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FOREWORD 

The XIII th Rencontre de Moriond was held at Les Arcs - Savoie 

(France) from March 12 to March 24, 1978 .  

The first such meeting was at Moriond i n  the French Alps i n  1966 . 
Ther e ,  experimental as wel l  as theoretical physicists , not only shared 

their scientific preoccupations but also the household chores. The parti­

cipants at the first  meeting were mainly French physicists interes ted in 

electr omagnetic interactions. In subsequent years , a sess ion on high energy 

s trong interactions was also added . 

The main purpose of these meetings is to d iscuss recent developments 

in contemporary physics and to promote effective collaboration between experi­

mentalists  and theor ists in the field of elementary particle physics . By 

bringing together a relatively smal l  number of participants , the meeting helps 

to developp better human relations as well as a more thorough and detailed 

d i scuss ion of the contributions . 

This concern for research and experimentation of new channels of 

communication and d ialogue which from the start animated the Moriond Meeting s ,  

inspired u s ,  s tarting eight years ago , to organize a s imultaneous meeting o f  

biologists  o n  Cellular Differentiation. Common seminars are organized to 

study to what extent analytical methods used in phys ics could be applied to 

biological problems. This year , an introductory talk and a beautiful film 

"The Genetic Code" was presented by Professor J .  TAVLITZKI ( Ins titute of 

Molecular Biology , Paris) , Profes sor DEDONDER (Univers i ty of Paris)  gave a 

comprehensive talk on " Genetic Engine.ering", and Dr D .  FOURME (L.U .R.E. , 

Orsay) d escr ibed the Orsay s torage ring facilities for biology experiment s .  

These conferences and lively discussions make u s  hope that biological pro­

blems, at present so comp lex , may give birth in the future to new analytical 

methods or new mathematical languages. 

The first session of the XIII th Rencontre de Mor iond (March 12 -

March 18 ,  1978) was d evoted to high energy hadronic interactions . Special 

emphasis was pu t on the phenomenology of quantum chromodynami cs especially 

on lepton pair production, gluon physics and mul tiquark states. 
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The second s e s s ion (March 18 - March 24, 1978) was devoted to high energy 

leptonic interactions . Particular attention was given to e
+

e
-

physics  and 

recent d i scover ies in neutr ino interactions . 

I thank CHAN HONG-MO, G. KANE, TAN CHUNG-I for the first s e s sion, 

M.  DAVIER, F. HAYOT , F . M. RENARD and R .  TURLAY for the second sess ion and 

the conference secretar ies L. NORRY and N .  CORNIQUEL who have d evoted much 

of their time and energy to the success o f  thi s  Rencontre . 

I am also grateful to Mr TOURAILLE, the hotel Dir ector, Mr MONTEGU 

and Ms FERRANDON , who contr ibuted through their hospitality and active 

cooperation to the well-being of the participants enabling them to work 

in a relaxed atmospher e .  
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JETS IN e
+e- ANNIHI LATION* 

Gail G. Hanson 
S tanford Linear Accelerator Center 

Stanford University, Stanford, California 94305, U . S . A .  

Abstrac t :  The latest results o n  R ,  the ratio of the total cro ss section for 
pro duction of multihadronic events to the muon pair production cross section , and 
inclusive distributions of hadrons from e+e- annihilation in the center-of-mass 
energy range from 2 . 6  to 7.8 GeV are presented. The evidence for jet structure 
is reviewed. Inclusive distributions of hadrons in Feynman x, rapidity , and 
transvers e  momentum relative to the jet direction are studied. Particular 
emphasis is placed on the method used to measure these inclusive distributions 
and the biases which might result from this method. 

Resume: Les resultats les plus recents concernant la mesure de R, rapport de 
la section efficace totale de production de hadrons a la section efficace de 
production de paires de muons, ainsi que l a  mesure des distributions inclusives 
des hadrons dans les annihilations e+e- sont present es pour des energies dans le 
centre de masse comprises entre 2 . 6  e t  7.8 GeV.  L ' evidence d'une structure en 
j e t  est passee en revue . Les distributions inclusives des hadrons sont etudiees 
en fonction de la variable de Feynman x, de la rapidite et du moment transverse 
par rapport a la direction du j e t .  L'accent est mis sur la methode utilisee pour 
mesurer ces distributions inclusives et sur leE biais qui peuvent en resulter . 

* 
Work supported by the Department of Energy. 

15 



I.  INTRODUCTION 
Electron-positron annihilation has proved to be a very fruitful source of 

exciting new physics . The increase in the total cross section for hadron produc­
tion was the first hint that a new quantum number - charm - existed . 1) The wand 
w' and their associated states were discovered . 2) A heavy lepton Twas found .�  
And finally charmed mesons themselve� were isolated and found t o  be produced 
copiously in pairs at the w''. 4 , 5) 

The reason that e+e- collisions are so useful is that the electron and posi­
tron predominantly annihilate to form a single virtual photon which subsequently 
produces a particle-antiparticle pair (e .g . , T+T-) or a quark-antiquark pair 
which converts into hadrons . These general theoretical ideas have so far been 
substantiated by experimental data. One of the predictions of quark-parton 
constituent models is that at sufficiently high energy multihadronic events 
produced by e+e- annihilation should form two back-to-back jets due to the limit­
ing of transverse momentum relative to the original quark direction. 6) Evidence 
for such jet structure is seen in e+e- annihilation data for center-of-mass 
energies (E ) of 4 . 8  GeV and greater . 7> If it is true that the jet structure c .m. 
is due.to quark jets , then it is of interest to study the inclusive distributions 
of hadrons relative to the jet direction in order to obtain information about the 
fragmentation of quarks into hadrons . In this talk I will present hadron inclu­
sive distri�utions in Feynman x, rapidity, and transverse momentum relative to 
the jet direction in multihadronic events from e+e- annihilation in the E c .m.  
range from 3.0 to 7 . 8  GeV. 
II. DETECTOR AND EVENT SELECTION 

The data for this analysis were taken by the SLAC/LBL magnetic detector 
collaboration� at SPEAR. The SPEAR Mark I magnetic detector is shown schematic­
ally in Fig. 1 .  The detector consisted o f  a 3-meter long, 3-meter diameter 
solenoid magnet with a 4 kG magnetic field parallel to the beam direction and 
wire spark chambers and scintillation counters for triggering and measuring 
events . The detector axis was centered on the beam direction at one of two 
interaction regions at SPEAR. Particles entering the detector from the inter­
action region could pass through, in order : a 150 µm steel vacuum chamber , inner 
cylindrical scintillation counters used in the trigger to reduce background 
from cosmic rays , inner multiwire proportional chambers , a system of 4 sets of 
cylindrical wire spark chambers, an array of trigger time-of-flight scintillation 
counters ,  the magnet coil , an array of lead-scintillator shower counters , the 
iron return yoke of the magnet, and finally wire spark chambers used for muon­
hadron separation . The detector extended over 65% of 4� sr solid angle with full 
acceptance in azimuthal angle and acceptance in polar angle from 50° to 130° . 
The apparatus was triggered by two or more charged particles which produced 
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Fig. 1. 

SPARK CHAMBERS MUON 

� "" TRIGGER COUNTERS �SPARK CHAMBERS 
PIPE COUNTER 

LUMINOSITY MONITOR 

Schematic diagrams o f the SLAC/LBL detector. magnetic 

17 



signals in the inner scintillation counters and in at least two outer trigger 
counters and their associated shower counters. This trigger requirement could be 
satisfied only by events with two or more charged particles within the detector 
acceptance and having momenta greater than 200 MeV/c and is mainly responsible 
for the uncertainties in efficiency calculations.  

and 

Events from the QED reactions 
e+e- + e+e- (Bhabha scattering) 

+ - + -e e + µ µ 

( 1) 

(2) 
were recorded simultaneously with the multihadronic events and provided a 
convenient normalization. Of those events originating from the interaction­
region fiducial volume, those· with two oppositely-charged prongs collinear within 
10° were candidates for the QED reactions . Those events in which there were two 
prongs acoplanar with the incident beam direction by at least 20° and in which 
both prongs had momenta greater than 300 MeV/c and those with three or more 
prongs were classified as hadronic . Additional cuts were applied to remove non­
collinear two-prong and multiprong events originating from QED processes . 
III. TOTAL CROSS SECTION AND INCLUSIVE MOMENTUM DISTRIBUTIONS 

The total hadronic cross section was �alculated from the total number of 
multihadronic events detected at each energy Ec .m.  from 2 . 6  to 7 .8 GeV, corrected 
for losses due to geometric acceptance, triggering efficiency, cuts , and contami­
nation from other sources . The cross section was normalized to the integrated 
luminosity obtained from Bhabha scattering events observed in the magnetic 
detector . Losses due to geometric acceptance ,  triggering efficiency, and data 
analysis cuts were estimated using a Monte Carlo simulation, described in more 
detail in Section IV, in which hadronic events were produced according to a jet 
model . The Monte Carlo calculation resulted in a matrix of efficiencies for 
detecting a particular number of charged particles for each charged particle 
multiplicity in the produced state . Radiative corrections were applied separa­
tely for each produced multiplicity. At each energy a produced multiplicity 
distribution was obtained as the maximum-likelihood solution to an overdeter­
mined set of linear equations.  The average detection efficiency, given by the 
number of detected events divided by the number of produced events , increased 
monotonically from about 33% at the lowest energy to about 6 5% at the highest 
energy . The data were corrected for background from beam-gas scattering (<8% for 
Ec .m .  less than 5 GeV and < 5% for Ec .m. above 5 GeV) and from two-photon 
processes (< 2%) and for losses due to vertex reconstruction outside the interac­
tion-region fiducial volume ( 5%). 

The ratio R of the total hadronic cross section to the theoretical total 
cross section for production of muon pairs is presented in Fig . 2. Heavy lepton 
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production, which 
contributes primari­
ly to the two-prong 
cross section, has 
not been subtracted. 
The .errors shown 
are s ta't istical 
only. The overall 
normalization un-
certainty is ±10% 
and a further smooth 
variation as large 
as 10% from the 
lowest energy to 
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the highest energy 
could arise from 
systematic errors in 
the estimation of the 

Fig. 2 .  R vs. Ec .m. (heavy lepton production 
not subtracted) . 

detection efficiency. The W and w' 
peaks are not shown and the binning of the 
data between 3.9 and 4 . 5  GeV is not optimized 
to show the structure in this region. R is 
approximately constant at about 2.6 for E c.m. 
less than 3 .  5 GeV . Above 4.8 GeV R is again 
approximately constant at a value of about 
5.3. Although the data have been reanalyzed 
using more sophistiCated techniques and 
more data have been t�ken, the results for R 
are very similar to those presented at the 
1975 Lepton and Photon Symposium. 9) The val­
ues for R presented here are in good agree­
ment with those presented by the DASP col­
laboration at DORIS, except for the detailed 
structure in the 4 GeV region, for the energy 
range between 3.6 and 5. 2 GeV which they have 
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Fig. 3 .  Mean charged particle multi­
plicity <nch> vs . Ec .m. (heavy lepton 
production not subtracted) . 

measured. IO) The R values from the Pluto collaboration are somewhat lower but are proba­
bly consistent within the systematic errors of the two experiments . II) The mean 
charged particle multiplicity <nch> ' obtained as part of the procedure for deter­
mining the total cross section, plotted versus the logarithm of Ec .m. is presen­
ted in Fig. 3 .  <nch> rises from about 3 .5  at the lowest energies to  about 5 at 
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the highest energies. Heavy lepton production has not been subtracted . 
Single particle inclusive momentum distributions have been measured at E c .m. 

values of 3 . 0  and 4 . 8  GeV and in three energy ranges from 5 . 6  to 7 . 8  GeV . The 
momentum distributions are presented in terms.of the "experimental" scaling vari­
able x, where 

x = 2p/Ec .m. • (3) 
and p is the particle momentum. The momentum is used instead of the energy 
because rr ' s ,  K ' s ,  and p ' s  can be separated unambiguously by our time-of-flight 
system only for momenta less than 1 . 1 GeV/c . Only multihadronic events with 
three or more detected charged particles were used in this analysis and for the 
analyses in the remainder of this presentation . The two-prong events were not 
used because they are more subject to background contamination due to beam-gas 
and two-photon interactions. Because the two-prong events were not used, the in­
clusive distributions presented here contain little contribution from heavy 
lepton production. 

The detected single particle momentum distributions were corrected for trig­
ger bias , geometric acceptance, and data analysis cuts using the jet model Monte 
Carlo simulation. The distributions were corrected so as to include multihadronic 
events with all produced multiplicities , including events with two charged parti­
cles. In addition, the Monte Carlo efficiencies contain a momentum-dependent 
correction for initial-state radiation so that the distributions are radiatively 
corrected . The effects of this radiative correction are an overall decrease in 
efficiency because nonradiative events have higher multiplicities than those in 
which there was significant radiation and an additional decrease in efficiency 
for large x because events with significant radiation cannot have particles with 
large x. 

The single particle inclusive x distributions are presented in Fig . 4 .  The 
quantity plotted is s do/dx (s  = Ee.!. > which is expected to scale at very high 
energies . The area under each curve is equal to s oT<nch> "'R <nch> (oT is the 
total hadronic cross section) , so the area under the curve must increase as the 
energy increases, even for constant R, since <nch> increases . We see that most 
of this increase occurs for x<0.3 .  s do/dx roughly scales for x2_0 . 3  for the entire 
energy range . The 3 . 0  GeV data seem to be systematically.high for x2_0 . 6 ;  how­
ever, systematic errors due to the Monte Carlo corrections at the highest and 
lowest values of x could be as large as 20% . In addition, the detected two­
prong events , which we do not use but correct for , form the largest fraction of 

The data for E > 4 . 8  GeV scale c .m .-the total number of events (25%) at 3 . 0  GeV. 
rather well for x2_0 . 2 ,  although there is a spread of about 20 % from the lowest 
energy to the highest energies for x between 0 . 3  and 0 . 5 .  More will be said 
about scaling in Section V when inclusive distributions in Feynman x are discussed . 
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Our measurements of S: do/dx are consis-
tently higher for all x than are those 
presented by the DASP and PLUTO collabo­
rations .1� The reason for this differ-
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IV . JET STRUCTURE AND DESCRIPTION OF 
MONTE CARLO SIMULATION 

-

x =2p /Ec.m. 

In quark-parton constituent models 
for hadron production by e+ e - annihilation, 
the e + and e - annihilate to form a virtual 
photon which subsequently produces a quark­
parton pair , each of which decays into had­
rons , as shown in Fig . 5. At sufficiently 
high energy a two-jet structure is ex­
pected to arise due to the limited 
transverse momentum of the hadrons with 

Fig . 4. Single particle inclusive x 
distributions s do/dx vs . x for 
various E c .m. 

Fig . 5. Quark-par ton 
model picture of pro­
duction of hadrons in 
e+e- annihilation. 

respect to the original·parton direction . 6) 
The spins of the constituents can, in principle, be de-
termined from the angular distribution of the jets. A 
review of the jet structure observed in e+e- annihilation 
will be presented in this section. 

In order to search for jet structure, we find the 
direction which minimizes the sum of squares of trans­
verse momenta for each event . This direction will be 
referred to as the observed jet axis . To determine how 
jet-like an event is ,  we calculate a quantity which we 
call the sphericity S :  

s 
31>'112 ·) \i u. min 

2 L:-P 2 
i i 

(4) 

where the numerator is the minimum sum of squares of transverse momenta found in 
the determination of the observed jet axis .  S approaches 0 for events with 
limited transverse momentum (jet-like events) and approaches 1 for events with 
large multcplicity and isotropic particle distributions . 

Since the magnetic detector covered only part of the total solid angle and 
neutral particles were not detected, we needed to use a Monte Carlo simulation to 
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determine how jet-like and isotropic hadronic events would differ in the detector. 
Events were generated according to either Lorentz-invariant phase space or a jet 
model in which phase space was modified by a matrix element squared of the form 

-(�p2 ·) /2b2 
]_ •1 e 

where p,i is the momentum perpendicular to the j et axis for the ith particle . 
• (5) 

The sum is over all produced particles. The jet axis angular distribution was of 
the form 

dcr 
d Sl  tt 

+ a cos2e , (6) 

where e is the polar angle relative to the e+ beam. In both models only charged 
and neutral pions were produced , although some checks were performed using 
models which included etas,  kaons , and nucleons . The charged-pion and neutral­
pion multiplicities were given by separate Poisson distributions . The simulation 
included the geometric acceptance , trigger efficiency, momentum resolution 
(a /p = . 0 13p (GeV/c) ) ,  conversion probability for photons from n° decay, and all 
ot�er known characteristics of the detector . Radiation of the initial e+ and e 
was included. At eac h energy E t he total multiplicity and ratio ·of charged c .m. 
pions to neutral pions for both models were obtained by fitting to the observed 
charged particle mean momentum and mean multiplicity . The parameter b in the jet 
model was chosen by fitting to the observed mean P, with respect to the observed 
jet axis . We used a = 1 for the jet axis angular distribution in agreement with 
the measurement which will be described . 

We found evidence for jet structure in the agreement of the observed S dis­
tributions with the jet model predictions as opposed to the phase-space model 
predictions for E > 4 . 8  GeV . ?, 1 3) The data peak toward low S in disagreement c .m. -
with the phase-space model . At 3 . 0  GeV the data agree with either model ; the 
predictions of the two models are the same . In addition, the j et model momentum 
and P, distributions are in much better agreement with the data than are the 
phase-space model distributions . 1 3) 

We were able to measure the jet axis angular distribution directly for a 
subset of the data at E 7 . 4  GeV. For this data the e+ and e- beams were c .m. 
transversely polarized due to synchrotron radiation and absence of depolarizing 
resonances. The beam polarization was useful because it induced an azimuthal 
asymmetry through the following general angular distribution for production 
through a single virtual photon : 14) 

dcr "' 1 + a cos 2e + P 2a sin2e cos2<j> , d Sl  ( 7 )  

where <j> is  the azimuthal angle with respect to  the plane of the storage ring , P 
is the transverse polarization of eac p beam, and a is given by 
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= 

oT-oL a (8) 

OT and o
L 

are the transverse and longitudinal production cross sections , 
respective ly .  Since the detector had a sma ll range o f  acceptance in cos28 but 
full acceptance in �. the po larization was necessary to determine a for the jet 
axis . p2 was determined from the QED reaction (2) . After correction for incor­
rect j et axis determination using the Monte Car lo simulation, we measured 
a =  0 . 9 7 ±0 . 14 for the produced jet axis angular distribution . 7 • 1 3) In terms of 
oL and oT this value of a corresponds to oL/oT = 0 . 02±0 . 0 7 .  The jet axis angular 
distribution is consistent with that for a pair of spin-1/2 partic les. With a =  1 

the jet mode l correct ly predicts the inclusive hadron cos28 dependence as a 
function of hadron momentum.7,13) 

The jet mode l  Monte Carlo simulation has been found to give a good, a lthough 
not perfect , representation of the multihadronic data. It reproduces the 
sphericit y  distributions for who le events and the sing le partic le inc lusive 
momentum and angular distributions . Its most important use beyond the observa­
tion of jet structure itself :ts in the calculation of various efficiency 
corrections for the measurements of the total cross section and single partic le 
inc lusive distributions . 
V .  INC LUSIVE DISTRIBUTIONS IN  VARIABLES RELATIVE TO THE JET DIRECTION 

The limiting of transverse momentum relative to an axis for e+e- hadron 
production is evidence for jet structure . If this jet structure is due to quark­
parton j ets, inc lusive distributions in variab les re lative to the quark direction, 
which is expected to be the jet direction, may give us information about the 
fragmentation of quarks into hadrons . The inc lusive hadronic cross section might 
be expected to be factorizab le into a function of momentum parallel  to the jet 
axis and a function of momentum perpendicular to that axis . In addition, these 
inc lusive distributions can be compared with simi lar distributions from other 
processes, such as leptoproduction and hadron-hadron interactions . 

In order to investigate such questions we have measured inc lusive distribu­
tions in Feynman x ,  rapidity , and transverse momentum re lative to the jet axis . 
A preliminary attempt to measure these distribucions was reported previous ly , 1 �  
but these measurements , a lthough correct as stated , suffered from a bias intro­
duced in order to obtain a good determination of the j et axis . The measurements 
presented here are better representations of the "true" inclusive distributi ons , 
and the b iases which may be introduced by the method of 'determining them are 
studied . 

For each hadronic event with three or more detected charged partic les we 
construct an observed jet axis as described in Section IV. The components of 
each particle momentum paralle l  to (p ll ) and perpendicular to (p 1) the j et axis 
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are then calculated , as show n in Fig . 6 .  

