. 25) have discussed the very tiny optical activity for radio 
waves in intergalactic space induced by the relic neutrinos . 

More stringent limits can be obtained from the requirement that the neutrino 
energy density Pv not exceed the upper limit26) p 0 < 8 x lo-29 gm/ cm3 of the pre­
sent universe .  For massness non-degenerate neutrinos this is easily satisfied. 
One has 

7112 T4 pv = 15xl6 v g g=6 
-6 4xl0 p0 (21) 

where g is the number of neutrino helicity states .  For massive non-degenerate 
neutrinos27) , on the other hand , 

( 22) 
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so that the sum of the masses of the light stable neutrinos cannot exceed 400 eV . 
(A comparable but independent estimate on Lm is obtained28) from the require­Vi 
ment that neutrino friction not damp peculiar galactic motions . )  Similarly , for 
massless degenerate neutrinos one has29 • 30) 

while for m Vi 
(20-30) eV , 

( 23) 

( 24) 

The latter limit can be strengthened30) to [ �i i <  3-4 by various considerations 
concerning galaxy formation . Finally , one has17) the limit 

y . > 4 x lo-6 (<E> < 400 eV) min 
on anisotropy from the present energy density .  This limit can b e  considerably 
strengthened17 • 22) by the observation that the universe has expanded isotropical­
ly since photon decoupling at Ty - 4000°K .  Hence, the neutrinos , with their 
anisotropic momentum dis tribution , should not have dominated the universe at Ty ' 
implying 

< 
p (Ty)J 
0 T0 

( 25) 

so that 

Y > 6 x 10-3 ( <E> < 0 . 085 eV - 103 °K) min ( 26) 

Finally , one has the constraint of primordial nucleosynthesis3l ,l ) . The 
- - + neutron to proton ratio was kept in equilibrium by Ven+->- e  p ,  Ve p+->-e n until 

they froze out at the value 

(m -m ) n P 
TD 

Most of the neutrons were eventually incorporated into He4 . 

( 27) 

For � = 0 the He4 Ve 
abundance is correctly predicted and the D abundance (which depends more sensi-
tively on the baryon abundance) leads to the precise __ determination nB/ny = 
(4 ± 1) x 10-lO . This implies a low baryon density universe with O . Ol < r2N < O . l ,  
where � is the ratio o f  baryon density to critical density .  Furthermore , extra 
sources of energy density would speed up the expansion leading to more He4 (be­
cause of a higher TD and less S decay) . Hence , one obtains the limits NV �4 on 
the number of light neutrino flavors, on the monopole density , etc . 

Many authors32) have considered the modifications due to lepton asymmetries . 
� > 0 decreases the n/p ratio and the abundance of He 4 while I �v I , I �v I -! 0 
c�� increase the amount of He4 because of  the speedup . David and

µ
Reeves

'3l) in 
particular have shown that these effects can be balanced : �v as large as 0 (1 ) 

e 



4 7 5  

can be tolerated provided it is compensated by extra energy density , which can 
be provided by extra neutrino flavors , magnetic monopoles , anisotropic shear , or 
l si l (i = µ , T) in the range 0-100 . The required 0 increases to 0 (1) as s 1< Ve 
increases . Hence , the usual successful predictions of nucleosynthesis and the 
constraints derived from it would be lost if s were of order unity . Note that 

Ve this is precisely the fixed point range that would be obtained from a large ini-
tial asymmetry if v were the lightest (Maj orana) neutrino . lO) e 
Laboratory Limits 

In order to test the various ideas described above , it would clearly be ex­
tremely useful to be able to directly detect and study the relic neutrinos . 
Unfortunately , this appears to be extremely difficult if not impossible .  