We can the n produce observed inclu­
sive distributions i n  Pii • p ,, a nd 
rapidity. The problem then is to cor­
rect these distributio ns for geometric 
accepta nce, trigger bias ,  data analysis 
cuts , and i ncorrect determi natio n of the 
jet axis. Studies were made usi ng the 
jet model Mo nte Carlo simulatio n described 
in Sectio n IV in which we knew the true 
jet axis for every event . It was found 
that the observed distributio ns in P 1 1 for 
all events were similar enough to the 
produced distributio ns that they could be 
corrected to give the true distributions .  
The reaso n for this was that i n  cases 
where the true jet directio n was very dif­
fere nt from the observed jet axis the 

e• 

Jet Axis--..,1 
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I I 
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I 

e-

Figure 6 .  Illustratio n of a hadro nic 
eve nt from e+e- annihilation showing 
the jet axis and the compo nents of 
the momentum p of a particle parallel 
to (p 11 ) and perpendicular to (p,) 
the jet axis . 

detected particles had relatively low momenta and were nearly isotropic . The 
rapidity and p , distributio ns ,  h01 .. ev,or ,  were more sensitive to the correct deter­
mination of the jet axis and could not be reaso nably corrected for all events .  
The method used for these distributio ns will be described later . 

Since the inclusive quantity s da/dx, which was shown in Fig. 4 ,  nearly 
scales,  we are led to examine the i nclusive distributio ns for s da/dx 1 1 , where x 1 1 , 
or Feynman x, is defined by 

(9) 

In quark-parton models x1 1 is the fraction of parto n momentum carried by the 
hadro n in the direction of the parton. The distributio ns s da/dx 1 1 , corrected for 
acceptance, trigger bias , data analysis cuts , incorrect jet axis determi nation, 
and initial-state radiation are shown in Fig . 7 for the Ec .m. values co nsidered 
in Sectio n III. 

If we compare the distributio ns in  s da/dx 1 1  with those i n  s da/dx, we see 
that as Ec .m. increases the two distributio ns become more alike because p , is a 
decreasi ng fraction of p. At the lower energies the two distributio ns have quite 
differe nt shapes. When e+e- i nclusive mome ntum distributio ns are compared , for 
example, with leptoproductio n, they should be compared in terms of the variable 
x 11. Except for the Ec .m. 

= 3 . 0  GeV data , the s da/dx11 distributions scale for 
0. 1 <x1 1<0.8 to within 10% which is at the level of our normalizatio n and system­
atic uncertainties. For Ec .m. > 4 . 8  GeV scali ng in  s da/dx 11 appears to work 
better than scaling in  s da/dx. 
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In order to measure the inclusive 
distributions in p , and rapidity we need 
to require that a fairly high momentum 
particle be detected in order to be able 
to find an observed jet axis which is 
close enough to the true jet direction 
that we can use the jet model Monte 
Carlo simulation to calculate correc-
tions . However, requiring that a high 
momentu !'l partic:i.<:! be detected biases the 
inclusive distributions . A method which 
can be used to remove the bias is the 
following : 

1 .  l<'i.nd the observed jet axis in the 
u!;:ual way . 

2 .  Divide the event into two jets 
with a plane through the interac­
tion vertex and perpendicular to 
the jet axis . 

3 .  If the highest-momentum particle 
on one side of the plane (xmax) 
has x greater than some mini.mum 

1 0  

0. 1 

0.0 1 
0 

7.0 < Ec.m. < 7.8 GeV 
6.3< Ec.m. <7.0 GeV 
5.6 < Ec.m. <6.3 GeV 

o Ec.m. • 4.8 GeV 
•. b. Ec.m. = 3.0 GeV 

:�'.:} ''\� *W*�i *tt*�� fl t • � { r + 

0.2 0.4 0.6 0.8 1.0 

x11 •2P11 /Ec.m. 
Fig. 7 .  Sin;;le particle inclusive x 11 
distributions s dcr/dx 1 1  vs . x 1 1  for 
various Ec .m  . •  x11 = 2p 1 1/Ec .m.• where p 1 1  is 
the component of particle momentum 
parallel to the jet direction. 

value , orient the jet axis to have a direction within 90° of this highest­
momentum particle and measure the inclusive distributions in x 1 1 , p , , and 
rapidity for all the particles on the other side of the plane . 

q. Repeat this procedure for the other side of the plane . This means that an· 
event may be counted twice in the inclusive distributions , but no particle 
is counted more than once . The inclusive distributions are normalized to 
the total number of jets contributing. 

Corrections are calculated by applying this procedure to both the produced 
and detected events in the jet model Monte Carlo simulation. For the produced 
events we know the true jet direction , so we can calculate corrections for 
finding the wrong jet axis in the detected events .  The corrections , of course , 
are somewhat model dependent. We have some confidence in this correction proce­
dure, however , because the jet model distributions agree rather well with the 
data. 

As a test of the effectiveness of this method for removing biases due to 
requiring a high momentum particle , we apply it to the x 1 1  distributions which we 
have already measured for all events .  We used the highest energy data sample , 
7 . 0 <Ec .m. <7 . 8  GeV , because it has the best statistics (and also because it 
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should have the best-de­
fined jet structure) . In 
Fig . 8 are shown the dis ­
tributions (1 /o)do/dx 1 1  
versus x 1 1 for various 
cuts on Xmax (which is at 
positive x 1 1  and is not 
plotted) for 7 . O  < Ec .m. 
< 7. 8 GeV. a is the cross 
section for jets with 
xmax within the specified 
range and the distribu­
tions ( 1/o) do/dx11 are 
thus distributions of 
particle density in x 1 1 . 
The distributions are 
corrected for acceptance, 
trigger bias , data anal ­
ysis cuts , incorrect jet 
axis determination, and 
initial-state radiation 
using the jet model Mon­
te Carlo simulation and 
are therefore our best 
estimates of the true 
distributions .  We see 
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Fig . 8 .  Particle density distributions ( 1 /o)do/dx 1 1  vs . 
x1 1 for variousXmax cuts for 7 . 0 <Ec .m. <7 . 8  Gev. "inax 
is the highest-x par .ticle on one side of the event and 
is not plotted. The jet direction is oriented so that 
Xmax is at positive x 1 1 . The distributions are normal­
ized to the cross sections for jets with Xmax within the 
specifiefl range . 

that these distributions are nearly independent of the xmax cut and agree with 
the distribution for all events for negative x 1 1 . Only for xmax > 0 .  7 do we see a 
significant effect in the x 1 1 distribution on the opposite side : requiring a 
particle with xmax > 0 .  7 reduces the multiplicity for small I x 1 1 J and increases the 
multiplicity for large Jx 1 1 J. On the same side as the xmax particle we do see a 
correlation: the multiplicity decreases as xmax increases . We conclude that this 
method produces a relatively bias-free x 1 1 distribution for negative x 1 1 ; the x 1 1 
distribution opposite a jet with xmax > 0 . 3  looks like the x 1 1 distribution for all 
events. We choose to use xmax > 0 . 3  for our analysis because the statistics are 
best .  Of those observed jets with xmax>0. 3 ,  only 4 . 7% have xmax>0 . 7 ,  so the 
difference in distributions for xmax > O. 7 has little effect .  In fact ,  we have 
made a physical observation: we have shown that the x 1 1  distribution in one jet is 
independent of the xmax cut in the other jet .  There is no particular reason why 
this has to be so . In Fig . 9 we show the ( l/o) do/x 1 1  distributions produced by 
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the jet mode l Monte Car lo 
calculation. The Monte 
Car lo shows a dependence 
of the negative x 1 1 dis-
tribution on the x cut max 
used on the opposite side . 
For the Monte Carlo the 
multiplicity for small lxul 
decreases and that for 
large lx 1 1 1  increases as 
xmax increases. The x 1 1  
distribution opposite a 
jet with xmax > O .  3 is 
significantly different 
from the distribution for 
a ll events .  

The corrected ( l/ o) 
do/dx1 1  distributions for 
x > 0 .  3 for various max 
E values are shown c .m. 
in Fig . 10. ( 1 / o) do/dx 1 1 
distributions for al l 
events at the same ener-
gies are shown in Fig. 11. 
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Fig . o Particle density distributions ( 1 / o) d o/dx 1 1 vs. 
x 1 1  for various xmax cuts for jet model Monte Carlo at 
Ec .m. = 7 . 276 GeV. 

Here o is the event cross section. The distributions in Fig . 10 for negative x 1 1  
agree quite well with those in  Fig. 1 1  for a ll x 1 1  considered to  be positive if 
those in Fig. 11 are divided by two (because the distributions in Fig. 11 are for 
both jets) .  We see that the method works well for all energies; the x 1 1  distribu­
tions opposite a je t with xmax > 0 . 3  look like those for all events . To obtain 
( 1/o)d o/dx 1 1  for all events fr om (1/o)do/dx 1 1  for partic les opposite a jet with xmax>0. 3 ,  ass wne 
that the distribution for positive x 11 is the ref lection of that for negative x 11 about x 1 1=  0 .  
Then , since the distribution i s  symmetric about x1 1 = 0 ,  i t  can b e  folded over at 
x 11 = 0 so al l particles are at positive x1 1 • One observation that can be made 
about the distributions ( 1 / o) d o/dx 1 1  for various energies is that they scale 
rather well for all energies , including 3 . 0  GeV , for x 1 1_::.0 . 2 .  That ( 1 / o) do/dx 1 1  
scales for Ec .m. _::. 4 . 8  GeV i s  not surprising since s d o/dx 1 1  scales and R i s  approxi­
mate ly constant . However , R at 3 . 0  GeV is a factor of two smaller than R at th � 
higher energies . Evident ly ,  normalizing the inclusive distributions in x 1 1  to the 
total cross section rather than the luminosity makes up for this difference. 

Inc lusive distributions in rapidity and Pi relative to the jet direction can 
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then be measured using 
the method just de­
scribed . The rapidity y 
is defined by 

.J. (E+p 1 1) (lO) y ln -- ' 2 E-P 1 1  

where E is  the energy 
of the particle assu­
ming a pion mass and p 11 
is the component of 
particle momentum par­
allel to the jet axis . 
In Fig . 12 are shown 
the corrected particle 
density distributions 
( l/a) do/dy versus y for 
various x max cuts for 
7 .  0 < E < 7 .  8 GeV. c .m.  
As was the case for 
( 1 / o) d o/dx 1 1  for negative 
x 1 1 , we see that the dis­
tributions for negative 
y are nearly indepen-
dent of the x cut . max 

bl = "� -lb 

10 

0./ 

• 7.0 < Ec.m. < 7.8 GeV 
o 6.3 < Ec.m. < 7 .O GeV 
x 5.6 < Ec.m. < 6.3 GeV 
o Ec.m. = 4.8 GeV 
!:>. Ec.m. = 3.0 GeV 

0.01 L__l..._L__!___JL__!___J_J-----'--'-----'--'-----'--'--' 
-1.0 -0.8 -0.6 -0.4 -0.2 

•11 = 2P1r/Ec.m. 

0 0.2 0.4 

Fig . 10.  Particle density distributions ( 1 /a)d o/dx 1 1  
vs . xrr for Xmax > 0 . 3  for various Ec .m.· Xmax i s  at 
positive X/f and is not plotted. The distributions are 
normalized to the cross sections for jets with Xmax>0 . 3. 

For xmax > 0 .  7 there is a decrease in particle density for y between -1 . 5 and 0 .  
For positive y ,  of  course, we see a decrease in multiplicity as  the xmax cut 
increases, as was shown previously for the x 1 1  distributions . We then used the 
cut xmax > 0 .  3 to produce corrected distributions in rapidity density at the other 
energies ,  as shown in Fig . 13 .  The distrib utions for negative y are our best 
estimates of the true rapidity distributions ; those for positive y are distorted 
by the xmax cut . The real distributions of particles in rapidity relative to the 
jet direction would look like Fig . 13 with the distributions for positive y gi"en 
by a reflection of those for negative y about y=O .  The distributions ( 1 / o) d o/dy 

increases . T he distributions for the three highest increase in width as E c .m. 
energy ranges are quite similar in shape and appear to level off 
plateau for y between - 1 . 0  and 0. The value of ( 1 / o) d o/dy at the 

to a kind of 
plateau is about 

1 . 45 and is somewhat energy-dependent. A dip in ( l/a) do/dy for y between -0 . 2  
and 0 may b e  due to systematic errors in our data analysis . Because of tracking 
problems , we do not use particles with transverse momentum relativ� to the beam 
direction less than 150 MeV/c and must rely on the Monte Carlo simulation to 
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correct for this cut . 
Distributions in p , relative to the 

jet direction are of some interest be­
cause they are the basis of the defini­
tion of jet structure. Jets occur 
because p, is limited as Ec .m. increases . 
Figure 14 shows the corrected distribu­
tions ( l/ cr) d cr/dp,2 ·versus p,2 for particles 
opposite (negative x11) jets with vari-
ous x cuts for 7 . 0<E <7 . 8  GeV . max c .m. 
The distributions are independent of the 
xmax cut , except for xmax>0 . 7  which 
shows a decrease in particle density for 
p ,2<0 . 6 (GeV/c) 2 •  The corrected distribu­
tions ( 1 /cr) dcr/dp ,2 versus p/ for the 
various Ec .m. values measured for parti ­
cles opposite jets with xmax>0 . 3  are 
presented in Fig. 15 .  The p ,2 distribu­
tions are very similar in shape for 
E >4 . 8  GeV. The area under each c .m. -
·curve increases as E increases be-c .  m.  
cause of the increasing multiplicity . 
For Ec . m. =3 . 0  GeV the p , 2 

10 

I 00 ,-,--,--,-.,--,--,-,.--,---,-.,--.,, 

10 

bl= "� -lb 

0.1 

OJ)I 
0 0.2 0.4 

• 7.0 < Ec.m. < 7.8 GeV 

o 6.3 < Ec.m.< 7.0 GeV 

x 5.6 < Ec.m.< 6.3 GeV 

o Ec.m. = 4.8 GeV 

6 Ec.m. = 3.0 GeV 

0.6 0.8 1.0 
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Fig . 1 1 .  Particle density distributions 
( 1 ,&) dcr/dx11 vs . X·i1 for all events for var­
ious Ec .m. · The distributions are normal­
ized to the total cross sections for mul­
tihadronic events . 

distrib ution falls off 
slightly faster as P,2 
increases and there a.re no 
particles with p, 2 > O. 6 
(GeV/c) 2• For events, 
these distributions should 

6 0.3 < Xmax < 0.5 
0.5 < xm0x< 0,7 
Xmox > 0.3 

Fig. 12 .  Particle density 
distributions ( 1/ cr) d cr/dy 
vs. y for various Xmax 
cuts for 7 . O<Ec.m.<7 .8  GeV. 
Xmax is the highest-x 
particle on one side of 
the event and is not plot­
ted . The jet direction is 
or iented so that Xmax is 
at positive y. The distri­
butions are normalized to 
the cross sections for 
jets with Xrnax within the 
specified range . 
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be multiplied by two since 
they represent only one 
of the two jets . 

The distributions 
shown in Fig. 15 have been 
corrected using the Monte 
Carlo jet model to ·calcu­
late losses due to accept­
ance, trigger bias , and 
data analysis cuts and to 
calculate corrections due 
to finding the jet axis 
incorrectly. In order to 
show how these corrections 
might affect the p,2 dis­
tributions we present in 
Fig. 16 the uncorrected 
observed distributions 
( 1 /Nev) dN/dp,2 for parti­
cles opposite jets with 
xmax>0 . 3, where Nev is the 
number of observed jets 
with xmax>0 . 3  and dN/dp/ 

10 
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Fig. 13 .  Particle density distributions ( 1 /cr) dcr/dy 
vs . y for Xmax>0 . 3  for various Ec .m.• y is the rapidi­
ty of the particle relative to the jet direction as­
suming a pion mass .  Xmax is at positive y and is not 
plotted . The distributions are normalized to the 
cross sections for jets with xmax>0 . 3 .  

is the number o f  particles observed per (GeV/c) 2 in each P ,2 bin .  By comparing 
Figs. 15 and 16 one can see that the effect of the Monte Carlo corrections is to 
increase the particle density at high P,2 relative to that at low P,2 •  This is a 
reasonable efficiency correction because the detector acceptance makes it more 
difficult to detect both a jet and a particle at high P, to it .  In any case , the 
Monte Carlo corrections do not change appreciably the similarity in shapes of the 
distributions for Ec .m  • .::_4 . 8  GeV nor do they change the observation that the 
slopes decrease as P, 2 irtcreases . 

Figure 17 shows the same distributions as in Fig . 15 plotted versus p rather ! 
than P,2 •  These distributions are used to calculate the average transverse mo-
mentum relative to the jet direction <p, > for each of the Ec .m. . Figure 18 shows 
<p, > opposite jets with xmax>0 . 3  versus Ec .m. The dependence of <p, > on Ec .m.  is 
simple evidence for jet structure since <p, > levels off as Ec .m. increases . The 
value of <p, > for 7 .0<E,. .m.<7 . 8  GeV is 364±2 MeV/c where the. error is statistical 
only. T.o estimate tlte systematic error we calculated <p ,> for various xmax cuts 
:for 7 . O<Ec .m. <7 . 8  GeV (see Fig. 14 for p, 2 distributions for these xmax cuts) . 
The range of <p,> for different xmax cuts was within ±10 MeV/c of <p,>for xmax>0 . 3, 
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Fig . 14 .  < 1/cr) dcr/dpt vs . p12 for 
particles opposite jets with var­
ious Xmax cuts for 7 . O<Ec .m.< 7  . 8  
GeV . p1 is the component of parti­
cle momentum perpendicular to the 
jet direction. The distributions 
are normalized to the cross 
sections for jets with Xmax 
within the specified range . 

Fig . 15 . ( 1/cr)dcr/dpf vs . p12 for 
particles opposite (negative x 1 1 ) 
j ets with xmax>0 . 3  for various 
Ee. m. · p 1 is the component of 
particle momentum perpendicular 
to the j et direction. The dis­
tributio�s are normalized to 
the cross sections for j ets 
with Xmax>0. 3 .  The solid lines 
represent the fits , discussed 
in the text , to the distribu­
tions for Ec .m. = 3 . 0  GeV and 
7 . 0<Ec .m. < 7 . 8  GeV. 
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Fig. 1 6 .  Observed (1/Nev)dN/dP,_2 for par­
ticles opposite jets with "max>O. 3 in events 
with 3 or more charged particles .  Nev 
is the number of observed jets with 
Xmax>O . 3 and dN/ dp1 2 is the number of 
particles observed per (GeV/c) 2 in 
each p/ bin. 

Fig. 17. ( 1 /a) drr/dp1 vs . p1 for parti­
cles opposite jets with Xmax>0 . 3  for 
various Ec .m. · p1 is the component of 
particle momentum perpendicular to the 
jet direction. The distributions are 
normalized to the cross sections for 
jets with Xmax>0. 3 .  
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so we estimate the systematic error for 
<p/ to be ±10 MeV/c .  

The distributions ( 1 /cr) dcr/dpi2 
versus p ,2 ,  shown in Fig . 15,  do not fit 
single €xponentials in pi 2 ,  except for 
Ec .m. =3. 0 GeV. The p'}1"ameters for such 
attempted fits are listed in Table I .  
The x2/ (degree o f  freedom) are very 
large for Ec .m.� 4 . 8  GeV . That a single 
exponential in p,2 is a poor fit for 
thepe energies is obvious from Fig . 15 
since the slopes ;:.ary with P,2 •  For 
E > 4 . 8  GeV the p 2 distributions fit c .m.- l. � 
reasonably well to a sum of two' exponen-
tials in p 2 :  ( 1 /cr)dcr/dp 2 =c e-b1 ]?/ 

0.40 

u 3: 0.35 Q) � 
,,...._ 
a.-1 ....,, 

0.30 

0 
3 4 5 

Ec.m. 

--+-----+-

6 
(GeV) 

7 B 

Fig. 18 .  Average transverse momentum 
relative to the jet direction <p,> for 
particles opposite jets with Xrnax>0. 3  
vs. Ec .m. 

-b 2 
i i 1 

+c2e ZPi ; the parameters for such fits are given in Table II .  Only statistical 
errors were used to determine x2 . The distributions given by the single exponen-
tial fit for E =3 .0  GeV and by the sum-of-two-eiq:onentials fit for 7 . 0<E c .m. c .m. 
<7. 8  GeV are represented by the solid lines in Fig . 15. The coefficients of P,2 ,  b1 and b2 , 
are plotted versus E c. m. in Figs . 19a and 19b. The .larger coefficient b1 is consistent 
with about 10 (GeV/c)2 for the three highest energy ranges; it is a little larger at Ec.m. 
=4.8 GeVand a little smaller at Ec .m. = 3.0 GeV. The smaller coefficient b2 is consistent 
with about 4 (GeV/c)-2 for all energies E > 4 . 8  GeV . We have shown quantita-c .m.-
tively that the shapes of the p,2 distributions are quite similar for Ec .m.� 4 . 8  
GeV. 

In Fig. 20 we compare the P,2 distribution for 7 . 0<Ec .m. < 7 . 8  GeV with that 
for the j et model Monte Carlo . We see that for p 2>0 . 6  (GeV/c) 2 the Monte Carlo i 
distribution is lower than the data. <p,> for the Monte Carlo distribution is 
343 MeV/c ,  about 20 MeV/c lower than for the data. We also note that the Monte 

TABLE I 
Fits to � do c e -bp/ for 

a dp,2 
particles 
(GeV/c) 2 •  

b 

opposite jets with xmax>0. 3  
for various Ec .m. for p ,2>0 . 0 1  

E , c c .m. 
(GeV) KGeV I c)-2] 

3 . 0  1 1 .  08±0 .45  
4 . 8  1 2 . 03±0 . 24 

5 . 6-6 . 3  14 . 18±0 . 17 
6 . 3-7 . 0  14 . 99±0 . 2 1  
7 . 0-7 . 8  16 . 03±0 . 14 

[(GeV I c)-2] 
8 . 95±0 . 42 
6 . 96±0 . 14 
6 . 64±0. 07 
6 . 40±0 . 08 
6 . 43±0 . 05 

x2 degrees 

10 . 40 
92 . 19 

240 . 25 
182 . 23 
472 . 34 

of 
freedom 

1 1  
1 3  
2 1  
20 
23 

33 



Fits to l � qe -b 1 P1
2 

+ 0 dp ,2 

TABLE II 
-b p 2 c2e 2 1 for particles opposite jets with 

x >0 .3  for various E max c . m. for p 12 >0 . 0 l (GeV/c) 2 . 

Ec . m. IT C 1 -2] 
b 1 � C2 -2] (GeV) (GeV I c) �GeV /c) -2] (GeV /c) 

3 . 0  1 1 . 08 8 . 95 --
±0 . 45 ± 0 . 42 

4 . 8  9 . 37 1 3 . 18 4 . 93 
± 0 . 86 ± 1 . 5 6  ±0 . 98 

5 . 6-6 . 3  1 2  . 15 1 0 . 4 1  4 . 1 3 
± 0 . 6 9  ±0 . 68 ±0 . 80 

6 . 3-7 . o  1 1 . 53 1 1 . 0 7  5 . 87 
± 1 . 01 ± 1 . 08 ± 1 . 1 7 

7 . 0-7 . 8  1 3 . 9 7  10 . 2 3  4 . 62 
± 0 . 4 9  ±0 . 44 

Carlo distribution is not a single expo­
nential in P ,2 • What is the reason for 
the excess of high P , particles ? After 
testing several hypotheses,  we finally 
found an answer . In Fig s .  2la and 2lb 
are shown the K±rr+ invariant mass distri-· 
butions for 7 . 0<E < 7 . 8  GeV for both c . m .  
particles with p1<0 . 8  GeV/c and f o r  one 
or both particles with P, 2- 0 . 8  GeV/c .  

±0 . 56 

1 6 
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4 E 
0 

�- 6 
'< � 

4 "' 

N 2 "" 
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b 2 -2 
x2 degre" 

Rcev/c) ] frg�do 
s 
m 

-- 1 0 . 40 i l  

4 . 43  4 . 86 1 1  
±0 . 36 

3 . 93 2 3 . 75 19 
±0 . 2 7  

4 . 25 36 . 70 18 
±0 . 30 

3 .  7 7  29 . 86 2 1  
±0 . 1 7 

-+--+--+--

(a I 

--+---+---+----

( b l  

3 4 5 6 7 

Ec.m. (GeV) 
8 

For the first case we see no signal , but 
for the second case we see a peak near 
the D0 mass of 1863 MeV I c2 . 5) (The only 
other way that has been found to isolate 
a D0 signal in the high-energy data is to 
require the Krr momentum to be greater 
than 1 .  5 GeV I c. 1 5l) We therefore have con­
clusive evidence that some of the high p1 
particles are the result of D0 production 
and decay into K-11 +. Other D decays have 
been studied by Monte Carlo , but of these 

Fig. 1 9 .  Coefficients of p/ , (a) b 1 
and (b) b2 , for fits of the form 
( l /o ) do/dp12 = c1 e-b 1 p12

+c2e-b2p, <  
for particles opposite jets with 
Xmax>0 . 3  vs . Ec . m . · 

the decay of a heavy particle into two 
charged particles is the primary source 
of particles with p 1>0 . 8  GeV/c .  In fact , it is possible to produce a quite a ie­
quate representation of the observed p 1

2 distribution by adding to the j et model 
Monte Carlo a contribution from D0*i5°*11+11- , where D0*->-D0y or D0rr0 and D0 decaya 
only to K-11+ , as shown in Fig. 2 2 .  One should note that all high p 1 particle:> do 
not necessarily come from charmed particle decays , and we cannot show that . th" 
second exponential in p1

2 is completely due to charm. Some high P, particles can 
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result from two-j et production , and 
the jet model p1 2 distribution is not a 
single exponential in p1 2 • 

We have measured the dependence 
of the p1 distributions on x 1 1 ,  or 
Feynman x, for 7 . 0<E <7 . 8  GeV . c .m .  
Figure 23 shows the corrected distri-
butions ( l/a) do/dp,2 versus p/ for 
several x 1 1  ranges for particles oppo­
site jets with xmax>0. 3 .  The distri­
butions are normalized to the cross 
section for jets with xmax>0 . 3 . From 
these distributions we see that par­
ticles with x 1 1  between 0 . 1  and 0 . 3  
are the major contributors to the 
high p1 2 region. Particles with x 1 1  
less than 0 . 1  and between 0 . 3  and 0 . 5  
contribute about equally t o  the high 
p1 2 region. We were able to calculate 
<p 1 > for the x 11 ranges with x 1 1 less 
than 0 . 5 ;  the p1 distributions 
for x 1 1 greater than 0 . 5  are 
too poorly defined because of 
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Fig. 20. Comparison of ( 1 /a) d o/dp12 vs . 
p,2 for particles opposite jets with Xmax 
>0 . 3  for 7 . 0<Ec .m. <7 . 8 .  GeV with the jet 
model Monte Carlo distribution for all 
events at Ec .m. : 7 . 276 GeV . 

.. . . .  
p.l < 0.8 GeV/c for Both Particles ( D )  

. .  . . . . . .. · · · · · · · · · · · · · ·  · · · · · · · · · · · 

the limited statistics to 
allow a calculation of <p1> .  
In F5.g . 24 we present <p 1> 
versus x 1 1  for three x 1 1  ran­
ges . <p/ increases with in­
creasing x 1 1  in a manner quite 
like the "seagull" effect 
seen in leptoproduction. 1 6) 

2 0 t--�--'--�----'��J_�_L�__J��J_�_j_�� 

Fig. 2 1 .  K±rr+ invariant mass 
distributions for 7. 0<Ec.m.<7. 8 
GeV for (a) both particles with 
p1< 0 . 8  GeV/c and (b) one or 
both particles with pL'.'._0 . 8  
GeV I c .  p1 is the component of 
particle momentum perpendicu­
lar to the observed jet axis. 
No time-of-flight infom ation 
was used ; each combination 
was plot ed twice - once for 
each ma ,s assignment . 

(f) z Q � z 
m 
::;: 0 u 

p.l 2: 0.8 GeV/c for I or Both Particles ( b )  
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Fig. 22 .  Observed P,2 distribution for particles 
opposite jets with Xmax>0 . 3  in events with 3 or more 
prongs for 7 . 0<Ec.m. < 7 . 8  GeV. p, is the component of 
particle momentum perpendicular to the observed jet 
axis. The data is compared with the sum of the Monte 
Carlo predictions of the jet model and a charmed meson 
production model. The Monte Carlo distribution is nor­
malized to the total number of particles in the data. 
The relative normalization of the two models was chosen 
by requiring that the number of high p, 2 particles 
agree with the data. 

The p 1 2 distributions for x 1 1 <0 . 1  and O .  l<x 1 1 <O . 3  can be fitted to sums of two 
exponentials in p12 ,  and the distribution for 0 . 3<x 1 1 < 0 . 5  requires only a single 
exponential . The parameters of the fits to (l /o)do/dp, 2 = c1 e -b 1P,2 + c2e-b2P,2 

are listed in Table III . The minimum p,2 used in the fits was varied somewhat to 
obtain reasonable fits . The fitted distributions are represented by the solid 
lines in Fig. 23 .  The values of the coefficients of p12 , b 1 and b2 , are plotted 
versus x 1 1 in Figs. 25a and 25b . Since the single coefficient for 0 . 3<x 1 1 < 0 . 5 was 
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TABLE III 
Fits to � d cr

2 
= c1e

-b 1P:..2 + c2e-b2p12 for particles in various a dp1 
x 1 1 

ranges opposite j ets with xmax>0 . 3  for 7 . 0<Ec .m. <7 . 8  GeV . 
degrees 

of 
freedom 

x 1 1 range C l 
rrcev/c)-� 

b 1 �GeV/cf2) 
c2 KGeV/cf2] 

b2 KGeV/cf2] 
x2 

<O. l 8 . 98 10 . 37 
p1 2>0 . 09 (GeV/c) 2 ±0. 47 ±0. 72 

0 . 1  - 0 . 3  3 . 09 8 . 82 
p 12>0 . 04 (GeV/c) 2 ±0 .47  ± 1 . 12 

0 . 3  - 0 . 5  1 . 24 3 . 88 
p1 2>0 . 16 (GeV/c) 2 ±0 . 09 ±0 . 2 1  

in agreement with the smaller coeff i­
cient for the other two x 1 1  ranges, it 
was plotted in Fig. 25b . The larger co­
efficients for x 1 1 <0 . l and 0 . l<x 1 1 <0 . 3  
are both consistent with 1 0  (GeV/c)-2 , 
the same value that was found for the 
p12 distribution integrated over x 1 1 • 
The smaller coefficients and the single 
coefficient for 0 . 3<x 1 1<0 . 5  are consis­
tent with 4 (GeV/c) -2 , again in agree­
ment with the smaller coefficient for 
the p12 distribution integrated over 
x 1 1 • If we were to assume that the ex­
ponential with the smaller slope is 
due to charmed particle production, 
then we would be forced to conclude 
that all particles with 0 . 3<x 1 1 <0 . 5  · 

are the result of charmed particle de-' 
cay, which is unlikely . Unfortunately, 
we have been able to study only the 
decay n°+K-�+ which has a branching 
ratio of only (2 . 2±0 . 6) % . s> we are 
otherwise unable to separate the charm 
production component in this analysis . 
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Fig. 23 .  ( 1 /cr) dcr/dp12 vs . p/ for parti­
cles in various x 1 1  ranges opposite jets 
with Xmax>0 . 3  for 7 . 0<Ec.m. <7 . 8  GeV . 
The distributions are normalized to the 
cross section for jets with Xmax>0 . 3 .  

We have looked for charge correlations between the leading particle in one 
jet and all other observed particles in events with three or more charged prongs . 
The data sample used was the highest energy range 7 . 0<Ec .m.<7 . 8  GeV . We plotted 
x 1 1  distributions using the same method as was described in connection with Fig. 8 ,  
except that two distributions were produced - one for those particles with the 
same charge as Xmax and another for those particles with the opposite charge to 
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the xmax particle . In Fig . 26 we present 
the observed ratio opposite charge f th same charge 0 ese 
two distributions in x 1 1  for two different 
x cuts :  x >0 . 5  and x >0 . 7 .  x is max max max max 
at positivl'! x 1 1 , and , of course, is not in-
cluded. For this distribution we have used 
only events in which the total charge was O 
if an even number of particles was observed 
or ±1 if an odd number was observed . In 
general , since the detector did not have 
complete acceptance , one or more particles 
were not detected, so we do not expect to 
conserve charge . We also plotted the 
charged particle multiplicity distribution 
for each x 11 bin so that we could calculate 
the statistical expectation for the charge 
ratio . For example , for an event with 3 
charged particles and total charge ±1 the 
probability that any 2 particles have oppo­
site charge is 2/3 and the probability that 
any 2 particles have the same charge is 1 /3, 
so the ratio of opposite charge to same 
charge is expected to be 2 .  The expected 
ratio decreases as the multiplicity increas­
es . The statistical expectation versus x 1 1  
is represented by  the dashed line in Fig . 26 . 
We see that for positive x 11 the ratio of 
opposite charge to same charge is much 
larger than the statistical expectation. 
This means that there are same-side corre-
lations : particles in the same j et as the 
Xmax particle tend to have the opposite 
charge to the �x particle. Such an effect 
can be caused by neutral resonances and is 
expected for various other models .  For 
negative x 1 1  there is no evidence for charge 
correlations . For xmax>0 . 7  the point at x 1 1  
=-0 . 85 is  high compared with the statisti­
cal expectation, but the difference is not 
statistically significant. There were only 
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18 events contributing to this point. Of 
these 3 had the same charge as xmax and 
15 had the opposite charge , whereas we 
would have expected 6 and 1 2 .  The prob­
ability of observing a charge ratio of 5 
or more is about 10% . The statistical 
expectation is generally a little larger 
than the measured charge ratio for nega­
tive x 1 1 • In principle, when calculating 
the statistical expectation for negative 
x 1 1 we should have taken into account the 
observed charge correlation at positive 
x 1 1 •  This would have had the effect of 
lowering the statistical expectation 
slightly for negative x 1 1 • The effect 
would be small because the number of 
particles at positive x 1 1  is small for 
such large xmax cuts (see Fig. 8) . Some 
quark-parton models predict a charge cor­
relation between leading particles in 
opposite j ets due to their production 
from a quark-antiquark pair. Particles at 
x 1 1  <-0 . 5  are certainly the, leading parti­
cles in the jet opposite the jet with 
xmax' yet we see no such effect.  It may 
be that to see these leading-particle 
charge correlations , both particles must 
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Fig . 26 . Observed ratio of the number 
of particles with opposite charge to 
the Xmax particle to the number of 
particles with the same charge as 
Xmax for (a) Xmax>0 . 5 and (b) Xmax 
>0 . 7  vs . x 1 1 far 7 . 0<Ec .m. < 7 . 8  GeV. 
Xmax is at positive x 1 1 . The statis­
tical expectations , calculated from 
the charged particle multiplicity 
distributions for each x 1 1  bin ,  are 
represented by the dashed lines. 

have x very near l ;  unfortunately , the statistics of our data sample are not suf-
ficient for such a measurement .  
VI. CONCLUSIONS 

Studies of hadron production by e+e- annihilation have yielded very exciting 
results .  The data discussed here were taken by the SLAC/LBL magnetic detector 
collaboration at SPEAR at center-of-mass energies between 2 . 6  and 7 . 8  GeV away 
from the resonance regions . The maj or results presented in this talk may be sum­
marized as follows : 

1 .  R ,  the ratio of the total hadronic cross section to the muon pair produc­
tion cross section , shows the following behavior, apart from the � . � - .  
and � - - peaks : below 3 . 5  GeV, R is approximately constant a t  a value of 
about 2 . 6 ;  between 3 . 5  and 4 . 5  GeV, R shows a complex structure associ­
ated with charm production ; above 4. 8 GeV, R is again approximately constant 
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at a value of about 5 . 3  without subtracting heavy lepton production. 
2 .  The single particle inclusive distributions s do/dx roughly scale for 

x>0 . 3  for the entire E range 3 . 0  to 7 . 8  GeV. c .  m. 
3. There is strong evidence for j et s tructure in hadronic events for Ec . m. 

>4 . 8  GeV. At 7 . 4  GeV the jet  axis angular distribution was measured to 
be proportional to 1 + (0 . 9 7±0 . 14) cos2e , consistent with that for a 
pair of spin- 1/2 particles .  A j et model Monte Carlo simulation is able to 
reproduce the sphericity distributions and the single particle inclusive 
momentum and angular distributions for events with three or more charged 
particles . 

4 .  Inclusive distributions in s do/dx 1 1 , where x 1 1  (Feynman x) = 2pu /Ec . m. 
and p 11 is the component of particle momentum parallel to the j et direc­
tion, scale to within 10% for O . l<x 1 1 < 0 . 8  for Ec .m.  _::4 . 8  GeV. Inclusive 
distributions in ( 1 /o) do/dx 1 1  , where a is the total hadronic cross sec­
tion, scale rather well for x 1 1  _::_ 0 . 2  for all energies . 

5 .  The x 1 1  distribution for one jet i s  nearly independent o f  the magnitude 
of the momentum of the leading particle in the o ther jet . 

6 .  Distributions in rapidity with respect t o  the j e t  direction have been 
measured and show the development of a plateau for the three highest 
energy regions measured, from 5 . 6  to 7 . 8  GeV . 

7 .  Distributions in p 12 relative t o  the jet direction have been measured . 
The average p 1 has been measured as a function of Ec .m.  and levels off 
at a constant value for the three highest energy regions measured , 
giving direct evidence for jet structure. The distributions in p1 2 can 
be fitted to the sum of two exponentials in p 12 •  A contribution from 
charmed meson production needs to be added to the j et model in order to 
account for all of the high p 1 particles observed. 

8 .  Dis tributions in p 1 2 as a function o f  x 1 1  have been measured for 7 . 0  
<Ec . m. < 7 . 8  GeV. The average p 1 increases with increasing x 1 1  for x 1 1 �0 . 5. 

9 .  Evidence for same-side charge correlations has been found : particles in 
the same jet  as a large-x leading particle tend to have charge opposite 
to that of the leading particle . There is no evidence for opposite-side 
charge correlations . 

The data seem to be in general agreement with the predictions of quark-parton 
constituent models .  The production of charmed particles complicates the picture 
somewhat . It should be quite interesting to see what happens at the next higher­
energy storage rings PEP and PETRA . 
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1 .  Introduction 
The DELC01 ) experiment has been located at SPEAR , in the east pit ,  s ince 

the beginning of 19 7 7 . It was designed to study the production and decays of 
new particles , tagged by direct electrons emitted in weak decays . Two kinds 
of particles are now known to provide such a s ignal : the charmed particles2) 

and the heavy lepton T , 3) and DELCO is particularly well suited to s tudy their 
properties . In this talk , I will briefly describe the detector and review 
older results , as they s tood at the end of 19 7 7 ,  before presenting the lates t 
data which are , of course,  preliminary . 

2 .  The Detector 
The detector4 )  is shown in Fig. 1 . The interaction region sits in a 

3 . 5  kG near axial field provided by two coils wrapped on steel pole pieces 
85 cm apart .  The beam passes through the poles of the magnet and the return 
yoke is extended far up and down to avoid interfering with the rest of the de­
tector . A set of s ix cylindrical multiwire proportional chambers extend from 
the beam pipe to a radius of 30 cm. The inner four cylinders subtend 80% of 
4n steradians . Four of the cylindrical high voltage foils are divided into 
2 cm strips inclined at 4 5° to the beam axis , to provide a crude depth measure­
ment.  Scintillation counters on the pole tips increase the solid angle for 
detection of charged particles . 

The MWPC are surrounded by a segmented Cerenkov counter filled with 
ethane at atmospheric pressure. In each of the 12  cells a double bounce optics 
focuses the Cerenkov light onto a 5 inch phototube coated with PTP wave-shif ter 
yielding, on the average,  10 photoelectrons for a 8= 1 particle, and a hadron 
rejection better than 10-3 . Next in the sextants are located two planes of 
magnetostrictive spark chambers providing two � and z measurements per track . 
Together with the MWPC information they give the following accuracies : 
ap/p � 10 P (Gev/c) % ,  a� � a8 � 5 mrad . Finally , behind the spark chambers , 
an array of shower counters consisting of three layers of lead and scintilla­
tor covers roughly 60% of 4n steradians , the inner layer s trips being timed at 
both ends . Over the last summer , we added two lead walls followed by spark 
chambers and scintillation counters to obtain a muon identification over 20% 
of 4 n ,  for particles with a momentum above 700 MeV/c .  We do not have results to 
report yet involving this new piece of equipment . 

The trigger for the exper iment relies heavily on the shower counters : the 
coincidence of at leas t two out of three layers of a shower module , called an 

S signal , is satisfied by charged particles , as well as by relatively soft 
photons . The basic trigger requires a track ip the inner two MWPC in coinci­
cence with two S s ignals from different sextants within 20 ns of the beam 
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cros sover time. It is mixed with two other triggers which allow all neutral 
final s tates : three S from three different sextants , or two S with a minimum 
total pulse height rejecting cosmics . The combined trigger rate is 0 . 7  Hz . 