Conventional Scattering 
The cross section for elastic scattering of a relic neutrino is 

CT \) 

0 

30 eV (28) 

which is hopelessly small because of the small value of E . One can achieve en-
. _

v 
33) 2 2 hanced cross sections for (exothermic) induced S transitions of order GF 6 

where 6 is the energy release . However , one 
rate O(j GF

2 62) and/or the ratio of signal \) 2 5 with rate - GF 6 ) is always extremely tiny .  

finds that the absolute transition 
to background �rom spontaneous decay 

As emphasized by Weinberg33) , the 
most prominent effects are modifications of the electron spectrum near the end­
point on the Kurie plot . For examp le ,  one has34) the limit l µv I < 60 eV from 

e tritium S decay ( for µ\J < 0 the spectrum would be cut off l µv I below the end-e e 
point because the Ve levels are filled ; for µVe > 0 the inverse reaction 

3 - 3 \JeH � e He will produce electrons with energies up to µ\Je 
above the endpoint , 

in apparent violation of energy conservation) , which is far less stringent than 
Similarly , anisotropy produces no significant the cosmological l imits on µ . 

17) \) effect on the S spectrum If the e lectron neutrino has a mass in the 30 eV 
range then the inverse reaction would produce a peak m\J

e 
above the endpoint . This 

would be a very dramatic signature , but even assuming that the neutrinos are 
clustered with density 107cm-3 in the galaxy , one would need an enormous source 
of around a mole ( l05Ci) of tritium to obtain a significant event rate of several 
hundred/day . 33) This is to be compared with sources � l0-3Ci typical of existing 
experiments and would imply a background rate for spontaneous decay of � 1020/day. 

Another possibility is to look for the scattering of high energy protons 
from an accelerator from the neutrinos in an evacuated pipe of length i .  Howeve� 
the probability of scattering per proton is only ( for i � 100 m, Ep 10 TeV) 



476 

p an Jl v - G 2 (3?_)
2 

E Zn Jl - � 
1
0 
-48 , 

F m v v p 
10-34 , 

where nv = 107cm-3 was taken for the massive case. 

0 

30 eV 
(29) 

This is hopelessly small ,  even ignoring practical difficulties from residual gas 
and from the tiny deflection of the elastically scattered proton. 

Coherent Scattering 
There have been several suggestions35-3B) that the relic neutrinos could be 

detected by their coherent interaction with matter . 
The basic idea is to think of a low energy neutrino passing through matter 

as a wave with wavelength A=h/p - 2 . 4  nnn . Since A is large compared to the in­
teratomic spacing the effect of the medium can be described by introducing an 
index of refraction n in the free field equation for the propagation of the neu­
trino wave . If A is also small compared to the size of the scatterer , so that 
diffraction can be ignored , one can describe the propagation of a neutrino "ray" 
through matter by geometrical optics . 

The index of refraction for v (v) is given ( for small n-1) by 

n - -1 = Zir l: n fa - (0) v,v p2 a a v,v (30) 

where na is the number density of scatterers of type a and f�(O) ( f�(O) )  is the 
forward scattering amp litude for va (Va) elastic scattering . For the su2 x u1 
model , for example , one has for an iron target39) 

= 
� :  2 . 3  x 10-10 m 0 

nv ..., -1 Ve 
e ' ve + 6 . 6  x 10-6 , m 30 eV Ve 

( 31) 
and 

• � ± 3 . 1  x 10-10 , m 0 
nv - -1 vi 

i t\)i + 8 . 9  x 10-6 m 30 eV , vi 
' ( 32) 

where i = µ or T .. 

Several experiments have been proposed· to measure the energy , momentum, or 
angular momentum transferred from the neutrino sea to a macroscopic target due to 
the refractive bending of a neutrino ray as it passes through the target or the 
total external reflection that might be expected for neutrinos incident on a sur­
face with angle (with respect to the plane) 8<8c = 12( 1-n) ( for n<l) . It was 
claimed that such effects exist to first order in n-1 ( i . e .  first order in GF) 
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and that they could be detected by devices not too much more sensitive than gra­
vity wave detectors . Unfortunately , however , all but one35) of these proposals 
is incorrect39 • 40) and the one exception is probably immeasurably sma1139 • 41) . 
Rather than discuss the details and problems with the individual proposals , I 
will simply quote a general no-go theorem proved by Cabibbo and Maiani40) for 
special cases of massive neutrinos and independently in the general case by 
Leveille , Sheiman , and myself: 39 ) I f  the time average of  the neutrino flux is 
spatially homogeneous over the extent of the detector (which is expected for cos­
mological neutrinos) then to first order in the weak coupling the energy and 
momentum transfer to any microscopic or macroscopic target is zero . 42) No 
assumption is needed concerning the isotropy of the neutrino flux . This theorem 
invalidates the proposals in Ref .  36-38 (see 39 for a discussion of the specific 
problems in each proposal) . These results hold to first order in GF ' which is 
a good approximation as long as the detector size a is small compared with the 
optical free path 

A 10 m � 7 a < n-l = 300 m 

0 

30 eV. 

This is the case for feasible laboratory detectors . (Effects of O(GF
2) are 

expected to be immeasurably smal l . )  

( 33) 

S imilarly , the theorem states that the angular momentum transfer is zero 
unless i) the target has a non-zero polarization or current density ; ii) there 
is a neutrino-antineutrino asymmetry , and iii) the neutrino flux is anistropic .  
For example , i f  conditions ( ii) and (iii) are satisfied there can b e  a net torque 
on an electron or ferromagnet . This reproduces an old result obtained in a some­
what different way by Stodolsky . 35) However ,  for neutrino parameters consistent 
with the astrophysical bounds the effect is incredibly tiny39 • 41) . For example , 
if the anisotropy is due to a motion of the target with speed v / c  � 10-3 e 
through the rest frame of the neutrino sea ( this is consistent with the aniso-
tropy in the microwave photons and the typical motions of galaxies) and if the 
lepton asymmetries are of order unity, then th� energy difference between an 

-38 electron polarized parallel or antiparallel to ve is of order 10 eV , which is 
tiny compared to magnetic energy differences � 10-8 eV B (Gauss) . (For a ferro­
magneti c ,  both signal and background are enhanced by the total number of  
polarized electrons . )  

Summary and Conclusions 
The standard hot big bang model predicts a large density ( 300 cm-3) of very 

low momentum (<p> - 5 x l0-4eV) relic neutrinos left from the first second of the 
big bang . These neutrino s ,  if massive , could well control the dynamics of gal­
axies , clusters , and the universe as a whole .  Their detection and study could 
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provide a useful verification of these ideas and could yield useful constraints 
on anisotropy , the existence of inflationary phases in the early universe ,  a 
possible lepton asymmetry , and on the value , nature (Maj orana or Dirac) and 
origin of possible neutrino masses .  In particular , if the neutrino has a 
Maj orana mass in the 10 eV range then for a large class of models large initial 
asymmetries would be reduced to a fixed point of order unity prior to nucleosyn­
thesis . In this case the usual limits on the baryon density of the universe and 
on the number of light neutrino species and other sources of energy would be los t .  

Unfortunately , direct detection of the relic neutrinos t o  test these ideas 
appears to be virtually impossib le .  Their low energy makes detection via con­
ventional scattering extremely unlikely. A general no-go theorem estab lishes 
that the coherent interaction of the neutrinos with matter vanishes to order GF 
in almost all cases , and the one exception appears to be hopelessly small .  
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1 .  INTRODUCTION 
In the opening talk of thi s  meetingl ) , G .  Kane defined "the 

minimal standard model" to be : 

a) Three generations of quarks and leptons ; 

b ) Massless neutrinos ; 

c ) SU( 3 ) colour X SU( 2 )
L 

gauge theory ; 

d) One neutral Higgs boson ; and 

e ) CP violation solely in the mass  matrix .  

Reaching this  point has been the tremendous achievement of the past 

decade . We have witnessed the discoveries of charm and the third 

generation , the di scovery of neutral currents and the detailed 

confirmation of SU ( 2 )
L 

x U( l ) , and the discovery of asymptotic 

freedom and the development of QCD and its experimental tests . In spite 
of these achievements ,  the resulting standard model i s  not entirely 

esthetically pleas ing .  It lacks a coherence whi ch would explain its 

varied form and parameters ; as a result , I would wager that none of us 

here believes that it  represents the end of physics . 

Our experimental activities fall into three general categories . The 

first is searching for evidence of phys ics beyond the minimal standard 

model . At the moment , we have no solid evidence , in the sense of a 

confirmed experiment , of any such phys ics . The first such evidence , 

whenever we obtain i t ,  will undoubtedly be an important clue to what lies 

ahead . Thus , it i s  appropri ate that we spend an appreciable part of our 

t ime and resources searching for i t ,  even though the chance of success  for 

any s ingle experiment may be small . 