After track finding, cosmic ray events and beam gas interactions are re­
moved on the basis of timing and vertex cuts . The remaining 15% of the trig­
gers are real e+e- interactions and are classified into two main categories : 

QED processes including the f inal states e+e- , µ+µ- , yy,  e+e-y , etc . 
These events represent roughly two thirds of the interactions and we use them 
very extens ively for calibration and normalization purpos es . In particular , 
the eey events gave us a way to measure the efficiency of our Cerenkov as a 
function of the electron momentum, as shown in Fig .  2 .  

hadronic events including multiprong events (with three tracks o r  more 
emerging from the interaction region) , and two-prong events ( if they are acop­
lanar with the beam by more than 5° , and one track is not an electron) . Parti­
cular attention is given to the subset of events having one electron candidate, 
that is a track giving an in-time pulse in both a Cerenkov cell and a shower 
module . 

The determination of our hadronic detection efficiency somewhat depends on 
the " true" multiplicity distributions which we tried to unfold from our observ­
ed events .  Thanks to our neutral triggers , i t  is well above 90% for events 
with at least 4 prongs , and around 50% for two-prong events . An averaged de­
tection efficiency at Ec . m. of 3 . 8  GeV is 0 . 85±0 . 1 . 

3 . Old Results4 )  
+ -

The measured value of R _ cr (e e + hadrons) . th = + _ + 
_ 

in e range 3 . 6  GeV < ECM < 
cr ( e  e + µ µ ) 

4 . 8  GeV is displayed on Fig . 3 .  The errors shown are s tatistical and the verti-
cal scale may possess an overall systematic error of 20%. The general features 
of this plot are in reasonable agreement with those already measured at SPEARS)  

and DORIS . 6 )  We  very carefully investigated the dip around 4 . 25 GeV and the 
new resonance ljl" whose parameter we determine to be : 

M (37 70±6) MeV/c2 

I' ( 24±5) MeV/c2 

r ee ( 180±60) eV 

This resonance has been identified as the first 3D state of charmonium 1 
predicted in 1975  by Eichten et al . 7) S ince it s its above the expected DD 
threshold, 8)  but below any DD* threshold , it decays only into DD states , and 
thus provides a very clean laboratory to s tudy the D meson. 9) 

R e 
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s t:uctures observable in R are also visible in Re ' but with a much smaller 

background . In particular, the w" resonance is clearly visible , and this pro­

vides unambiguous evidence for the s emileptonic decay of D mesons . The com­

parison o f  the relative size o f  the �" peaks in both plots , after correction 

for losses into two and fewer observed prongs gives a measurement of the semi­

leptonic branching ratio : 

BR (D 7 evX) = ll ± 2% 
BR ( D  7 all) ' 

This is consistent with other measurements at SPEAR and DESY. lO) 

Finally ,  the smooth excitat ion curve we obtained for the two-prong elect­

ron events contrasted sharply with the Re curve and gave support to the hypoth­

esis of a heavy lepton as a possible origin for those events .  

4 .  New Results 

Since las t summer ,  in order to inves tigate further the heavy lepton hypoth­

esis ,  we first took a lot of new data at energies below charm threshold 

( 3 . 5  GeV, 3 . 625 GeV, 3 . 684 GeV, 3 . 72 GeV) and we performed a new analysis of 

our older data, in order to gain s ome s tatistic s .  The s t eps in our new pro­

cedure invole selecting events with only 2 charged prongs and any number of 

photons . One of the tracks , the electron cadidate , mus t have a momentum great­

er than 200 MeV/c and trigger the Cerenkov cell it traverses . The other track 

must have a momentum greater than 300 MeV/c and no t trigger its Cerenkov cell . 

The relative azimuthal angle between the two tracks has to be less than 1 60° . 

Events with a topology compatible with eey ( 15)  are then rej ected , leaving a 

sample of 660 events . The shower pulse height for both tracks in these events 

is shown in Fig . 5 ,  together with the distribution expected for a non-electron 

track. To further eliminate electrons which have not been tagged by the 

Cerenkov , the X prong is required to have a sho""'1" counter pulse less than 3 . 3  

t imes a minimum ionizing pulse . This leaves 540 events with an estimated 

background of 15 events ,  consis tant with the rate of events seen at the w ( 3095) 

and at 3 . 5  GeV. The contcibution from two photon processes ( e
+

e-
7 e

+
e-µ

+
µ-) 

where only two particles are detected is estimated to be less than 2% by com­

paring the number of events witn like s ign and oppos ite sign particles . 

The number of events for different values of the center of mass energy is 

given in Table I ,  and the corresponding rate normalized to muon pairs , re ' is 

shown in Fig . 6 .  I t  i s  already clear from the table that there i s  a threshold 

between 3 . 5  and 3 . 6  GeV for the production of eX events , and that this thres­

hold is definitively different from the charm threshold , since we observe 35 

events wi thout photons at energies between 3 . 6  and 3 . 72 ,  with an expected back­

ground of at mos t  2 events . ll) The data at the w "  are estimated to contain a 

20% background from charm and will be eliminated from all the subsequent analysis . 
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Table I :  Measurement of the eX production rate as a 
function of energy . 

E 411 eX,noy) r oy (xl0-3) eX(all) r (xl0-3) N c .m. µµ e e 

iJi 2456 0 0 + 2 . 3  4 9±5 
3 . 5  1253 4 . 5±4 . 5  4 . 5±4 . 5  
3 . 6  207 2 7 . 5±27 . 5  3 82 . 6±47 . 7  
3 . 625 817 4 27 . 9±14 5 34 . 9±15 . 6  

' iJi ' (3 . 689) 2724 15 31 .4±8 . 1  26 54 . 4±10 . 7  
3 .  725 2434 15 35 . 1±9 23 54±11  

iJ!" ( 3770) 8329 89 60 . 9±6 1 18 81±7 
3 . 80-3 .90 2615 22 48±10 30 65±12  
3 . 90-3 . 98 889 8 51 . 3±18 9 68± 19 
3 . 98-4 . 24 3841 52 77 . 1± 1 1  86 1 28±14 
4 . 24-4 . 28 1856 26 79 . 8±16 39 120±19 
4 . 28-4 . 99 4899 76 88 . 4±10 104 121±12 
4 . 99-6 . 5  1187 23 110 . 4±23 36 1 73±29 
6 . 5-7 . 4  1535 37 137 . 4±23 56 208±28 

Charm background at higher energies is expected to be less than our statis­
tical errors and has therefore been neglected . Also shown on Fig . 6 are the 
fitted e�citation curves for a pointlike spin 1/2 particle , letting the mass 
and the branching ratios vary . The results of the fits are summarized in 
Table II .  12) It is not possible to get a good fit to the data, either with a 
spin 0 pointlike particle because of the high yield· of eX events , or with a spin 

particle because of the very slow rise with the center-of-mass energy . 

Table II : Results of the fits to the excitation curve (see ref . 12 )  

M (GeV/c2) T 

2b b e x 

x2/NDF 

eX,noy eX,all 

0 . 1 18  ± . 008 0 . 1 70 ± 0 . 10 

7 .  6/11  17  .0/ 1 1  

I n  order t o  extract some branching ratio information from the asymptotic 
values of r , we use the results of the theoretical computation by Gilman and 

13 )  e 
Miller and assume that the relative decay rates for T giving one charged 
prong are well known. This yields a branching ratio to electrons of ( 1 6:!;1) % 
and a branching ratio to multiprongs of (32±3) % ,  where the errors are 
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statistical only . 
We can now use our two-prong electron events to study the electron momen­

tum distribution which, in complete analogy to muon decay , yields information 
about the helicity of the T neutrino and thus about the V-A or V+A coupling 
responsible for the decay . In the same spirit ,  it is very convenient to para­
metrize this momentum spectrum in terms of the Michel parameter p whose values 
are 0 for V+A, and 0 . 75 for V-A.  We first compare in Fig. 7 the mean value of 
the electron energy divided by the beam energy , for different energy bins , with 
the predicted values : 14) 0 . 35 for V-A and 0 . 30 for V+A. Next , we fit the 
electron spectrum integrated over all energies (Fig. 8) with spectra obtained 
by Monte Carlo , for different values of p .  The results of the fits are summar­
ized in Table III.  We conclude from those two tests that the agreement with 
V-A is excellent ,  and that if V+A 
very unlikely (< 1% probability) . 
neutrino mass15) on the electron 
at the 90% confidence level . 

is not completely ruled out , it is at least 
We also investigated the effect of a finite 

spectrum and found an upper limit of 250 MeV/c2 

Table III : Results of fits to the electron spectrum 

Hypothesis p x2/NDF 
V+A 0 38/18  
V-A 0 . 75 1 7 . 6/18 

0 . 73±0 . 15 17 . 5/ 1 7  

We also tried to extract some information on the T from our multiprong 
electron events .  The problem there i s  t o  take care of the very important con­
tribution of the charmed particles to those events . We used two different 
methods . First we selected the multiprong electron events in the charm deplet­
ed regions at Ec .m?f 3 . 72 , 3 . 85 and 4 . 25 GeV , and we rejected the remaining 
charm contribution by requiring the electron momentum to .be greater than one 
third of the beam momentum. This gives us 78 multiprong events to be compared 
with 29 ex events with the same cuts . After correction for the relative detec­
tion efficiencies and assuming our measured value for the branching ratio into 
electrons , we obtain a multiprong branching ratio of (34±6 )% .  The other method 
relies on the assumption that charm events do not contribute to the highest 
part of the electron momentum spectrum : as we cut progressively higher on the 
electron momentum, the ratio of multiprong to two-prong electron events should 
become constant , when the charm limit has been reached. This is shown on Fig . 9 .  
The ratio o f  1 . 8±. 3 gives , after correction for detection efficiencies , a multi­
prong branching ratio of (35±6 ) % .  
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It is worth pointing out that our three independant determinations of the 
multiprong branching ratio are in very good agreement with each other and with 
earlier estimates by the PLUTO and DASP collaborations at DESY. 16) Such a high 
multiprong branching ratio implies a very important contribution of the T in 
the multiprong events all over the charm region, and in particular a 20% back­
ground at the tjl11 (3770) ! ! 

Let us finally turn to the D meson semileptonic decays and assume we under­
stand reasonably well the T background under the tji" . The multiprong electron 
spectrum at this resonance is shown on Fig. 10 together with our best estimates 
for the background from misidentified hadrons and heavy lepton events . The re-

* 
maining part has been fitted with D + Kev and D + K (890)ev in variable amounts . 
The best agreement has been obtained for equal amounts of those two decay modes 
and the resulting curve is also drawn on Fig . 10. It should be noted that this 
result is still very preliminary , and that it is very sensitive to the T back­
ground subtraction which we are still investigating . 

S .  Conclusion 
In the present status of our experiment, I have tried to convince you that 

the heavy lepton T exists and in particular that the charm is completely ruled 
as a single source for the two-prong electron events . All the properties we 
could investigate so far are perfectly compatible with a spin 1/2 pointlike 
particle decaying through V-A into a massless neutrino and other particles , 
with branching ratios accurately predicted by different models . 

The second conclusion is that the complete study of the 4 GeV energy 
region will be very delicate ,  with a s izeable contribution from charm into the 
two-prong class (at least at the tji") , and a contribution of the same order of 
magnitude from the heavy lepton in the multiprong class . 

We are now trying to pursue our analysis using our new muon detector , and 
we are still taking data which will, maybe, bring still other unexpected 
developments . 
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NEW RESULTS ON e+e- ANN IH ILAT ION FROM DASPl ) ( I ) 

GUnter Gri ndhammer 

Max-Pl anck- I nstitut fUr Physi k und Astrophysi k ,  MUnchen 

ABSTRACT 

Thi s report focuses on the fol l owing topics :  
- a measurement of  the total hadronic cross section i n  e+e-

anni hi l ation between 3 . 6  and 5 . 2  GeV , 
- new data on the cascade decay from the � ' ( 3 . 7 ) , 
- a search for the decay � · + J/� n° , and 
- measurements of J/� rad iative decays med i ated by two 

gl uon exchange. 

RESUME 
Le rapport comporte l es sujets sui vants : 
- l a  mesure de l a  section efficace hadron ique tota l e  de 1 ' ann i­

h i l ation e+e- dans l '  interval l e  d ' energ i e  de 3 . 6  a 5 . 2  CeV 
- resul tats recents sur l a  des i ntegration en cascade de l a  

resonance � ' ( 3 . 7 )  
- l a  recherche de l a  desi ntegrat ion � ·  + J/� n° et 
- l es mesures des des i ntegrations radiatives de l a  resonance 

J/� par l ' echange de deux gl uons . 
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I .  I NTRODUCTION 

In this tal k  on recent resu l ts by the Doub le  Arm Spectrometer 
( DASP) col l aboration1l  at the e+e- storage ring DORIS , the fol l owing topics 
wi l l  be covered : 

1 .  
+ -

Measurement of R = a( e e -+ hadrons) a( e+e- + µ+µ- ) between 3 . 6  and 5 . 2  GeV 

and the observation of three resonance l i ke structures above charm 
thresho l d .  

2 .  New high stati sti c measurement of the cascade decay 1/J '  -+ P/x . 
P /x + yJ/\jJ ,  JN + µ+µ - and a revi ew of a 1 1  experimental data concerning 
the status of the x( 3 . 45 )  state , pl us a search for the decay 1/J ' + J/¢rr0 . 

3 .  Measurement of  two gl uon exchange i n  J/1/J rad iative decays 

for otner resu lts obta i ned recently by DASP the reader is re­
ferred to the tal k by G .  �Jol f  at th i s  meeting . 

I I .  THE DETECTOR 

The DASP detector ( see Figs . 1 and 2) cons i sts of two identical 
magnetic spectrometer arms and a nonmagnetic i nner detector l ocated between 
the two magnets . 

The magnetic spectrometer arms cover a sol id  ang le  of 
� 2 · . 04 · 4rr and have a ·maximum bending power of 1 . 8  Tm . The momentum reso­
l ution crp/P2 (p in GeV/c) vari es typica l ly  between 0 . 8  % and 2 . 5  % depending 
on the magnet exc itati on . A partic le  entering a magnetic  arm traverses the 
fol l owing counters and chambers : a total of three scinti l l ation counters , two 
proportional chambers , a thresho ld  Cerenkov counter for el ectrons , and one 
spark chamber in front of the magnet, and five spark chambers , time of fl ight , 
shower, and range counters beh i nd the magnet . Muons are identified by the 
range counters . El ectrons are detected through the Cerenkov and shower coun­
ters . Using the momentum and time of fl i ght information , it is poss ib le  to 
separate pions and kaons up to momenta of 1 . 5  GeV/c and to identify protons 
up to momenta of 3 GeV/c . 

The nonmagnetic inner detector covers a sol id  ang le  of 0 . 7  · 4rr . 

It is az imutha l ly  divided i nto 6 segments , each cons i sting of four modul es 
and l ead scinti l l ator shower counters at the end . Each module  is made up 
of a scinti l l ation counter hodoscope , a sheet of l ead 5 mm th i c k ,  and a propor-
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Ftg . 1 :  
Blow up pi cture of the DASP detector : Fe S 
M (Magnet) , DK ( proporti onal or spark chambers ) ,  
F ( time of fl i ght counters ) ,  S ( shower counters ) , 
R ( range counters) ,  Fe ( iron ) , SR ( beam pi pe)  

Fig.  2 :  Nonmagnetic Inner Detector 

2'7 5 1  

DK SR 
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tional chamber. Each o f  the 6 segments i s  spl it  perpendicular to the beam 
l i ne at the i nteracti on poi nt i nto two segments l eading to a total of 12 
i nner detector segments . For a 50 MeV photon the detection effici ency i s  
about 50 % and ri ses to 90 % at 100 MeV and to 9 5  % above 200 MeV . The rms 
energy resol ution for photons i s  about 14 % for a 1 GeV photon . 

The incl usive tri gger2 )  of DASP demands that at l east one 
charged particl e traverses one of the spectrometer arms . The requ irements 
of the mul ti-hadron ic trigger3 l are that at l east 3 of the 12 inner detector 
segements and at l east one of the 22 beam p ipe counters fire . 

I I I .  THE TOTAL HADRONIC CROSS SECTION 

The total hadronic cross section incl uding contri butions from 
T T  producti on has been previously measured by SLAC-LBL4 ) and PLUTo5 l us ing 
sol enoidal detectors. Whi l e  these two experiments agree on the general shape 
of the cross section , they show d ifferences in deta i l . 

In contrast to 'the previ ous experiments , the DASP experiment 2 )  
has i n  particul ar two features wh ich hel p improve our knowledge of the total 
cross section and wh ich give different systematic uncerta i nties . First ,  we 
used a nonmagnetic detector with s im i l ar trigger and detection effici ency 
for both , charged partic l es and photons . Second, in first approximation , the 
detection effici ency was determi ned experimental ly and not by a Monte Carl o 
computation . 

We have col l ected data for center of mass energi es between 
3 . 6  and 5 . 2  GeV . The total integrated l uminosity excl uding the * ' was 
about 7500 nb- l The mul ti hadron tri gger requi rements as descri bed in 
section I I  l ed to about 107 events cons isting ma in ly of beam gas and cosmic 
ray background and of only about 1 % good events . Several stringent software 
cuts were appl i ed removing 25 % to 30 % of the good events but el imi nating 
a lmost a l l  of the background . Us ing the time of fl i ght between the outer­
most scinti l l ation counters of the inner detector , the rema i n ing background 
due to cosmic rays was found to be l ess than 2 %. A rema in ing background of 
3 to 5 % due to beam gas , as estimated from the d i stribution of the recon­
structed vertex poi nts al ong the beam axi s ,  was subtracted from the data . 
The background i n  the rema i ning data due to h i gher order QED-processes 
( e+e- + L+L-y ,  e+e- + e+e-L+L- wi th L = e ,µ ) and due to e+e- + e+e- + hadrons 
was found to be negl igib l e .  
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To determ i ne the detection effi c i ency for hadronic  events , 
we took advantage of the fact that the i ncl usive tri gger ( see section I I )  
operates i ndependently and paral l el to the mu l ti hadronic  tri gger.  Therefore 
the hadronic detection effici ency to f i rst approximation is g i ven by : 

( 1 ) 

where N��C i s  the number of incl u s i ve events which i n  addi tion sati sfy the 
mul t i hadron tri gger and software requi rements and NI NC is the total number 
of i nc l u s ive events . Numeri cal l y  £EXP i s  about 40 % .  This  experimental de­
termi nation of the effic i ency i s  not free of b ias { for exampl e ,  only a char­
ged particl e can l ead to an inc lus i ve trigger) and ha s to be corrected for 
by Monte Carl o .  For thi s purpose a program was �sed which s imul ated in detai l 
the DASP-detector .  The production of pions , kaons and nucl eons was taken 
i nto account , reproduc i ng the momentum spectra as measured by DASP2 ) . The 
production and decay of charmed mesons and TT was al so i ncl uded . The compu­
tations showed that the eff i c i ency for the detection of heavy l epton events 
is only 1/3 the effi ci ency for real hadronic  events . Si nce the heavy l epton 
production s hou l d  not be counted i n  the total hadronic  cross section , we 
s ubtracted the smal l heavy l epton contri buti on ( - 10 %) from the data . The 
tota l hadronic  cross section i s  then g i ven by 

N EXP( t "  f t ) a ( e+e- + hadrons)  = · £ · co�rec ion ac or ( 2 ) 

where N i s  the number of hadronic  events and L i s  the i ntegrated l umi­
nos i ty wh ich  was  determi ned from sma l l  angl e Bhabha scatter i ng . £EXP i s  
the experimenta l l y  determi ned effici ency as  described above . The correct ion 
factor is about 1 . 0 7  and turns out to be rather i nsens i t i ve to the specific  
parameters of  hadron production such  as jet versus phase-space production or 
charged and neutral mul ti pl i c i t ies . The overal l effi c i ency ( EE,XP 

· correction 
factor)  is shown in F i g .  3 as a function of the center of mass energy . The 
f i na l  effici ency correct i ons wh ich  were appl i ed were taken from the stra i ght 
l i ne i nterpol ation of the data . 

The radiatively corrected hadronic  ann i h i l ation cross section 
normal i zed to the µ+µ- cross section is shown i n  F i g .  4. The systematic 
normal ization uncerta inty i s  estimated to be 15 % and is not indicated 
in F i g .  4. The data show three peaks centered around 4 . 04 ,  4 . 16 and 4 . 42 GeV . 
The fit  s hown i n  the fi gure was made under the s impl i fying assumptions that 
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the cross section can b e  described by three Brett-Wigner resonances 
i i 

cri = 3TI ree rtot (3 )  R s ( rs  - M� ) z+ (r �ot/2 ) z 

and by a nonresonant background term of the form 
6 

E 
k=l 

- -· *h* F F* *F* where the sum is over the DD,  DD , D u  , Fr , Fr , and F r  channel s .  AK 

(4 )  

i s  a free parameter , SK i s  the vel oc ity and F i s  a form factor chosen a s  
F = { l-s/ ( 3 . 1 ) 2 ) -1 . The resonance parameters of the fit  are g i ven i n  Tab l e  1 . 
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Table 1 

M a s s rtot re+e- Experiment 
(MeV) (MeV)  ( keV) 

4040 ± 10 52 ± 10 0 . 75 ± 0 . 15 DASP 
4159 ± 20 78 ± 20 0 .  77 ± 0 . 23 DASP 
44 17 ± 10 66 ± 15 0 . 49 ± 0 . 13 DASP 
44 14 ± 7 33 ± 10 0 . 44 ± 0 . 14 SLAC-LBL 

Resonance parameters of the best fit to the DASP data as descri bed in the 
text and shown in Fi g .  4. The errors i ncl ude statistical  and detecti on 
effi ci ency uncerta i nties , and some coarse estimate of i nterference between 
the resonance ampl i tudes . 

The structure at 4 . 4  GeV was fi rst seen by SLAC-LBL4 l .  From the tabl e we 
can see that despite the i ncreas i ng mass and therefore i ncreas i ng phase 
space1 the total hadronic widths of these resonance�l i ke structures are 
the same with i n  errors . 

I n  the naive four quark model , we woul d  expect a d i fference i n  R 
between its val ue above and bel ow charm thresho l d  of R = j. Experimental l y  
we find 

6R = R ( s=27 GeV 2 ) - R ( s= 13 GeV 2 )  � 2 . 1 ± 0 . 3 .  

I n  asymptot ical ly. free gauge theories the simpl e quark model resul t i s  modi ­
fied by gl uon correction,s . Ta k i ng the measured val ue for R ( s=27 GeV2 ) = 4 . 5  
a t  face val ue , we obta i n  for the quark gl uon coupl i ng constant 

g2 as ( s=27 GeV2 ) = 
4rr = 0 . 6 ± 0 . 3  

and for the scal e parameter 

A =  1 . 6  ± 0 . 9  GeV . 

( Formu l ae 19 and 20 for as and R ( s )  from ref . 6 were used . ) .  The l arge error 
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on as and A i s  due to the 15 % normal i�a!ion uncertainty in R .  The val ue of 
A i s  not incons istent wi th A �  0 . 6  Gev ' l obta ined from el ectron and muon 
deep inelastic scatteri ng . 

In F i g .  5 a compari son between our R-val ues and the resul ts 
from SLAC-LBL and PLUTO is made. Si nce these groups did not separate the 
heavy l epton contribution , we added it to our data for the purpose of com­
pari son . Our data agree with those of PLUTO as far as the shape and in par­
ticul ar the three structures are concerned . However , above 4 GeV the DASP 
val ues of R are about 0 . 5  un i ts higher than those of PLUTO . As far as 
the magn itude is concerned our data are in better agreement with the data 
from SLAC-LBL . The structure we see at 4 . 16 GeV , however , is not resol ved 
in thei r data . Bel ow 4 GeV our stat istics are i nsuffic ient to observe the 
structure near 3 . 95 GeV seen in the SLAC-LBL data . Al l three experiments 
agree on the pos i tion of a minimum in the cross section at about 4 . 25 GeV . 
Note , however, that the di fferences observed between the three experiments 
are of the order of thei r systematic uncertaint ies . 

I V .  THE CASCADE DECAYS : 1jJ '  -+ y P cfx , P cfx -+ Y J/ljJ 

New high stati stics data from DASP on the cascade decays have 
become avai l abl e which I want to use together with ol der data from DASP8 •9 )  

SLAC-LBL lo , l l } , MPPSSSD12) , PLUT013 )  and prel iminary new data from DESY­
Heidel berg14) to focus on the question of the existence of the x (3 .45)  state . 
Three intermediate states x( 3 . 4 ) , Pc (3 . 51 )  and x (3 . 55 )  have been cl early 
establ i shed . An additional state ly i ng in mass between iJ!' and J/ljJ is pre­
d i cted by the charmonium model whose l evel scheme is i nd icated in Fig . 6 .  

The total DASP cascade data correspond to about 7 . 5  x 105 pro­
duced lJ!' states . The final states sel ected contain two photons and a µ+µ­
pai r  coming from J/ljJ decay. A 3 ( 2 )  C-fit was made depending on whether the 
momentum of both (or only one) muon was measured .  The background due to 
lJ!' + J/ljJ n was el imi nated by taking only events with M < 520 MeV . yy 

In Fi g .  7 the J/ljJ y high mass projection i s  shown , cl early 
exh i b i ting peaks at 3 . 5  and 3 . 55 GeV and indications of structure at 3 .4 1  and 
3 .45 GeV . Note one of the events at 3 .45 GeV is al so poss ibly due to the 
decay ljJ ' -+ J/1J!n° , as seen in Fi g .  10. A summary of the DASP , PLUTO and 
SLAC-LBL data is g iven in F i g .  8. Th i s  figure a l so contains some background 
from the decay lJ! ' -+ J/ljJ n °n° , with two photons escaping detection . 
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The cl ustering of the events from three di fferent experiments i s  rather 
suggestive of the existence of a state at a mass of 3 .45 GeV . Naively adding 
up the events and estimated background from the three experiments g ives a ratio 
of 1 1  to about 4 events . New prel iminary data from the DESY-Heidel berg group14) 

shown in F i g .  9 a l so exhib it  an excess of events at 3 .45 GeV . 

The x ( 3 . 4 1 )  state has been c l early seen i n  the incl usive photon 
spectrum10l  from the decay � ·  + y x ( 3 . 4 1 )  and in hadroni c  decay channel s 15 l 

of the x( ' . 41 ) .  In F i g .  8 there i s  al so evidence for the cascade decay 
� '  + y x ( 3 . 41 ) , x ( 3 . 41 )  + J/� y; however , more stati stics wou ld  be cl early 

desi rabl e .  
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Tabl e 2 i!ontains a l i st of the combined branching ratios for 
the �ascade decays i ndicating good agreement within errors among the five 
di fferent experiments . 

B (* '+  y Pc/*} · B ( Pc/x + yJ/*) in % 

DASP DESY-Hei- MPPSSSo12) PLUTU l3) SLAC-LBL 1 l )  
�����������d_el�b=erg*_1_4)���������������� 
x(3550) 

Pcfx(3510) 
x{3415) 
x (3455) 

1 . 6  ± 0 . 4  1 . 1 ± 0 . 4  2 . 2  ± 1 . 0  
2 . 1 ± 0 . 4  2 . 1  ± 0 . 5  
0 . 3  ± 0 . 2  0 . 1  ± 0 . 1 

� 0 . 5"* 0 . 4  ± 0 . 2  

5 . 0  ± 1 . 5  
3 . 3  ± 1 . 7  

< 2 . 5  

* prel iminary 

** assuming i sotropic production and decay 

0 . 9  ± 0 . 8  1 . 0  ± 0 . 6  
1 . 2  ± 0 . 8  2 . 4  ± 0 . 8  
1 . 2  ± 0 . 8  0 . 2  ± 0 .2 
0 . 7  ± 0 . 7  0 . 8  ± 0 . 4  

Assumi ng the exi stence o f  the x ( 3 . 45) state , one woul d  nai vely 
i dentify i t  with the 21s0 = n� state predicted by the charmonium model . 
From the photon angular d istribution of Pc ( 3 . 5o )  as measured by SLAC-LBL 
and the rr+rr- ( K+K- ) decay of x { 3 . 41 ) and x ( 3 . 55) as observed by SLAC-LBL 
and DASP , it is l i kely that none of these three states has the quantum num­
bers of the n� . Identifying the x ( 3 . 45 )  with the n� however , l eads to a 
serious d i sagreement with QCD . The n� can decay to l owest order via two 
gl uon emiss ion into hadrons , whereas the *��must emit at l east three gl uons . 
Therefore one expects 

r (n� = x ( 3 .45) + al l )  » r (* '  + a l l ) .  ( 5 )  

From the measured product o f  branching ratios B (* '+yx(3 . 45 ) ) · B (x (3 . 45)+yJ/*} 
and the upper l imit for B(*' + Yx ( 3 .45} ) < 0 . 025 as measured by MPPSSSD,  we get 
B (x (3 .45) + yJ/*} > 0 . 24 .  Making the assumption r (n� +yJ/w} � r (* '  + ync )  
and using the upper l imit for B(w ' +yri:( =X } )  <0 . 01 from MPPSSSD , we obta i n  

r (x ( 3 . 45 )  + al l )  � 10 Kev 

as compared to the usual expectation of about 2 MeV for the n� . If th i s  
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QCD resul t is correct, then the i dentifi cation of the n� of the charmonium 
model with the x ( 3 . 45) i s  not possibl e .  

Looking at Fi g .  1 0  we  observe a few events with the invariant 
two photon mass around the Tio mass ,  some of them poss ibly due to the decay 
¢ ' + J/¢TI0 . This  decay can only occur el ectromagnetica l l y  s ince G-pari ty 
i s  not conserved . However , the ¢ '  cou ld  first decay strongly into a J/¢ and 
a vi rtual n which then turns i nto a TI0 . This n - TIO transition coul d be 
anomal ously l arge due to a nonel ectromagnetic isospin viol ating term in the 
interaction Hami l tonian ( l i ke in the n+ 3 TI decay) . Segre and Weyers16)  have 
estimated 0 . 05 % S 8 (¢ '  + J/¢ TI0 ) S 0 . 3  %; a possib le  n ' -contribution cou l d  
i ncrease thi s val ue .  

T o  extract the W '  + J/W TIO' events from the cascade decay back-
ground , we can take advantage of the d ifferences i n  the spread of the two 

�· photon opening angl es for TIO J/¢ and yPc/x events . The opening angl es 
for the photons coming from Tio decay are strongly peaked within l ess than 
10 degrees , whereas the distr ibution for photons from the cascade decay i s  
essent ia l ly  flat .  This  i s  i ndi cated by the Monte Carl o generated curves 
i n  Fig . l lb .  The measured openi ng ang les for those events which g ive a good 
ki nematic  fit to the hypothesis ¢ ' +  J/¢ Tio are al so pl otted . The x2 for these 
events is pl otted in Fi g .  lla . No c l ear si gnal for the decay ¢' + J/¢ TIO i s  
seen i n  F ig .  l lb .  We can extract a 90  % confidence upper l imit  of 

8 ( ¢ '  + J/¢ TIO ) < 0 . 5  % .  

A prel iminary 9 0  % confidence upper l imit of 0 . 1 % was found by DESY-Heidel ­
berg14) . These resul ts l ie wi th i n  the range estimated by Segre and Weyers . 

V .  J/¢ RADIATIVE DECAYS 

Before discussing new and ol d resul ts on J/¢ rad iative decays 
mediated primari ly by two gl uon exchange, I wou l d  l i ke to remind you of the 
status of the X ( 2 . 82 )  state17 • 18) . In e+e- interactions the only evidence 
for such a state is seen by DASP in the 3 photon decay of the J/¢. Of the 
two i ndependent two photon pa i r  mass combi nations the h ighest photon pa ir  
mass distribution i s  shown i n  F ig .  1 2 .  We observe a 5 standard deviation 
si gnal at a mass 
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M{X )  = ( 2 . 82 ± 0 . 014) GeV and with a width r { X )  (40 ± 14 )  MeV . 

F9r the combined branching ratios we find 

B(J/� -¥YX }  • B { X  +yy) = ( 1 . 4  ± 0 . 4 ) 10-4 . 

The two photon decay mode shows that the X has even charge conjugation and 
spin  di fferent from one. Further evidence for this state has been found in 
the reaction n-p + M0n (M0 + yy) by a CERN-Serpukhov col l aboration19l . 

F ig .  13 shows that our analys i s  of the three photon final state 
real ly works .  Here we pl otted the l owest photon pair mass distribution which 
shows two peaks due to n and n' . The fitted n mass of ( 547 .1 ± 4 . 2 )  MeV agrees 
wel l  with the known mass value .  The fitted width ( 24 ± 4) MeV of the � peak 
is in agreement wi th the expected mass resol ution of 20 MeV . The smal l n '  
peak i s  observed at the correct mass val ue.  The branching ratios16) for 
the radiative J/� decays into n and n ' are in good agreement with measure­
ments perfonned by the DESY-Heidel berg group20) . 

Tabl e 3 contains a l i st of the branchi ng ratios for these 
radiative decays together with new resul ts of yf, yf ' , yn+n- and Y K+K- from 
DAsr21 l . For comparison the strength of some rel ated strong decays measured 
at DORIS  and SPEAR are al so shown . One notices that the J/� decays into 
yn , yn ' and yf are of about the same order of magni tude or l arger than the 
OZI-suppressed strong decays into �n , �n ' ,  �f and wf . Their radiative 
decay widths can therefore not be expl a i ned by �{w) vector dominance. The 
J/� decay rate into yn° however , is an order of magnitude smal l er .  This can 
be understood by consi dering the three graphs in  Fig .  14 which can contri ­
bute to radiative decays . 

c �y 
c =:a::::_� 

a) 

c�q C -'----' 
c . Ci c---1 

b) 

Fig. 14 Feynman graphs for the radiative decays 
of the J/� into a meson, 

Harari 
c 

Fritsch 
Jackson c et al. 

c) 
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Table  3 :  J/� Rad iative Decays : Branching Ratio B = rf/rtot 

Decay Mode 

yn' 

yf( 1250)  

YE (Mrrrr < 1 GeV) 

y rr+rr- ( M  > 1 .6  GeV ) TITI 

y f' ( 1516) 
+ -y K K ( MKK > 1 . 6  GeV) 

some rel ated strong 
decays ( DORI S , SPEAR) 
POTIO 
<Pn 
<Pn ' 

lj>f 

wf 

wf ' 

B 

( 0 . 73 ± 0 . 47 )  10-
( 0 . 82 ± 0 . 10) 10-3 

( 1 . 3  ± 0 . 4 )  10-3 

( 2 . 9  ± 1 . 1 ) 10-3 

( 2 . 4  ± 0 . 7 )  10-3 

( 2 . 0  ± 0 . 7) 10-3 

( 1 . 1  ± 0 . 3) 10-3 

�( 0 . 7  ± 0 . 2 )  10-3 

< 1 . 1  . 10-3 

( 1 . 7  ± 1 . 1 ) 10-4 

,;: 3 . 4  10-4 

� 2 . 5  10-4 

( 4 . 5  ± 0 . 3 ) 10-3 

( 1 . 0  ± 0 . 6 )  10-3 

< 1 . 3  . 10-3 

< 3 . 7  . 10-4 

( 2 . 8  ± 1 . 1 ) 10-3 

< 1 . 6  . 10-4 

Experiment 
DASP 
DASP 
DESY-Heidel berg 

DASP 
DESY-Heidel berg 

PLUTO 
DASP 

DASP 

DASP 

DASP 

DASP 

DASP 

In graph a of Fig .  14 the J/� decay proceeds via three gl uon exchange, i n  
graph b via  two gl uon exchange . Graph c assumes the produced meson to have a 
smal l cc component i n  i ts wave fu ncti on .  The rr0 can only be produced v ia  graph 
a where the photon is radiated by an o ld  quark ( u ,d , s z, whereas for exampl e 
the n .  n '  and f can al so b e  produced via graphs b and c where the photon 
is radiated by the ini tial charmed quark ( c ) . In QCD the suppression of yrr0 
i s  due to the fact that three gl uon exchange i s  weaker than two gl uon 
exchange. 
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Computing graph a v ia  the measured OZ I-suppressed strong 
J/� ->'IT0p0 decay and po vector dominance , one obta ins 

( 6 )  

wh ich i s  in  good agreement with our experimental val ue of ( 5  ± 3 )  eV . Assuming 
SU (3 )  i nvariance and negl ecti ng phase space , we obta i n :  

( 7 )  

Experimenta l l y  we  find rn0 < <  rn � rn ' · 

Therefore the three gl uon exchange contribution to n. n' (and al so f and f ' }  i s  
expected to be negl igib l e .  

The two gl uon exchange diagram b ,  where the photon i s  radiated 
by tne i nitia l  charmed quark , i s  then expected to provide the dominant con­
tribution for the measured radiative decays J/� � yn, yn ' ,  yf, yf ' , and yE. 
Assumi ng SU ( 3 )  i nvariance for the qq-state and negl ecting phase space, we 
f ind : 

26 (for a mixing angl e of 11°) 
( 8) 

The experim�nt g i ves a value of 2 . 9  ± 0. 9 .  For f '  and f assuming i deal m ixing , 
one obta i ns 

as compared to the experimental upper l imit of 0 . 3 .  These data i nd icate that 
SU ( 3 )  symmetry breaking is important .  A QCD prediction on the hel i c ity of the 
f in the yf decay of the J/� . and the comparison with experiment can be found 
i n  the contributions to this conference by M. Krammer and J .  BUrger . 

We have al so obta i ned branching ratios for the J/� decays into 
n+n-y and K+K-y with d imeson masses outs i de the mass region of the f and f '  

resonances . They are l isted i n  Tabl e 3 .  With the extremely cautious assumption 
that al l n+n- pairs with MTITI < 1 GeV are due to genu i ne rad iative decays , we 
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obta i n :  

+ - < -3 B (J/l/J + yrr 11 , M1111 < 1 GeV ) ( 0 . 7  ± 0 . 2 )  10 . 

Correcting for isospi n ,  we find : 

B (J/ijt+ YE) < 1 · 10-3 . 

This val ue i s  an order of magni tude smal l er than a prediction22)  us i ng vector 
dominance and the measured width for the decay � ·  + J/� 11+11- . The branch ing 
rat ios  for radi ative decays i nto 11+11- and K+K- pairs with d imeson masses above 
1 . 6  GeV are found to be 

+ - + -r ( JN + y11 11 (M1111 > 1 . 6  GeV)) "' r(J/l/J +yK K �MKK > 1 . 6  GeV)) r(JN _,. fy) r( N+ fy) � 1 
IO" 

Fritzsch and Jackson23) and many others have investigated the 
poss ib i l i ty of a cc admixture in the wave function of the meson,  as represented 
by d iagram c .  Assuming nc = cc + En + E ' n '  and taking the SU ( 3 )  symmetry brea­
king i nto account, they find via QCD E "'  1 . 0  · 10-2 and E '  "' 2 . 2  · 10-2 . Us ing 
the quark model formul a  for computing the radiative decay width and assuming 
for the overl ap integral !12 � 0 . 1  (as compared to !12 "' 1 . 0  for JN ->ync ) ,  they 
find 

r (J N + yn)  "' 60 eV 

r( Jfl/J + yn ' )"' 220 eV 

i n  good agrement with experiment .  

VI . CONCLUSIONS 

( exp . :  57 ± 7 eV 

(exp . : 166 ± 50 eV 

DASP )  

DESY-Hei del berg ) 

a )  There are three resonance l i ke structures between 4 � IS  � 5 GeV with 
masses : 4 . 04 ,  4 . 16 ,  4 . 42 GeV and with s imi l ar hadron ic  widths and s imil ar 
1 eptoni  c wi dths . 

b) The measured d ifference in  R between 3 . 6  GeV and 5 . 2  GeV i s  6R = 2 . 1  ± 0 . 3 .  

c )  Four different experiments i ncl ud i ng two new h i g h  stat ist ics  experiments 
from DASP and DESY-Heidel berg have observed an excess of events at a mass 
of 3 .45 GeV i n  the � ·  cascade decay. However , to be f i rm ly  convinced of 
the existence of x ( 3 . 45 )  more data are sti l l  needed . 
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d )  Many J/� radiative decay widths have been measured and can be used t o  test 
QCD cal cu l at ions on two . gl uon exchange . 
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Abstract : 

RECENT RESULTS FROM DASP ON e+e- ANN IH ILATION ( I I )  

GLlnter Wol f* 
Deutsches E lektronen-Synchrotron DESY , 

Hamburg 

Incl u s i ve producti on of n± , K± and p by e*e- anni h i l ation has been analyzed 
for cm energ i es W between 3 . 6 and 5 . 2  GeV . The experimental i nformation on 
the F and F* mesons i s  reviewed i ncl udi ng new data on FF producti on at 
4 . 16 GeV . Data are presented on semi l eptonic decays of charmed parti cl es . 
El ectron-two-prong data have reveal ed ' production at the � ·  whi ch i s  bel ow 
charm threshol d .  Wi th these data a prec ise value  for the , mass has been 
obta i ned , m, = 1 . 807 ± 0 . 020 GeV . Leptonic and semi l eptonic decay modes 
of the , are di scussed . 