Our searches are often motivated by the theoretical ideas we have 

heard di scussed at this  meeting -- grand uni f ied theories , supersymmetry , 

composite models ,  among others . Often , however ,  we are motivated only by 

a sense of "pourquoi pas?" -- i t  could exist ; let us look for i t .  In 

thi s  spiri t ,  we search for extended gauge group structures ,  extended Higgs 

sectors , and extra quarks and leptons . 

The second category of experimental activi ty i s  testing the standard 

model . In th is  regard , it is important to remember that there are four 

particles which are required by the standard model but which have not yet 

been fully confirmed . The W and the Z have masses which are spec i f ied by 

the model ,  and we now have some evidence for both . As we will di scuss in 
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a few minutes , the evidence i s  rather direct for the W ,  but cons iderably 

less direct for the Z. The masses of the other two particles , the t quark 

and the Higgs boson , are not speci fied by the model ,  and for these two 

particles we have no evidence whatsoever .  The existence of a s ingle 

neutral Higgs boson is the weakest point of the standard model ; thus its 

discovery would be of tremendous importance because it  would put important 

constraints on the phys ics  beyond the standard model . 

F inally ,  the third category of experimental activity i s  making 

detailed measurements within thi s  standard model . For want of a better 

name we can call this "spectroscopy" . Some of these measurements are 

clearly fundamental , such as the measurement of the Kobayashi-Maskawa 

mixing angles . Others are apparently less so ,  i nvolving detai led 

structure controlled by non-perturbative QCD . But taken in total these 

measurements provide the building blocks of our knowledge . 

These three categories do not always have clear boundaries . It i s  

clear that i f  one performs a test of the standard model and the test 

fails , one has found evidence for physics beyond the standard model .  And 

many times in the history of physics a routine measurement has uncovered a 

surprise which has led to a new level of understanding .  Nevertheless , I 

will use these three categories to organize the contributions to thi s  

meeting . 

2 .  SEARCHES FOR PHYSICS BEYOND THE STANDARD MODEL 

2 . 1  Monopole catalys i s  of proton decay 

These are only two maj or windows to the energy scale of physics 

required by the theories of grand unification -- magnetic monopoles and 

proton decay. We have heard di scussed at thi s  meeting the marvelous 

suggestion2 )  that perhaps both could be seen in the same experiment , 

and , furthermore , that perhaps thi s  would be the best way to see both 

phenomena .  

Perhaps the suggestion i s  too good t o  be true , for we have also seen 

the impress ive result from the Irvine-Michigan-Brookhaven ( IKB) proton 

decay experiment that , in 80 days of running with a detector of effective 

area 340 m2 ( about a tenth of a football field) , no candidates for 

success ive proton decays were seen• > 
With the most optimi stic cross 

section assumpt ions , thi s  result sets an upper limit on the magnetic 

monopole flux of 6 x 10-15  cm-2 str-1 s-1 , a l imit which approaches the 
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Parker bound o f  about 10- 1 5  cm
-2 str-1 s-1 , an upper l imit t o  magnetic 

monopole fluxes obtained from as trophy s ical cons iderat ions
4 )

. 

2 . 2  Other searches for monopoles 

Th i s  subj ect has been beautifully revi ewed by B. Barri sh at this  

meeting
5 )

, and there i s  nothing useful that I c an add to h i s  talk. 

Let me only underline his statement that there are no experiments wh ich 

are sens i t ive at the level of the Parker bound . If we are go ing to search 

seriously for magnetic monopoles , then we may have to consider detectors 

the s ize of football f i elds . 

2 . 3  Searches for proton decay 

The maj or new development in these searches was the report to thi s  

meeting o f  the first results from the IKB experiment6 )
. The 

experimenters have analysed 80 days of runni ng with a 3300 ton fiduc i al 

volume for the e
+

�
o 

and µ
+

K
o 

modes .  They find no candidates for the 

e
+

�
o 

mode , yi elding a l i fetime divided by branch ing ratio of T/B > 6 . 5  x 

x 10
3 1 yr . There i s  one candidate for the µ

+
K

o 
mode . The s i gni f i c ance of 

thi s  i s  not that there i s  one candidate ( for , i ndeed , no evidence was 

presented to indi cate that thi s  event was not due to backgrounds ) ,  but 

that there i s  only one c andidate . 