The members of the DASP col l aboration are 
R. Brandel i k ,  W. Braunschwei g ,  H . -U .  Martyn , H . G .  Sander, D. Schm itz ,  W . Sturm, 
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1 .  INTRODUCTION 

New resul ts from DASP on the total hadronic cross section , on the pc/x 
states and on the radiative J/� decays are discussed by G .  Grindhammer1 )  

a t  thi s meeting . This l ecture concentrates o n  incl usive partic le  production , 
the evidence for F and F* , the semi l eptonic decays of charmed particl es , and 
the properties of the T. Most of the information presented here was obtai­
ned after the 1977 Hamburg conference2l . 

2 .  INCLUSIVE HADRON PRODUCTION AND A TEST FOR SCALING 

One of the bas ic  properties of el ectron hadron scattering is the 
a lmost perfect sca l e  invariance exhibi ted by the structure functions in  
the deep inel astic region. Incl usive hadron production in  e+e- annihi l ation 
is expected to possess s imi l ar properties .  F irst measurements on this sub­
j ect were carried out by the SLAC-LBL col l aboration who observed approxi­
mate scal ing of the sum over al l charged hardons produced3 ) . In the DASP 
experiment4l  the rr± , K± and p spectra were determined separately, which 
al l owed to test scal ing for each particl e species .  

2 . 1  Kinematics 

We start with a brief description of the formal ism5l for incl usive 
hadron production 

+ - + e e _,. h- X ( 2 . 1 )  

depicted i n  the fol l owing figure : _6'(_ e+ h 

Define : q 

q2 

p 
0 
x 

v 
Note that 
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P+ + p_ four momentum vector of the v irtual 
photon 

s square of the cm energy 
(p ,E)  four momentum vector of the hadron h 
production angl e of h with respect to the e+ directior. 
� _ 2E 

s - Ts fractional energy of h 

.9___:_£ 
2rnv m 

E -= iii VS 
= x .  

energy of  y in  h rest system 

s 



The virtual photon , as seen in the rest system of h ,  has trans­
verse {T) and l ongitudinal {L)  components . As a consequence the process { 2 . 1) 
is described by two independent structure functions , e . g .  WT (s ,v) and 
WL ( s ,v) . The di fferential cross section has the form 

d2 2 1 + 1 
dx

o
dn = � � m (Q'T ( 1 + cos20) + il { l - cos 20) } ( 2 . 2)  

Special cases of ( 2 .2 )  are pai r  production of fermions ( e . g .  e+e- + µ+µ-) 
+ - + -where il = 0 and of scalar or pseudoscal ar mesons ( e . g .  e e + 11  11 ) ,  where ll:r = 0 .  It fs customary to use i nstead of il ' iT the structure fucntions 

i1 and i2 which are defined as :  

( 2 . 3 ) 

(2 .4 )  

Note that in the pure transverse case {il = 0)  the equivalent of  the Cal l an­
Gross relation reads 

vi2 = - �ez il 

From ( 2 . 2 )  and (2 .4)  we find 

( 2 . 5) 

{ 2 . 6 ) 

where fl = IP I  I E .  Note that mi1 � 0 since the cross section has to be 
a pos itive quantity;  After integrating over the angles and repl acing 
411a2/3s by oµµ one has 

¥x = 3a µµfl x {m i1 + i fl2 x vi2} 

For E >> m thi s  s impl ifies to 

( 2 . 7 )  

( 2  . 8) 
If the structure functions i1 and i2 obey scal ing they become functions 
of the ratio v/s alone. Using x = 

2':1 as the scal ing variabl e and 
substituting 

- mw1 { s ,v) : r1 ( x , s )  

vi2 { s ,v) = r2 { x , s )  
{ 2 . 9 )  
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sca le  invariance is defined as 

v -+ ()() s -+ "' ( 2 . lo )  
x = const x = const 

and simi l a rly 

Sca le  invariance l eads to the fol l owing express ion for the incl us ive cross 
section:  

( 2 . 11 )  

If  sca le  invariance is  val id the shape o f  the particl e energy spectra , dcr/dx , 
i s  independent of s .  Furthermore , the magnitude of the incl usive cross 
section behaves l i ke s- 1 . 

2 . 2  Experimental Procedure 

The incl us ive spectra measured by DASP4 )  were obtained empl oying a 
genuine inc lus ive trigger: bes ides a charged particle in one of the spectro­
meter arms no other requi rement was imposed on the final state. A deta i l ed 
descri ption of the partic le  i dentification can be found in Ref. 4 .  Bas i­
cal ly, particl es penetrati ng the i ron fi l ter were identified as  muons ; 
el ectrons were recognized by shower , cerenkov and time-of-fl ight counters ; 
pions , kaons and protons (antiprotons ) were identified by time-of-fl i ght . 
The momentum range was for p ions 0 . 14-1 . 5  GeV/c , for kaons 0 . 28-1 .6 GeV and 
for protons ( anti protons ) 0 .45-3 GeV/c .  

Data were taken a t  cm energies between 3 . 6  and 5 . 2  GeV for a total 
l umi nos ity of - 8100 nb- 1 . They were grouped into eight different energy in-

4 + 3 + - • terva l s .  A total of -10 rr- , -10 K- and 130 p were used for the analys i s .  
Since the majority o f  the protons were due to beam gas interactions only an­
ti protons were cons idered . The proton yiel d was assumed to be the same as  
for anti protons . 

The differential cross section for incl us ive production in general 
depends on the pol ar angl e 8 ( see e . g .  eq . ( 2 . 6 ) ) .  In the present analysis  
the pol ar angu l ar acceptance was i cos8 1 < 0 . 5 5 .  Within th is  range no  sta­
t i stical ly s ignificant cos8 dependence was observed and a constant angul ar 
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distribution was assumed in order to i ntegrate the cross section over 
case . 

To estimate the possib l e  error introduced by this procedure we con­
s ider the l imit that only transverse photons contribute, WL = 0 .  In  this 
case the cross sections g i ven below wou l d  have to be i ncreased by at most 
24 % .  Wi th the angul ar dependence observed by SLAC-LBL3)  the estimated 
i ncrease is l ess than 5 % for x � 0 . 5  and �13 % above . 

2 . 3  General Behaviour of Inc l us ive Partic l e  Production 

Fig . 2 . 1  gives an impression of the rel ative frequency of pions , 
kaons and nucl eons . It shows the cross sections dcr/dp as a function of mo­
mentum for the ind iv idual types of partic l es averaged over cm energies 
between 4 and 5 . 2  GeV . ( Here dcr/dp, e . g .  for if means the sum for TI+ and TI­

producti on . ) The dashed curves were obtained from an extrapo lation of the 
i nvariant cross sections E/4Tip2 da/dp ( see bel ow) . They ind icate the ex­
pected momentum dependence at l ow momenta , where the particl es are swept 
out of the spectrometer due to the magneti c  fiel d ( pions ) ,  are l ost by 
decay ( kaons ) or suffer too big an energy l oss in the material in front 
of the magnet (anti protons ) .  Bel ow 0 . 5  GeV/c the TI± : K± : 2p yiel ds are 
roughly in the ratio 100 : 10 : 1 .  With increasing momenta the d ifferences 
become smal l er .  

F ig .  2 . 2  shows the same data pl otted i n  tenns of the i nvariant cross 
section E d 3a/d3 = E/4TI p2 da/dp . To with in  20 or 30 % accuracy the TI± , p 
K± and 2p fa l l  on the same curve 'which i s  wel l approximated by an expo-
nential , 

E/4Tip2 da/dp - exp( -bE) 

The exponent b has the va l ue 5 . 4  Gev-1 . A simi l ar behav iour was observed 
for the i ncl usive spectra from J/� decay ( see Fig . 2 . 3 )6) . Incl usive spectra 
in hadronic col l i s ions behave in the same way if the data �re plotted as a 
function of the transvers energy ET = / m2 + pf . This i s  demonstrated i n  
Fi g .  2 . 3  where the curves represent the i ncl us ive spectra from p p  col l i s ions 
in the central region at IS =  53 GeV . It is surpris ing to see that i ncl usive 
spectra that come from such different in it ia l  states as e+e- col l is ions , J/� 
decay and pp col l i s ions are very simi l ar .  
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2 . 4  Test for Scal ing 

S i nce the angu lar  distribution was found to be cons istent with i so­
tropy we negl ect the s.econd term in eq . ( 2 . 6 )  and obtain  

t:= 411�2 s x wl ( s ,v) ( 2 . 12 )  

The quantity i t:  i s  then proportional to the structure function w1 . For 
the purpose of ori entation Fig . 2 . 4  shows first the ratio R = <tot/aµµ in  
the  energy region analyzed here1l . Note that the heavy l epton contribution 
has been excl uded . At 3 . 6  GeV which is the first energy analyzed and which 
is bel ow charm thresho l d ,  R is of the order of 2 .3 .  Above charm threshol d  
three resonance-l i ke structures show u p  a t  4 . 04 ,  4 . 16 and 4 . 4 1  GeV . Beyond 
4 . 5  GeV R seems to have reached its post charm l evel with a val ue of 4 . 5 .  

Fig .  2 . 5  shows the x dependence of ]- t: for 11±( i . e .  sum o f  11+ and 
11- ) ,  K± and twice the p production as measured in  the eight energy interva l s .  
The 11 ,  K and p cross sections for x � 0 . 2  decrease nearly exponentia l l y .  More­
over, with increasing energy ....S-, and increas ing x the cross sections for the 
three particl e species become more and more al i ke .  The p data , with in  l arge 
errors , do not show any significant change with s ,  i . e .  they appear to 
scal e .  

In  order to test the pion data for scal ing we compare in  Fig .  2 . 6  the 
cross sections at the "nonresonant" energies s = 13 and 25 GeV2 . Bel ow 

x = 0 . 3  the cross section rises by a factor of 1 . 5  to 2 between s = 13 and 
25 GeV2 . At higher x val ues the two cross section sets agree within errors . 
I n  other words , the rise of R from a val ue of 2 . 3  at s = 13 GeV2 to - 4 . 5  at 
5 . 0  GeV i s  assoc iated with l ow x pions only. 

In  Fig .  2 . 7  ( s,£) dcr/dx) i s  pl otted for 11± and K± as a function of s 
for fi�ed x .  A l arge increase in the 11 cross section at s = 16 GeV2 is most 
prominent for x < 0 . 4 .  The cross sections at s = 13 and 27 GeV2 for 
x � 0 . 4  are equal wi thi n errors . The K cross sections increase by a factor 
of two or three from s = 13 to s = 16 GeV2 . For x > 0 . 4  the K cross section 
above the 4 GeV resonance region fal l s  back to its pre-charm l evel . This 
suggests that at high energies (s > 30 GeV2 ) charm contributions to K pro­
duction are confined to x val ues bel ow 0 . 4 .  Note al so that for s � 25 GeV2 

and x :: 0 .  3 rr and K cross sections tend to be the same . 
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2 . 5  

Inc lus ive production of a partic l e  h by e+e- annih i l ation and 
i nelastic el ectron scattering on particl e h are rel ated by crossing ( see 
diagrams bel ow) . At the speci al  po i nt x = 1 (where for inel astic el ectron 
scattering x is defined as 2 p · q / ( -q2 ) ,  q ,  p four momenta of the vir­
tual photon and the target parti c le  h )  the structure functions for one pro­
cess can be cal cul ated from those of the other one if scal i ng hol ds . Cons i der 
e+e- + pX and e p + e ' X . In thi s  case5l 

p e e' 

s = q 2 

� 
+ -e e + pX 

F\ ( x  = 1) - F1 ( x  = 1) 
e p + e ' X  ( 2 . 13 )  

F2 ( x  = 1) F2 ( x  = 1) 

However, an ana lytic conti nuation which wou l d  connect poi nts at x # 1 is 
in general not poss i b l e7 l . 

Gri bov and Li patov8l , studying both processes i n  a fiel d theo­
reti cal model predicted the fol l owi ng rel ations : 

-1 1 F1 (x) x 
1 

= X3 F (_!_) 2 x 
( 2 . 14 )  

A prel iminary ana lys is  of the DASP data for F2 ( x) is  shown i n  F ig .  29 . The 
experimental po ints were obta ined by summing over cm energies from 4 to 5 . 2  
GeV . The structure function F'2 ( x) was determined from the data assuming 
the Cal l an-Gross rel ation 

( 2 . 15) 

which l eads to 

( 2 . 16) 

The Gribov-Li patov prediction cal cul ated from deep i nelastic ep scattering 
data is shown by the curve in F ig .  2 . 8 . It fai l s  to describe the data : the 
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theoretical curve i s  always bel ow the measured points . The discrepancy i s  a 
factor of - 2 at x = 0 . 8  r is ing to - 4 at x = 0 . 4 .  Part of thi s  fai l ure - if 
not al l - may have to be attributed to contributions from processes of the 
type + _ _ 

e e � h X ,  h p + . . .  where h = A  

p • . •  p • . .  

' N , etc . -
p 

which s hou l d  be excl uded from the e+e- data before the comparison is being 
made . I t  i s  this type of contributions which prevent i n  general an analytic 
conti nuati on from the scattering to the ann ih i l ation case7 l . 

3 .  THREE GLUON VERSUS gq ANNIH ILATION 

Approximately 70 % of the J/w decays are direct decays into 
hadrons which are bel ieved to proceed via three gl uon annih i l ation . E l ectron­
positron ann i h i l ation i nto hadrons on the other hand at high energies appears 
to proceed via a primary quark-antiquark pai r .  For this reason one might ex­
pect the J/w to yield more l ow energy particl es than nonresonant hadron pro­
duction . DASP6 )  has analyzed the i ncl usive spectra for 71± , K± and p from 
J/w decay and for a cm energy IS of 3 . 6  GeV ( i . e .  bel ow charm threshol d ) .  I n  
F i g .  3 . 1 the cross section cr!ot i�  is shown as a function of the fractional 
particl e energy x � 2E/IS. The data poi nts represent the val ues at 3 . 6  GeV , 
the curves the resul t at the J/w. The J/w curves were normal i zed such that the 
integrated 71 cross section from J/w agrees with that at 3 . 6  GeV for x = 0 . 3 .  

With i n  errors n o  di fference is  observed in  the shape o f  the 71 and K spectra 
at the two energies . Most l i kely the energy of -3 GeV is too l ow for the two 
mechani sms to produce a noti cecabl e  difference . Remember that at 3 GeV the 
sphericity distributions for the two extreme cases of phase space and jet 
formation are the same9 l . 

The only difference between on and off resonance data in Fig . 
3 . 1  i s  seen to occur for antiprotons . The J/w decay rel ative to the 71 and 
K yiel ds produces more antiprotons by a factor of 2-3 . No expl anation has 
been offered for thi s fact.  
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4. 1 The F mesons 

The charm model predicts mesons carrying both charm and strange­
nes s .  The ground state is  F+ . The GIM favored decay of the F is  into an ss system 
l eading to final states containing KR, qi , n or n' .  

Si zeabl e n production i s  therefore a hint for F production . The production 
characteristics for F mesons can be expected to be s imi l ar to that for D ' s .  
Copious D production was found near the D+ threshol d a t  4 . 028 GeV proceeding 
mainly via DD� and D�D� formation . Assuming a simi l ar behaviour for the F 
meson one expects l arge FF� and F'F' cross sections near threshol d .  Since both , 
F and F' are isospin s ingl ets the favored decay of the F+ is the radiative tran­
s it ion F'+ Fy provided the F� - F mass difference is l ess than 2 mrr10) . The 
s ignal for F production can therefore be enhanced by requiring a l ow energy 
photon in addition to the n s ignal . 

DASP11 ) searched for the F meson by studying events of the type 

+ - > e e + ny l ow + - 2 charged tracks + X 

The n was identified by its decay into two photons . /l, search of this type 
i s  hampered by the yy mass resol ution which in the DASP experiment was 80 MeV , 
and by the l arge Y. Y. combinatorial background : on the average there are 2-3 ,,o ' s  l J 
produced near 4 GeV l eading to 4-6 photons or 6- 15 two-photon mass combinations . 
The event sel ection was done as fol l ows : The photons were detected in the inner 
detector and their  angl es and energies measured . The detection efficiency was 
50 % at 0 . 05 GeV ris ing to 80 % at 0 . 1  GeV and 95 % above 0 . 3  GeV . Events 
accepted were required to have at l east two charged tracks coming from the in­
teraction region and at l east two photons with energies exceeding 0 . 1  GeV . The 
vector sum of the momenta of these two photons was required to be between 0 . 3  
and 1 . 2  GeV . Events contai ning a photon o f  l ess than 0 . 14 GeV (yl owl i n  addi-
tion to the two used for forming m were cal l ed l ow energy photon events . yy 
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Fig .  4 . 1  shows the m di stri bution for events contain ing a l ow yy 
energy photon for fi ve energy interval s between 4 . 0  and 5 . 2  GeV excl uding ener-
gies around 4 .4 GeV ; the 4 . 4  GeV region ( 4 . 36 - 4 . 48 GeV ) is presented in 
Fi g .  4 . 2 .  There i s  a cl ear n si gnal at 4 .4  GeV not observed at the other 
energies . 

The occurence of n producti on i n  associ ation with l ow energy 
photons at 4 . 4  GeV i s  strongly suggestive of FF* ( F*F* production ) .  A search was 
made for the two body decay of the F± into nTI± detecting the pion i n  one of the 
spectrometer arms . A total of 35 events were found with a p ion momentum above 
0 . 6  GeV/c ,  a yy combination in the n reg ion (0 . 35 - 0 .65 )  and a l ow energy 
photon ( this  time E < 0 . 2  GeV) . These events were fi tted to the reactions y 

(4 . 1 )  

and 
( 4 . 2 )  

These are two constrai nts fits because o f  the mass constraint o n  m and the re­YY 
qui rement that for ( 4 . l }  Tin and the miss ing vector must have the same mass mF ; 
for ( 4 . 2 )  the Tinyl ow system and the missing vector muit have the same mass mF* "  

A total o f  2 5  events gave a fi t to ( 4 . 1 )  wi th a x2 
< 8 .  These 

events are pl otted in Fi g .  4 . 3a as a function of �. the di fference between the 
measured and the fi tted Tin mas s .  The distribution peaks at � = 0 .  Cutti ng at 
l � I = 0 . 25 GeV 21 events with l � I  < 0 . 25 GeV are reta ined . These events are 
shown in scatter pl ots (F ig .  4 . 3 b , c }  of the mass di fference between the recoi l  
mass and the Tin mass versus the Ti n  mass . The data taken a t  4 . 4  GeV have a c l uster 
of 6 events wi th a wel l  defined Tin mass and a recoi l  mass some 100 MeV higher. 
The background is  found to be negl igibl e from the event di stribution outs i de the 
4 . 4  region ( Fi g .  4 . 3c } .  In the l atter - data no event with a Tin mass compatib le  with 
the si gnal at 4 . 4  GeV was found for an i ntegrated l umi nos i ty fi ve times l arger than 
that at 4 . 4  GeV . F ig .  4 . 4  shows a scatter pl ot of the fi tted Tin mass versus the 
mass of the recoi l  system and Fig .  4 . 5  gi ves the projection onto the Tin mass axi s .  
There are s i x  events wh ich give the same (mTin ' mrecoi l ) mass val ues wi th i n  errors : 
mTin = 2 . 04 GeV ,  mrecoi l  = 2 . 17 GeV , mF* = 2 . 1 1 GeV . Al l owi ng for possib le  syste­
mati c uncertai nties the best estimates are 

. mF = 2 . 03 ± 0 . 06 GeV 
mFJI! = 2 . 14 ± 0 . 06 GeV 

The mass di fference between F* and F can be d i rectly determined from the energies 
of the l ow energy photon :  

mF* - mF = 0 . 12 ± 0 . 04 GeV . 
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By compari son wi th DD production one mi ght expect to fi nd a strong FF s i gnal cl ose 
to the FF threshol d  ( - 4 . 06 GeV ) . In  th . s  case no correl ation between production 
of F and a l ow energy photon wi l l  exi st .  Using the same sel ection cri teria as be­
fore but not demanding a l ow energy photon the m mass di stribution shown i n  

yy 
Fi g .  4 . 6 ( cm energy 4 . 0  - 4 . 10 GeV ) and F ig .  4 . 7  ( 4 . 10 - 4 . 22 GeV )  were obta ined . 
The fi rst energy b in  shows a rr0 peak but no n s i gnal . The second energy b i n ,  be­
si des the rr0 exh ib its a cl ear n peak . Si nce no n s i gnal is observed at 4 . 0-4 . 10 GeV 
the n mesons do not come from D decay and DDn production is excl uded by ki nematics . 

The observed features strongly suggest to associ ate the n s ignal 
wi th FF production . A search for events with F± + rr±n reveal ed one event . From the 
fi t a val ue of 2 . 03 ± 0 . 01 GeV was found for the F mass . 

5 .  SEMILEPTONI C  DECAYS OF CHARMED PARTICLES 

5 . 1  El ectron i nc lus ive events 

The semi l eptoni c  decays of charmed parti cl es were studied with 
i ncl us ive el ectron events , 

( 5 . 1 ) 

Events of th i s  type can come from charmed parti c le  decays but al so from a vari ety 
of other sources , tri vial ones l i ke QED processes , Dal i tz pai rs ,  hadrons fak ing 
el ectrons , or from other new particl es such as heavy l eptons . 
The analys is  was done for cm energies between 3 . 6  and 5 . 2  GeV and for el ectron 
momenta Pe above 0 . 2  GeV/c .  12 • 13 The total integrated l umi nosity amounted to 
6300 nb-1 . The el ectron was i denti fied i n  the magnetic spectrometer by a Cerenkov 
counter together wi th ei ther time-of-fl ight ( for Pe < 0 . 35 GeV/c )  or shower 
counters ( Pe > 0 . 35 GeV/c ) .  The probabi l i ty for a pion to fake an el ectron was 
measured to be 4 · 10-4 • E l ectron pai rs from Dal i tz decay or pai r  convers i on were 
rejected by pul se height cuts on the scinti l l ation counters mounted before the 
magnet.  Background from QED processes was suppressed by requir ing the system X to 
conta in  at l east one nonshoweri ng track T± ( e . g .  µ±,  rr± , K± but not e ) .  
As a resul t of the sel ection cri teria the tri vial background to the events sel ec­
ted turned out to be smal l ( see table 5 . 1 ) .  

I n  a second step the charged mul ti pl i c i ty di stri bution and the 
e l ectron momentum spectra were analysed12 . It was found that by a simpl e cut on 
the mu l ti pl ic i ty ( shown in Fi g .  5 . 1 )  a c lear separati on between events from 
charmed parti c le  and from heavy l epton decay i s  possi bl e .  El ectron events with 
a s i ngl e charged track ( they wi l l  be cal l ed el ectron two prongs ) are due bas i ­
cal l y  to heavy l eptons ; el ectron events wi th two or more charged tracks (el ectron 
mul ti prong events ) origi nate from charmed parti cl es . The rel evant numbers are 
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l i sted i n  tabl e 5 . 1 .  The di fference i n  mul tipl i c ity (and el ectron spectrum as 
shown bel ow) can be understood ( and was expected ) in terms of the production 
and decay characteristics of charmed partic l es and heavy l eptons . Th i s  is ex­
pl ained by tab le  5 . 2 .  

Tabl e 5 . 1  Event statistics for i nc l us i ve el ectron events12-14 

sati sfying 
sel ection criteria 
tri vial background 
background from 
charmed parti cl es 
background from 
T production 

60 

7 ± 2 

5 ± 2 

Number of events 

182 

28 ± 9 

<22 

Tab le  5 . 2  Properti es o f  heavy sequential l eptons and new hadrons ( taken from 
Ref. 15 )  

L H 
Production e+e- + L+L- e+e- -+ H R 

( damped by form factors ) ( point cross section ) 
e+e- + L+L- + hadrons 
( negl i �i bl e  smal l ,  l ess 
than a of e l astic pro­
duction near thresho l d )  

e+e- -+ H R +  hadrons or H*R* 
( domi nant at higher energies ,  
cross section wi l l  have structure ) 

Decay Modes 

Final States : 
eµ + neutri nos 

" 
R. R. + neutrinos 
+ hadrons 
e ( µ )  + neutrino 
+ hadrons 

L .... R, VR, \)L 
+ vl · hadrons 

important, cl ear s ignature 
( e ( µ )  from three body 
decay 
negl ig ibl e ,  order a2 at 
threshol d 
l arge , l epton spectrum 
computabl e and hard , 
hadrons have l ow 
mul tipl i c i ty 

H -+ R, VR, 
(suppressed if the l owest fl avour 
state has spi n 0 )  

+ R. v R.  • hadrons 

+ hadrons 

negl ig ib le  
(e (µ )  from a mu l ti body decay) 

l arge ( e ( µ )  from a mul ti body 
d.ecay) 
l arge ,  l epton spectrum 
soft , 
hadrons have high 
mul ti pl i ci ty 
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5 . 2 El ectron mu l ti prong events and semi l eptonic decays of charmed 
parti cles 

The properties of sem1 l eptoni c  decays of charmed parti cl es were 
deduced from the el ectron mu l ti prong events . The l epton spectrum associ ated with 
the mul ti prong sampl e i s  shown i n  Fi g .  5 . 2 . The estimated background due to 
hadron m is identi fi cation or heavy l epton production i s  a l so p lotted .  The back­
ground was scal ed from measurements bel ow threshol d .  The heavy l epton contri ­
bution was estimated assum ing a , branchi ng ratio of 30 % to decay i nto final 
states w i th three or more charged parti c les . It was found that l ess than 12 % 
of the events with nch : 3 can be expl ai ned as heavy l epton production . The 
simpl e cut on hadron mul tipl i c ity therefore yiel ds a rather cl ean sampl e of 
charm decays . 

The el ectron spectrum contains i nformati on on the semi l epton i c  
and the l eptoni c  decay modes ,of the l owest mass charmed hadrons . Fig .  5 . 2 de­
monstrates that semi l eptoni c  decays are much more important than l eptonic decays 
because the l atter, bei ng two body decays , woul d  produce a peak in the el ectron 
spectrum around 1 GeV/c . This i s  tn gross disagreement wi th the data wh ich peak 
around an el ectron momentum of 0. 5 GeV/c with only few events above 0 . 7  GeV/c .  
T o  study the observed momentum spectrum i n  more deta i l  we  consider the spectrum 
obtai ned for cm energies between 3 . 99 GeV and 4 . 08 GeV . The charm cross section 
in thi s  energy region is domi nated by oo* and o*o* production and is bel ow the 
threshol d for F production . The spectrum , corrected for the background and the 
heavy l epton contri bution, is  shown in Fi g .  5 . 3 .  

The spectrum i n  Fi g .  5 . 3  was fi tted to three possible channel s :  
- - -

* D + even '  D + eveK and D + eveK ( 892 ) .  A V-A current was assumed and the form 
of the spectra was taken from a paper by Al i and Yang16 . Note that the theore­
ti cal spectra are model dependent .  These fi ts gave a x2 val ue for 10 degrees 

- - - * of freedom of: �9 . 6  for D + even '  6 . 3  for D + eveK and 2 . 8  for D + eveK ( 892 ) .  
The decay D + even can therefore be excl uded as the sol e semi l eptonic decay mode 
of the D. The data can be fi tted with ei ther D + ev K or D + ev K*(892 ) .  e e 

The absol ute cross section for i ncl usive el ectron production + - + e e + e- + X ,  where X conta ins at l east two charged tracks and any number of 
photons ,  i s  plotted i n  Fi g .  5 . 4a as a function of energy . The data have been 
corrected for radi ati ve effects . The background from hadron m is identifi cation 
and the contribution from heavy l eptoni c  production have been subtracted . 

The i nc lus ive cross section due to charmed partic le  production can 
be wri tten as : 

Here 
a (e+e- + e±X )  = E1. J. a ( e+e- + C . C . ) · { B ( C .  + ev X )  + B ( C . + ev X) } , l J  i e J e 

+ - -(e e + Ci Cj ) denotes the effective cross section for producing the 
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l i ghtest channed hadron stabl e agai nst strong and el ectromagneti c  decays . These 
partic l es mi ght ei ther be produced di rectly or resul t from the cascade decay of 
exc i ted channed hadrons .  The cross section a ( e+e- + Ci Cj ) was obta i ned by sub­
tracti ng the cross sections for "ol d" hadron production from the total hadronic 
cross sectio n .  

Near threshol d ,  where only neutral and charged D production can 
contri bute DASP f inds : 

B ( D  + e + X )  = D . 08 ± 0 . 02 

Th i s  s hou l d  be compared to the val ue 

B ( C  + e + X) = 0 . 07 2  ± 0 . 02 

obta i ned by averi ng over al l energ i es between 3 . 9  GeV and 5 . 2  GeV ( see Fi g . 5 . 4b ) . 
These val ues were extracted u s i ng the DASP1 data for the total cross section 
and the error quoted is mai nly systemati c .  Eval uating the branch i ng ratio  u s i ng 
the SPEAR data1 7  on the total cross section as i nput l ed to an average semi ­
l eptonic  branchi ng ratio of 0 . 08 ± 0 . 03 ,  compared to 0 . 11 ± 0 . 03 obtai ned u s i ng 
the PLUT018 total cross section . 

The semi l eptonic  branch i ng ratio can al so be detenni ned from the 
.fracti on of i nc l u s i ve el ectron events conta i n i ng a second el ectron . Usi ng thi s  
method the DASP group fi nds B ( C  + e-X )  = 0 . 16 ± 0 . 06 .  Note that thi s  val ue i s  
i ndependent o f  the chann cross section . 

The semi l eptonic  branch i ng ratio of D ' s  as measured by DASP i s  
i n  accord wi th the resul ts by LBL-SLAc19 and the prel imi nary analys i s  of 
DELCo20 . ( see Tabl e 5 . 3 ) .  

Tab l e  5 . 3  Sem i l eptoni c  branch i ng ratio  o f  D mesons 

Experiment B ( D  + eX)  

DASP13  8 ± 2 % 
DELC020 1 1  ± 3 % 
LBL-SLAC19 7 . 2  ± 2 . 8  % 

The sem i l eptoni c branch i ng ratio i s  l arger than the val ue of 4 % predicted21  

from the  weak decays of strange part icl es . Th i s  i nd icates that the mechani sm 
respons i bl e  for enhanci ng the nonl epton i c  channel s i n  strange part ic l e  decays 
are l ess effecti ve22 for charmed particl e decays . In fact i f  none of the 
avai l ab l e  channel s are sel ectively enhanced one expects a semi l epton i c  branching 
ratio of 0 . 20 .  Th i s  number i s  obtai ned by s impl e counting : the W decay can 
proceed i n  fi ve di fferent ways , W + ev , µv and qq ' times three because of three 
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di fferent col ours : Assumi ng the same coupl ing strength , each channel has the 
probabi l i ty 1 : 5 = 20 % .  

One event was found by DASP wi th 3 el ectrons pl us  hadrons13 . Thi s  
number i s  consi stent with the expected background l eadi ng to a n  upper l imi t of 

(e+e- + 3e + X) < 0 . 1  nb ,  

wi th 90 % confi dence . Events of that type coul d ari se from a charm changing 
neutral current, wh i ch al l ows a charmed hadron to decay i nto two el ectrons pl us 
hadrons23 . A neutral l epton pai red with the el ectron in a right handed doublet 
wou l d  al so yi el d events with three el ectrons and hadrons22 . 

DASP12 has determined the number of charged kaons emi tted i n  
el ectron mul ti hadron events . Th i s  provides a n  i ndependent cons istency check on 
the nature of the weak current respons ib le  for charm decay . If it is the GIM 
current then almost every el ectror event wi l l  ha\\'! a KR pa ir .  The measurement 
was done wi th events that had an identi fied charged hadron (n ,  K or p) i n  the 
magneti c s pectrometer, an el ectron i n  the i nner detector and possi bly other 
charged parti cl es or photons . No epX events were seen . From the observed K to 
n ratio and the measured charged mul ti pl i c i ty it was found that each mul ti ­
prong event contained on the average 0 . 90 ± 0 . 18 charged kaons per event i n  
agreement wi th the G IM prediction . 

6 .  T product ion 

Measurements on l epton events of the type 
e+e- + eµ + noth i ng 

and e+e- + e(µ ) + non$howeri ng charged parti cl e 
+ any number of photons 

( 6 . 1 )  

( 6 . 2 )  

provided convinc i ng evi dence that besides charmed partic les a new type o f  weakly 
decaying parti cl e ,  T ,  is being produced above 4 GeV 24 . Concl u s i ve proof for 
i ts exi stence was recently gi ven by the DASP col l aboration who observed T pro­
duction bel ow charm . thresho l d  at the w ' .  

6 . 1  T production bel ow charm threshol d 

T production at the w '  was studied wi th el ectron twoprong events 
( 6!. 2 ) .  The sel ection cri teria for th i s  sampl e were di scussed i n  the previous 
secti on . A total of 17 events were found at the w '  and 1 event at a cm energy 
of 3 . 6  GeV . 

The el ectron momentum spectrum measured at the w '  and p lotted i n  
Fi g .  6 . 1  shows two c lear cl usters o f  events , one centered around 1 . 5  GeV/c and 
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the other wi th momenta between 0 . 4  GeV/c and 0 . 9  GeV/c . The fi rst  cl uster can 
be associ ated wi th the cascade decay w' � J/w X � e+e-X .  

The el ectrons i n  the second cl uster have a rel atively fl at momen­
tum di stri bution . The background from the reacti on e+e- � e+e-µ+µ- has been esti ­
mated to contri bute ( 0 . 6  ± 0 . 2 )  events . An estimate us i ng data at other energ i es 
shows that we expect l ess  than 0 . 1 event from beam-gas i nteractions . Indeed , al l 
the events ori gi nate with i n  the nominal i nteraction vol ume . A twobody hadron fi nal 
state can fake events of type ( 1 )  if the charged hadron travers i ng the magnet i s  
m i s i denti fied a s  a n  el ectron . For hadrons with momenta above 0 . 35 GeV/c the 
measured probabi l i ty Phe for th i s  to happen is 4 x 10-4 . At the w '  resonance 
2 1 13 events were observed of the type e+e- � h± + nonshoweri ng track + � 0 
photons where h i s  ei ther a kaon or a pion travers ing the magnet and the non­
showeri ng track i s  observed i n  the i nner or outer detector. Thi s  cl ass of events 
therefore contri butes a background of (0 . 84 ± 0 . 02 )  events . Dal i tz decays of n° 
and n and photons convert ing i n  the beam p i pe were estimated us ing the two prong 
sampl e above . A total of ( 0 . 2  ± 0 . 1 )  events were estimated compared to 9 events 
observed . The computation of background Jssociated with mul ti hadron events was 
checked by searching for i ncl u s i ve el ectron events at the J/w resonance . One 
event of the type e+e- � e± + nonshowering track + � 0 photon was found which 
i s  to be compared with an estimated background of 1 . 3  events . 

Further evidence that the el ectron events observed at the w '  are 
not true hadron events comes from an i nspection of the photon mu l ti pl i c ity .  
Tab l e  6 . 1  shows a comparison of the photon mul tipl i c i ti es for twoprong electrons 
( 0 . 4  GeV/c < Pe < 0 . 9  GeV/c ) and twoprong hadron events ( ph > 0 . 4  GeV/c )  from 
w ' decay . 

Tabl e 6 . 1  Photon mul ti pl i c i ty di stri butions 

Number of photons 0 1 
e± + nonshoweri ng track 3 3 
at the w ' ( 0 . 4  < Pe < 0 . 9  GeV/c ) 

h± + nonshowering track 207 370 
at the w ' ( ph > 0 . 4  GeV/c)  

e± + nonshoweri ng track 
!ST 4-5 . 2  GeV ( Pe > 0 . 2  GeV/c)  

49 17 

2 

440 

10 

The di stri buti ons are stri ki ngly di fferent.  The 
by a few events as expected for T decay whereas 
mul ti pl i c i ty .  

116 
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We concl ude therefore that an anomal ous el ectron si gnal i s  observed 
at a cm energy of 3 . 684 GeV wh i ch is bel ow charm threshol d .  Th i s  s i gnal i s  then 
assumed to come from TT producti on . The el ectron spectrum predi cted for a T 

of mass 1 . 80 GeV and a zero mass neutri no fits the data wel l ( see curve i n  
Fi g .  6 . 1 ) .  

6 . 2  T production above 4 GeV 

We turn now to the el ectron twoprong data at hi gher energ ies .  A 
total of 80 events were found at cm energ ies between 4 . 0  and 5 . 2  GeV . A fraction 
of the twoprong el ectron events observed above 3 . 9  GeV might resul t from asso­
ciated production and semi l eptonic decays of channed parti c l es . An upper l im it  
can  be obta i ned by assumi ng that al l i nc l u s i ve el ectron events with more than 
two prongs are �ue to charm production .  From the measured mul ti pl ic ity distri­
bution of these events ( Fi g .  5 . 1 ) and the known detection efficiency a total 
of (5 ± 2) events has been estimated from thi s source . The di rect decay of a 
pa i r  of charmed hadrons i nto a final state with one el ectron and one non­
showeri ng track is expected to contribute l ess  than one event.  The background 
from al l other sources has been ,estimated to (9 ± 3 )  events , i n  agreement with 
( 7  ± 7 )  events extrapol ated from the 3 . 6  GeV data . 

6 . 2 . l T mass and spi n 

The quant ity 2aTT Be · Bns  i s  pl otted i n  Fig .  6 . 2  as a function of 
cm energy . Radi ati ve corrections were appl ied and the data were corrected for 
the enhancement at the 1/1 '  due to vacuum pol arization . Note the rapid rise near 
thresho l d  which is characteri stic for s-wave production . The data shown i n  
F i g .  6 . 2  were used to determine the mass o f  the T and i ts sp in14 . The cross 
section for TT production for a T spin  of 0 ,  1/2 and 1 reads as fol l ows : 

sp in  0 :  
a -TT 

where a µµ 
spin 1/2 : 

= 1/4 aµµ 
= ?s and 

s3 f F f 2 B T e 

F i s  the T 

. B ns  

formfactor. 

aTT = aµµ ST { 1 + 1/2 ( 1-S� )} Be Bns 
The T i s  assumed to be poi ntl i ke .  

Spi n 1 : 

aT_ = aµµ ST { (�) 2 + 5 � + 3/4 } · Be · Bns 
T T 

( 6 . 3 )  

( 6 . 4 )  

( 6 . 5 )  

The T i s a�sumed to have the same e l ectromagnetic properti es a,s the W boson25 . 
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For spi n 0 the upper l im i t  on 2a,, BeBns was cal cul ated with F = 1 
and the conservative assumption that the ' has only l eptonic decays and Be = Bµ . 
Th i s  upper l im i t  i s  p lotted i n  Fig . 6 . 2  und i s  seen to be l ower than the data by 
an order of magn i tude . For spin  1/ 2  and 1 a fi t was made treati ng the ' mass and 
the products of the branchi ng ratios Be · Bns as free parameters . The spi n 1 curve 

_ ( see Fi g .  6 . 2 )  does not descri be the data ; i ncl uding the data obtai ned at h igher 
I �nergies at SPEAR excl u des sp in  1 .  The data are wel l descri bed by a po i ntl i ke 

fermion of sp i n  1 / 2 .  The fi t yiel ded for the ' mass 

6 . 2 . 2  

m 1 . 807 ± 0 . 02 GeV .  T 

The l epton momentum spectrum 

Besi des el ectron i nc l us ive events the DASP group studied al so µ 
i nc l u s i ve events14 . Candi dates for muon i nc lus ive events had to have one muon 
track in the spectrometer ,  a second nonsh-i?weri ng track and any number of photons 
observed ei ther in the i nner detector or in the spectrometer arms . A charged 
partic l e  was cal l ed a muon if it had a momentum greater than 1 . 0  GeV/c,  gave no 
s ignal i n  the threshol d  Cerenkov counter, suffered an energy l oss cons i s tent 
with that of a mi n imum ion i z i ng part ic le  in the shower counter and penetrated 
at l east 60 cm of i ron .  A total of 25 events with a background of 3 .8 events 
was found . 

After al l corrections (21  ± 5 )  muon i nc l u s i ve events and 
( 1 8 . 5  ± 4 . 6 )  el ectron i nc l u s i ve events were observed with momenta above 1 . 0  GeV/c .  
The . rati o  o f  the l eptonic wi dths eva luated d irectly from these data are i nde­
pendent of the form of the coupl i ng .  Thi s  yiel ds B /B = 0 . 92 ± 0 . 32 with a µ e 
systemati c uncertai nty of 0 . 07 .  The res u l t  i s  cons i stent with eµ uni versal i ty .  