I have three co1111llents to make at th i s  s tage : 

1 ) The IMB exper iment seems to work well . 

2 ) From the f i rst results , it i s  clear that protons do not decay as 

readily as some had hoped . It would seem imprudent to build any 

future detectors with f iduc i al masses less than 1000 ton s , because no 

matter how powerful they might be , they s imply would not have the 

rate to be effect ive . 

3 )  I t  i s  too early to say anything more . Regardless of the results of 

the IMB experiment , we will need fi ne-grained detectors such as the 

one be i ng planned for the Frejus tunnel
7 )

. 

2 . 4 Searches for supersymmetric part i cles 

SupersY1111lletry is an elegant theoretical idea
8 )

, but one wh ich i s  

somewhat frustrat ing for experimenters for two reasons : 



1 ) There are no solid predictions . The theory has a large number of 

branch po ints whi ch allow the creat ion of an endless number of 

models .  No exper imental results c an eliminate the theory; the most 

they can do ( other than d i scover supersymmetric particle s )  is to 

l imit the pos s ible models .  

2 ) The presently acce s s i ble energi e s  are probably too low to detect 

these part icle s .  

Nonetheless , there has been a large effort to search for these 

particles . Above threshold , scalar leptons would be copiously produced i n  

e
+

e- ann i h ilation and b e  eas ily recognized . Searches for these 

part icles g ive lower l imits for thei r  masses  j ust s l i ghtly lower than the 

available beam energies , around 16 to 17 GeV 9 ) 
We have also heard 

negative results on searches for mas s i ve ,  unstable photinos in e
+

e
­

ann ihilations 9 )
, and for gluinos in neutrino beam dump 

experiments 10 ' 1 1 ) 

2 . 5  Searches for fundamental s c alars 
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Charged fundamental scalars , e i ther charged H iggs bosons o r  technicoloured 

pseudo-Goldstone bosons , would be produced in a predictable way in e+
e

­

ann i h i lation s . Despite the c r i t i c i sm we have heard at thi s  meeting1 2 )
, 

there have been reasonable searches for these particles9 ) 
which set lower 

l imits on the mas s  at about 13 GeV . 

2 . 6  Search for right-handed currents in muon decay 

Many people commented to me that they felt the h ighl i ght of the meeting was 

the report of the beautiful exper iment of the Berkeley-Northwestern-TRIUKF 

Collaboration1 3 )
. I have no argument with th i s  assessment . By measuring 

the polarization of muon decay , thi s  exper iment has set an upper l imit on 

( 1 - �Pµo/p) , wh i ch is zero in the absence of r ight-handed currents , 

of 0 . 0041 . Thi s  increases the previous lower bound on the mas s  of a 

r i ght-handed W from 220 GeV to 380 GeV . 

2 . 7  Searches for neutrino osc i llations 

Progres s  reports were given on searches for neutrino osci llations which 

have been done or are underway at Fermilab1 4 ) 
and CERN1 5 )

. These 

searches are looking primar i ly for "v d i s appearance" , that i s ,  an µ 
osc i llation of vµ i nto any other form. There are presently no 
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l imits o n  u
µ 

d i s appearance . These experiments together will be 

sen s i tive to mass squared di fferences in the entire range between 

0 . 3  eV
2 

and 1000 eV
2

• 

2 . 8  Neutrino beam dump experiments 

The outstanding anomaly in the beam dump experiments is the rat io of 

prompt u
e 

to prompt u
µ

. All known sources of prompt neutrinos 

would give a value of thi s  ratio close to un ity.  The results of three 

CERN experiments ( all in the same beam l i ne )  gave values of u /u rang ing 

16 ) 
e µ 

from 0 . 49 to 0 . 64 with typical errors of 0 . 2  The latest results from the 

Fermilab beam dump exper iment whi ch were reported to this meeting give a 

rat io of 1 . 29 ± 0 . 21 1 1 > .  Thus , there i s  a d i screpancy of three 

standard dev i at ions in the comb ined errors between CERN and Fermi lab . The 

only thing we can do i s  wai t  for the results of latest round of beam dump 

experiments from CERN , wh ich should be ready thi s  summer , to see if we 

s t i ll have an anomaly . 

2 . 9  Other searches 

There were a fair number of other searches for phys ics  beyond the 

standard model wh ich I do not have t ime to review here . The total extent 

of our efforts on all these searches is impressive ,  and , as I said at the 

outset ,  qu i te appropr i ate . 

3 .  TESTS OF THE STANDARD MODEL 

3 . 1 The W d i s covery 

It appears unavoidable to me that there is some .Parti cle being pro­

duced i n  the CERN pp coll i s ion wh ich has a mass of around 80 GeV or more 

and whose decay produces an electron and mi s s i ng energy . I have taken the 

liberty of comb i n ing the UAl 1 7 )  
and UA2 1 8 )  data for events with 

an i solated electron and miss ing transverse momentum as a function of the 

electron ' s  transverse momentum. The data are shown in F i g .  1 .  

Both experiments have a s imilar analys i s  chai n  with a cut at 1 5  

GeV/c , but no bias beyond that point . The data do not pile up against the 

cut , as would be expected for any reasonable background , but rather peak 

between 35 and 40 GeV/c . 

Si nce these data show the expected s i gnature of the w, it i s  log ical 

to make th i s  a s s i gnment . However ,  on the bas i s  of the present meager data 

other explanations are probably not excluded . 
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Fig.  1 Electron transverse momentum for events 
with an i solated electron and miss ing energy 
in the comb ined UAl and UA2 data . 

In particular there i s  one UAl event whi ch has the wrong asymmetry 

for a W decay . There are three pos s ib i l i t i es : 
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1 )  It i s  a background event ( l<>f. confi dence level , i . e .  the number 

of background events i n  the s ample i s  expected to be of the order of 0 . 1 ) . 

2 )  It is an unusual W decay ( 103 conf i dence leve l ,  i . e .  i t  i s  ten 

t imes more l i kely to have the oppo s i te asymmetry) .  

3 )  It i s  something interesting ( there i s  no way to est imate a 

conf idence level on the unknown ) . 

In any case we look forward to the large i ncrease i n  data expected by 

th i s  summer . 

If there has been a surpr i s e  in the pp running so far , i t  i s  that the 

data are very clean at high transverse momentum. Jets are unambi guous and 

one does not need compl i c ated algori thms to count them. Th i s  bodes well 

for the future of hi gh-energy pp phys ics . 

3 . 2  Neutral currents in e
+

e
-

anni h i lation 

The best way to see the effect of weak neutral currents in present 

energy e
+

e
-

ann ih ilation data is i n  the backward-forward asymmetry in 

µ pair produc tion . Thi s  asymme try i s  proport ional to s / ( l  - s /m2
) .  z 
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Thus , at suff i c i ently high s and suff i c i ently h i g h  prec i s ion one i s  

sen s i tive t o  the Z mass . The combi ned results of f ive PETRA experiments 

measure th i s  asymmetry to be ( -11 . 3  ± 1 . 3 )� and set l imits on the Z 

mass : 5 5  < m < 110 GeV g ) .  Thus , i n  some sense , one can claim to z 
have seen evidence for the Z ,  albei t  with rather poor mas s  resolution . 

At thi s  meeting we have heard reported the first measurement of the 

neutral current coupl ing to the c quark by a measurement of the asymmetry 

in the angular d i stribution of D* production
9 ) 

The TASSO result 

g i ves g� = 0 . 89 ± 0 . 44 .  

3 . 3  Neutral currents i n  v scatteri ng 

The only comment I have here i s  to underl ine arguments that were put 

forth at the recent CERN Workshop on SPS F ixed-Target Phy s i c s1 9 )
. At 

2 
present the most precise  measurements of s i n  0

W 
come from neutral 

current v i nteract ions . In the future one will be able to measure the Z 

mas s  to about 100 Kev which will g i ve s i n
2 ew to a prec i s ion of 

better than 0 . 001 , subj ect , however ,  to weak rad i at ive correction s  of 

about 0 . 02 .  These weak rad i at ive corrections will be our first look at 

weak i nteractions beyond the Born approximat ion . To measure the 

rad i ative correction we need an independent determinat i on of s i n
2 

0
W 

to a 

prec i s ion of at least 0 . 005 , a value which i s  factors of 8 and 3 below 

that now obtainable from v
µ

e scatteri ng and from v
µ

N scatter ing,  

respect ively . In the former case there are no theoretical uncertainties 

and the present experiments are l imited by stat i s t i c s ;  i n  the latter case 

hadron i c  corrections have to be understood . The question i s  whether 

e i ther or both measurements c an be improved to the required accuracy . 

3 . 4  T l i fet ime 

The Mark II measurement
20)  

whi ch sets bounds on the T coupling to the 

charged weak current , g
T

/g
e = 0 . 92 ± 0 . 12 ,  i s  the last of a long series of 

measurements on the T lepton which appear to rule out the pos s ib i l i ty that 

the T is anyth ing other than a sequent i al lepton with its associ ated 

neutrino coupling in a universal way to the weak current
2 1 )

. 

4 .  SPECTROSCOPY 

4 . 1  The EMC effect 

The biggest phys i c s  surpri se i n  the past year has been the d i scovery 

by the European Muon Collaborat ion at CERN that structure functions 
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measured in i ron d i ffer s i gni f ic antly from those measured in deuterium
2 2 )

. 

At thi s  meeting we have heard a deli ghtful report from Bodek1• > 
whi ch 

showed that decade-old SLAC empty-target data conf i rm thi s  effect and even 

might clear up an old mystery as to why shadowing d i s appears so quickly 

with q
2 

in electroproduction
2 3 )

, 

The data from these two experiments seem clear and convinc ing . What 

are the consequences? There are two bas i c  reasons for studying deep 

inelast i c  scattering . One is to study the q
2 

development of QCD . 

Thi s  c an be done j ust as well in i ron as on free nucleons , so for thi s  

purpose the EMC effect i s  unimportant . The second reason , however , i s  to 

measure the parton d i stribut ions in protons and neutrons . It is now clear 

that for thi s  purpose measurements in i ron d i s tort these d i s tr i but ions at 

the 153 level . 

There has been a great deal of enthus i asm voi ced at thi s  meeting for 

systemati c  programs to measure parton d i s tr i buti ons in nucle i . Thi s  

should b e  recognized , however ,  a s  the s tudy o f  a ( probably quite 

i ntere s t i ng )  nuclear phy s i c s  quest ion , rather than anythi ng fundamental in 

elementary part icle phys i c s . If one i s  going to be ser i ous about studying 

th i s  effec t ,  then it would be useful to have a detai led measurement of 

ud interactions , s ince it is only through neutrino interactions that one 

can separate valence and sea quark contribut ions . 

4 . 2  Search for gluon i um s tates 

The rad i ative decays of heavy charmonium states such as the w or 

the Y are presumably among the best places to search for gluon ium states 

because the decay results in two gluons in a colour-singlet state of 

vari able mas s .  Searches were made for w decays into a photon and a 

resonance . In addit ion to the expected resonances such as the n ,  n ' , 

and f ,  two surprises  were found , the t ( l440) 
2• ) 

decaying into KK� and the 

0 ( 16 7 0 )  
2 5 )  

decaying i nto nn · S ince then there have been attempts to 

measure or set upper l imits on other decay modes of these resonances
26 ' 2 7 )

. 

At thi s  meeting we have had a report from DCI setting an upper l imit of 

B ( w  � y0 ) • B ( 0  � py) < 8 x 10
-5 

at the 993 conf i dence level
2 8 )

. 

A clear pi cture of the i dent ity of these particles has not yet 

emerged . Part of the problem is that there is no quantum number which 

defi nes a gluon ium state ; in general it will mix wi th qq and qqqq 
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states . Furthet'lllore , hadronic states in th i s  mass region are wide , and i n  

any g iven f i nal state a t  any g i ven mass i t  i s  l i kely that there w i l l  be 

several overlapping states . 

What i s  needed i s  a more systematic and detai led study with 

con s iderably more data than we have now. With detectors such as the Mark 

I I I  at SPEAR th i s  can be done . The quest ion i s  wi ll i t? 

4 . 3  Heavy quark fragmentat ion 

Progress has been made recently on measuring heavy quark 

fragmentation functions , that i s ,  answering the question "How much of the 

energy of a heavy quark does the weakly decaying heavy meson carry?" The 

charmed quark fragmentation function has been measured d irectly by 

reconstructing exclus ive o
*+ 

decays9 ' 20 ' 2 9 )  
The data from the 

three h igh-energy experiments are plotted in F i g .  2 .  

The fractional cross section , ( l/a) da/dz , i s  used to el iminate 

di fferences in normal i zations and branching fraction assumpt ions among the 

three exper iments . The results show that the chat'lll fragmentati on function 

is fairly hard , with an average z of about 0 . 6 .  

The Mark I I  experiment has measured the bottom quark fragmentation by 

stat i sti cally separating electrons from b decay from those from c decay 

and backgrounds
20 ) 

The result is an even harder fragmentat ion 

function for b quarks with an average z of about 0 . 7 5 .  

4 o Mark II 
• TASSO 
• DELCO 

f I i "I N j -0 -0 

�1 0 j t t t 
0.1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0 .8 0 .9 10 

z }Eo * 
rs 

F i g .  2 The fractional cross section for o*+ product ion 
as a function of z = 2En* /vs . 



4 . 4  Lifet ime 

The Mark II has measured the D
0 

l i fetime to be ( 3 . 7
+ • . s  

±1 . 0 )  x 
- 1 s  -1 . s*+ x 10 s ,  based on a sample of seven h igh-z reconstructed D decays . 

491 

The importance of thi s  result i s  that i t  demonstrates that i t  i s  pos s ible 

for e
+

e
-

storage r ings to compete i n  th i s  fi eld . With the additional 

data which will be available soon we can expect higher stat i s t i c s  on the 

D
0 

l i fet ime as well as measurements of the D
+ 

and B l i fet imes . 

4 . 5  bb spectroscopy 

At thi s  meeting we have seen very beautiful s i ngle photon spectra 

from Y ( 2 s )  and Y ( 3 s )  decays from the CUSB experiment
3 0 >

. Although the 

i ndividual tran s i t ions have not been separated , the centre-of-gravity of 

the x
b 

masses has been determined . We look forward to upcoming Crystal 

Ball results from DORIS , which may have higher resolution . 

4 . 6  Studi e s  of B decay 

In recent years we have accumulated an impres s ive amount of 

i nformation on the decays of the B mesons . I will just  briefly l i st here 

some of the measurements wh ich have been reported to th i s  meeti ng .  

1 )  b � u/b � c 

Both CUSB and CLEO have tried to determine the fundamental mix ing 

angle of b decay by measuring the electron spectrum
29 ' 30)  

The 

shape of th i s  spectrum is affected by the mas s  of the hadron i c  state 

produced in the semi-lepton i c  decay . The result is somewhat 

model-dependent , but as suming that the hadroni c  state produced from a u 

quark has a mass of not more than 1 GeV, the fract ion of b � u decays i s  

limi ted t o  5 3  o r  les s . 

2 )  B semi-leptonic decay fractions 

Four experiments have reported results with an average value of 

B ( B  � lvX) = ( 12 . 6  ± 1 . 2 )3 
20 ' 2 9 ' 30)

. Th i s  agrees well with the value 

expected from a s imple spectator model , 1 / 9 . 

3 )  Observation o f  B exclus ive states 

The branching ratio for the B meson to go into any given exclus ive 

state is quite small . Thus , CLEO has accompl i shed a formidable task in 

reconstructi ng enough B exclus ive states to measure the B masses and mas s  

d i fference
2 9 )

. Thi s  was only pos s ible because of the mas s  constraint 

provided by the Y ( 4 s )  s tate . 



4 9 2  

4 )  � product ion in B decays 

CLEO has measured the branch ing fraction for B � •X to be 

( 6 . 4  ± 2 . 3 )  x 10
-3

, a value smaller than had been expected by some 

predictions
2 9 )

. Th i s  has obvious practi cal consequences for anyone 

hoping to use the • to tag B ' s .  

CONCLUSION 

The conclus ion to thi s  talk was really given in the i ntroduct i on :  

our f ield i s  quite healthy . We have made tremendous gains in the past 

decade and we are consolidat ing these gains wh ile , at the s ame t ime , 

earnestly searching for the clues wh ich will tell us what l i e s  beyond the 

standard model . 
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