The l epton momentum spectrum, obtai ned by comb in i ng the el ectron 
and the muon data , i s  pl otted in Fi g .  6 . 3  for cm energies between 4 . 0  GeV and 
5 . 2  GeV . Thi s  spectrum extends to much hi gher momenta than the el ectron spectrum 
observed i n  the semi l eptoni c  decays of the charmed hadrons , refl ecti ng the 
poi ntl i ke s tructure of the , and the l ow mass of i ts neutri no . 

The sol i d  l i ne shows a fi t to the data assumi ng m, = 1 . 80 GeV , a 
massl ess neutri no and a ( V-A)  structure of the current . The dotted l i ne i s  a 
fi t keepi ng the masses constant but chang i ng the l eft handed V-A current i nto 
a right  handed V+A current .  Both fi ts are cl early acceptabl e .  
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6 . 3  L�ptonic  and topol ogi cal T decay branc�i ng ratios 

The DASP group measured14 e+e- 7 eµ + m i s s i ng energy i n  the cm 
range of 0 . 4  GeV to 5 . 2  GeV . Muons of momenta greater than 0 . 7  GeV/c were i denti ­
fied i n  the outer detector ( Phµ � 4 . 2  ± 0 . 8  % )  by range ,  el ectrons wi th momenta 
above 0 . 2  GeV/c ei ther i n  the i nner detector ( Phe = 2 ± 0 . 9  %) or the outer 
( Phe = 4 x 10-4 ) .  A total of 13 eµ events with an estimated background of 
1 . 2 ± 0 . 4  events were found . Us i ng the known production cross section and assumi ng 
eµ uni versal i ty yiel d :  

B µ 
B µ 

0 . 182 ± 0 . 028 ± 0 . 014 for a V-A current and 

0 . 206 ± 0 . 033 ± 0 . 01 5  for a V+A current.  The fi rst error is the 

stati stical  one . 

The fi t used ·to eval uate the • mass from the el ectron i ncl u s i ve 
events yiel ds Be · Bns  = 0 . 086 ± 0 . 01 2 .  Us i ng Be = 0 . 182 ± 0 . 028 the DASP group 
deri ved the branch i ng ratio for T + v + nonshowering part ic l e + � 0 photons , T 
Bns = 0 . 47 ± 0 . 10 .  The branchi ng ratio Blh for T + vT + hadron + � O photons 
i s  g i ven by Blh  = Bns - B = ( 0 . 29 ± 0 . 1 1 ) . The sYstemat ic  errors are smal l 
compared to the stati stical error.  The average number of photons associ ated 
wi th T + vT + hadron + � 0 photons can be obta i ned from tabl e  6 . 1  after maki ng 
background correcti ons . Averaging the observed photon mul tipl i c i ty over al l 
two prong events i n  the h igher energy data and correcti ng for the photon da­
tection eff ic i ency the decay of the type T + vT + charged hadron + any number 
of photons was found to yiel d on the ave�age 2 . 8  ± 0 . 7  photons .  

The branching rati o B3h for the T to decay i nto fi nal states 
wi th at l east three charged partic l es can be obta i ned from B3h = 1 -Be - Bns · 
(The number of el ectron events wi th Pe > 1 GeV/c and 5 or more charged tracks 
were found to be smal l . )  The resul t is B3h = 0 . 35 ± 0 . 1 1 in agreement wi th the 
Pluto26 measurement ,  B ( �  3 prong ) = 0 .30 ± 0 . 10 .  

F its were al so made varyi ng the mass of the T neutri no . The 90  % 
confidence upper l im its on the neutri no mass are m < 0� 74 GeV for V-A and v 
m < 0 . 54 GeV for V+A . T 

v T 

6 . 4  Semi hadroni c  decays o f  the T 

A characteri sti c feature of the standard weak i nteracti on i s  that 
decays. i nvol v i ng strange part ic les are suppressed rel ati v to decays i nvol v i ng 
nonstrange final states by tg2ec z 0 . 0 5 .  The DASP group determi ned12 the ratio 
of strange to nonstrange part ic les in semi hadronic  T-decays from a measurement 
of 
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a(e+e- + e +  + K± + ?  0 photons) 
a ( e+e- ± e+ + n± + :: 0 photons )  

It  was shown that the two prong cross section i ncl udi ng one el ectron predomi nately 
+ - - -resul ts from e e + TT +  (vT eve ) (vT + hadrons + :  0 photons )  wi th only a smal l 

contami nation from chanTI decays . The hadrons were i dentified and measured us ing 
one of the spectrometer arms . The el ectron was i dent if ied i n  e i ther the i nner or 
the outer detector.  

The resul ts was 
a (e + + K± + � 0 photons ) = 0 . 07 ± 0 . 06 
a ( e +  + n± + :;:: 0 photons ) 

Therefore on the average only 7 % of al l semi hadronic T -decays yiel d a strange 
parti c l e  in accordance with theory .  Th i s  shoul d be compared to mul ti prong events 
where DASP found12 : 

a ( e +  + K± + ::: prong + :: 0 photons )  

a ( e +  + n± + > prong + : 0 photons ) 
0 . 24 ± 0 . 05 .  

Si nce the charged mul ti pl i ci ty i s  o n  the order o f  4 th i s  i s  equ i ­
val ent to ( 0 . 9  ± 0 . 18 )  charged kaons per mul ti prong event .  ( See di scussion  i n  
section 5 . )  

6 . 4 . 1  T + TI\! 

We have searched27 for the T + nv decay by studyi ng the process 

e+e- + T� + (evv ) (nv )  

l eading to the fi nal state en± Oy . In  order to reduce background from charm 
production only cm energ ies W > 4 .48 GeV were cons i dered . The el ectron was de­
tected in the i nner detector or i n  the magneti c  spectrometer , the n± was identi ­
fied i n  the magnetic spectrometer .  To enhance the T + nv s i gnal only n± with 
momenta above 1 . 1  GeV/c were consi dered . Two events sati sfyi ng these selection 
criteria were observed . 

From T� production 6 . 7  events were expected p lus  1 event from 
background (e . g .  T + pv where the n° from T decay escaped detection ) .  The d if­
ference between expected and observed number of events corresponds to a 2 s . d .  
effect.  The observed number o f  events l ead to 

or 
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whi ch can be compared to the theoreti cal val ue of B = 0 . 10 .  The data from 
SLAC-LBL presented at this meeti ng28 suggest ,  howev;r ,  that the TIV decay ex i sts 
wi th the expected strength . 

The OASP group has al so searched for events of the type 

e+e- + ,; + { ( Kv )  (evv ) + (µvv ) + ( Tiv ) } 

K± + charged track + mi ss i ng energy . 

Only one event with pK > 1 . 0  GeV/c was found27 . Thi s yiel ds a 90 % confi dence 
u pper l im i t  of BK < 0 . 016 . 

6 . 4 . 2  T + PV 

DASP measured27 the decay , + pv, by sel ecting fi nal states with 
TI± + charged track + two photons . Events in wh i ch the two photons are compati b le  
with resu l ting from a Tio decay are retai ned provi ded that both computed photon 
energ ies are above 50 MeV . The remai ni ng events are pl otted versus M ( TI±Tio ) i n  
Fig . 6 . 4a .  Events with a n  i dentified el ectron are hatched . Events within the 
p-band ( 0 . 5  GeV < M ( TI±Tio ) < 1 . 0  GeV) are p lotted versus the momenta of the TI±Tio_ 
system i n  Fi g .  6 . 5 .  The momentum di stri bution expected from the decay ' + pv, 
i s  shown as the dotted l i ne . Note the fl at di stribution above 0 . 9  GeV/c wh i ch 
i s  characteri st ic  for a two body decay of a mov i ng object .  The enhancement at 
l ow momenta is presumably due to mul tihadron events . To reduce the background ,  
on ly events with a (TI±TI0 )-momentum above 1 . 0  GeV/c are  cons i dered .  The TI±Tio 

mass di stri buti on for these events are plotted i n  Fi g .  6 . 4b .  These events yiel d 
as a prel imi nary val ue 

s = o . 24 ± 0 � 09 p 
i n  good agreement wi th the theoretical prediction ,  B 0 . 22 . 29 

p 

6 . 5  SU11111ary o f  the ' properties 

Tab l e  6 . 2  summari zes the i nformation on mass , l eptoni c  and semi­
hadroni c decay modes of the , from th is  and other experiments . 

The observation of the , at the � ·  bel ow charm threshol d conc lu­
s ively demonstrates that the  ' s ignal has nothi ng to  do  with charm.  The shape 
and magnitude of the <T production cross secti on excl ude spin  0 and 1 for the , :  
they strongl y  favor the assi gnment a s  a poi ntl i ke ,  sp in  1/2 fermi on . The best 
val ue for the , mass at present is 1 . 807 ± 0 . 02 GeV .  The analys i s  of the decay 
spectra puts a l imi t of 0 . 54 GeV on the mass of the , neutri no . The l i fetime 
of the ' is l ess than 3 . 5 · 1o- 12 sec . 
The l epton momentum spectra can be described by a V-A as wel l  as a V+A coupl ing 
of . the weak current to the Tv, system al though the fi rst  poss i bi l i ty i s  
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i n  e+e- � n±noT . The mass of the n±n° system was between 0 . 5  GeV 
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.... 
� Tab.l e 6 . 5  Properti es of the 

experimental 
resul ts 

mass (GeV)  1 . 807 ± 0 . 020 
Spi n 1/2 
l i fetime (sec)  <3 . 5 · 10- 12 

m \) ( GeV ) <0. 54 
T 

TV coupl i ng to V-A favored T weak current 

Bµ I Be 0 . 92 ± 0 . 32  
Be 0 . 186 ± 0 . 010 ± 0. 028 

0 . 16 ± 0 . 06 
0 . 224 ± 0 . 032 ± 0 . 044 
0 . 182 ± 0 . 028 ± 0 . 014 
0 . 15 

B µ 0 . 175 ± 0 . 072 ± 0 . 030 
0. 14 ± 0 . 034 

0 . 22 + 0 . 07 
- 0 . 08 

0 . 20 ± 0 . 10 

B ( T  -+ ey) <0. 026 
B ( T  ..,. µy) <0.013 
B(T ..,. 3 charged <0 .006 

l eptons )  <0 . 01 
( ; 

predicted experiment comments 
by theory 

DASP14 

2 . a · 10-13 PLUT030 

SLAC-LBL3 1 , PLUT030 

SLAC-LBL3 1 , PLUTo26 

1 ( seq . l ept . ) DASP14 

0 . 18 SLAC-LBL32 from eµ ; assume Be = B and V-A 
PLUT030 from eµ ,µX ; assume V-A 
LBL-SLAC33 from eµ ; assume Be = B 
DASP14 from eµ ; assume Be - B and V-A 
DELC020 from eX ; prel imi nary 

0 . 18 SLAC-LBL from µX ; asst.me B18 = 0 . 85 and V-A 
PLUT026 from µX ; assume V-A 

Iron bal l 35 from µµ 

Maryl and-Princeton from µX 
-Pavi a  

LBL-SLAC3 1  

LBL-SLAC3 1  

SLAC-LBL3 1  

PLUT036 



.... t-> _, 

Table 6 . 5  conti nued 

B ( ,  + 1 charged 
+ any photons )  

B ( T  + 1 charged 
hadron + any photons ) 

B ( T  + 3 charged 
hadrons + any photons ) 

B ( T  + 11v) 
B ( T  + kv ) 
B ( T  + pv)  
B ( T  + po11±v) 

expedmenta 1 
resul ts 

0 . 70 ± 0 . 10 
0 . 90 ± 0 . 10 
0 . 65 ± 0 . 12 

0 .40 ± 0 . 15 
0 . 45 ± 0 . 19 
0 . 29 ± 0 . 1 1  

0 . 35  ± 0 . 11 

0 . 02 ± 0 . 03 
<0 . 016 

0 . 24 ± 0 . 09 
0 . 050 ± 0 . 01 5  

predicted experiment conmen ts 
by theory 

PLUT026 

LBL-SLAc33 

DASP14 

PLUT026 

LBL-SLAC33 

DASP14 

DASP14 

0 . 10 DASP27 

0 . 005 DASP12  

0 . 22 DASP27 

-0 . 1 PLUT030 p1 1 sepctrum consistent with A 
decay. Incl uding neutral d�cay 
modes woulrl give 
B ( T  + A1v )  = 0 . 10 ± 0 . 03 



s l ightly favored by the data . The meas�red l epton i c  decay rates are consistent 
wi th e/µ universal i ty .  The l eptoni c  and semihadronic b ranch i ng ratios agree wi th 
those expected from theory for a heavy l epton of mass 1 . 8  GeV , except perhaps 
for the decay , �  nv whi ch needs further study .  

The consistency wi th e/µ universal ity cl ass i fies the , as either a 
orthol epton or a sequenti al l epton . In the fi rst case the , has the same l epton 
number as e or µ .  In the second case the , carries a new l epton number. Recent 
neutri no experiments rul e out that the , is µ-l ike37 and strongly i ndi cate that 
it is not e- l i ke38 e ither. The , is therefore most probably a sequential heavy 
l epton with a new l epton quantum number and wi th its own neutri no . 
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77/35 ( 1975 . 

3 7 )  see e . g .  K. Kl e i nknecht ,  rapporteur tal k ,  1977 Hanburg Conference , p .  2 7 1 .  

38 )  R. Palmer, resu l ts reported at th i s  meeting . 
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Abstract : New results obtained in e+e--annihilation are presented , 
concerning the total hadronic cross section , the p-inclus ive produce 

tion , the radiative decay J /1jJ ->- f ey and properties of the heavy 
lepton T .  

Resume : On a presente des nouveaux resultats qui ont et� obtenus dans 
l ' annihilation e+e- et qui concernent l a  section efficace hadronique, 

la production inclus ive des mesons p ,  la desintegration radiative 
J/'41 -.. fe y et des proprietes du lepton lourd T .  
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1 .  Introduction 

The results of the PLUTO-collaboration* presented in this talk are 
based on data taken in the -runperiod of 1 9 7 6 .  In 1 9 7 7  the PLUTO de­

tector was upgraded with several new components . In the same year 
the DORIS-storage ring has also been upgraded to higher energies . 

Thus the set of data discussed in the fol lowing is the same as des­
cribed in the talk of V . Blobel held at the XII . Fencontre de Mori­

ond ( 1 ) one year ago , where he gave details on the energies we run 
and the integrated luminosities . 

My talk is organized as follows : 
In chapter 2 I shall give a brief description of the PLUTO detecto4 
chapters 3 to 5 are dealing with the total hadronic cross section , 
with the p - inclusive production and with the radiative decay 
J/� � f0y ,  which may be compared with theoretical predictions es­
pec ially from quanturnchromodynarnics ( QCD ) , chapter 6 discusses new 
results on the heavy l epton T .  In a concluding chapter 7 a short 
review on the present and future programs of the PLUTO detector is 
given . 

*at present the PLUTO-Col laboration consists of the following physicist s :  

Ch. Berger, W . Lackas, F . Raupach , W . Wagner , I . Physikalisches Institut 
der RWI'H Aachen ; 

G . Alexander 1 , L . Criegee , H . C . Dehne, K . Derikum , R . Devenish , G . Flugge , G . Franke , 
Ch . Gerke, E . Hackmack, P . Harms , G . Horlitz , Th . Kahl2 , G . Knies , E . Lehmann, 
B . Neumann, R . L . Thompson 3 , U . Timm, P . Waloschek, G . G . Winter , S .Wol ff, W . Z immer­
mann , Deutsches Elektronen-Synchrotron DESY , Hamburg; 

O . Achterberg, V . Blobel, L . Boesten , H . Daumann , A . F . Garfinkel 4 , H . Kapitza, 
B . Koppitz , W . Luhrsen, R . Maschuw, H . Spitzer , R . van Staa, G .Wetj en, 
II . Institut fur Experimentalphysik der Universitat Hamburg ; 

A . Backer , J . Burger, C . Grupen , H . J . Meyer , G . Zech, Siegen University; 

H . J . Daum, H . Meyer , O . Meyer , M . Rossler, K .Wacker , Wuppertal University .  

( 1 on leave from Tel-Aviv University , Israel ; 2Now at Max-Planck-Institut fur 
Physik und Astrophysik, MUnchen ; 3on leave from Humboldt Univer sity, Arcata , 
California, USA ; 4on leave from Purdue university, W . Lafayette I n . , USA . )  
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2 .  Bri ef Description of the Detector 

PLUTO i s  a magnetic 4rr detector at the DORIS e+e- storage ring at 

DESY in Hamburg . The detai l s  of this detector are described in se­
veral publications < 2 , 3 l , thus I shall only mention the most impor­

tant features of thi s  apparatus .  

A schemati c  view of the PLUTO detector as used in 1 9 7 6  i s  given in 

fig . 1 .  The detector cons ists of a superconducting solenoid provi­
ding a magnetic f ield of 2 Tesla in its inner volume ( 1 . 4  m diame­
ter and 1 • 1 m length) , ,  which is filled with 1 4  cylindrical propor­
tional wire chambers and two cylindrical lead converters all con­
centr ic to the beam . Thus track recognition and momentum measure­
ment for charged tracks is poss ible . The flux return yoke which i s  

used s imultanously as hadron absorber , i s  covered with a muon de­
tector consisting of plane proportional tube chambers . On the 
average a particle coming from the interaction point has to pene­
trate 68 cm of iron equivalent to reach the muon chambers . 

i ron yoke -

superconducting coil
� 

muon chambers 

lead converters ____ 

Fig . 1 Schemati c  view of the PLUTO detector ( 1 9 7 6 )  with typical 
particle s ignatures (view along the beaml ine) 
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The geometrical acceptances of the different detector components 

are listed in the table below. 

Table 1 .  Solid angle coverage of detector components 
Solid angle in 

Detector component % of 47T 

Proportional wire chambers 
- purely geometric 9 2  
- with trigger 8 7  

Inner lead converter (r = 3 7 . S  cm) 
(0 . 44 radiation lengths thick) 78 

outer lead converter ( r = S9 . S  cm) 
( 1 . 7 1  radiation lengths thick) 60 

Muon chambers S 1  
- with i cos e r  < . SS 4 S  

Particle identification i s  possible t o  a certain extent with this 
apparatus , the signatures of particles used in the context of this 
talk are the following : 

E lectrons are charged tracks giving showers behind one of the two 
lead converters . 
Muons are non showering charged tracks which can be extrapolated 
from the inner detector to a muon chamber having a set wire within 
a certain region around the extrapolated track . Charged hadrons 
(mostly assumed to be pions) are all charged 'tracks coming from the 
interaction point not showering behind both lead converters . A spe­
cial class of these hadrons are the " identified " ones , having suf­
ficient energy to penetrate the iron if they were muons , and point­
ing towards a muon chamber which has no set wire·within the appro­

priate region around the extrapolated track . If a photon has been 
converted in the second layer of lead, if can be identified by a 
shower in the two proportional chambers behind the lead , if this 

shower is not correlated with a track . In this case only the deter­
mination of the direction of the photon is pos s ible . If the photon 
produces an electron-positron pair already in the first converter , 
also its energy can be measured . 
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3 .  Total Hadronic Cross Section 

Our measurements of the total hadronic cross section have been pu­

blished in an updated version at the Hamburg-Conference last sum­
mer ( 4 ) . Here I shall discuss these results only in a brief manner 

comparing them with other result� . 

The data used to gain our cross section include a l l  events with 
� 2 tracks , having at least one track with an angle against the beam 
axis 0 > 30 ° and a momentum p > 2 40 MeV/c . For two-prongs a copla­
narity angle 1 5 ° < �¢ < 1 6 5 °  is required . Radiative corrections 
have been appl ied to the measured cross section . To determine a l l  
acceptances a Monte Carlo procedure was used , which simulates as 
exact a s  possible a l l  details of the detector . The data are best 
described , if the physical model fed into this Monte Carlo proce­
dure is of the " j et�type , with a j et-axis distribution proportio­
nal to ( 1 +  cos 2 0) and an average transverse momentum with respect 
to the j et-axis of < pt> = 3 50 MeV/c ( 5 ) . 

The overall efficiency and acceptance i s for ·two-prongs � 40% and 
for l> 2-prongs � 9 5 %  giving a total efficiency of � 7 5 %  for a l l  events . 

DJ.e to these high efficiencies the Monte Carlo corrections applied 

to our data are relatively smal l  compared to other detectors . 

R P L U TO 6.0 

4.0 
! 

2.0 
Ri: 

- - - - - - - - - - - - - - - - - - - -

o ��/��- -�--- -�--- ���__..��_.__.__VS.L-..J 3.5 4.0 4.5 G eV 5.o 
Fig . 2  Total hadronic cross section Rtot crhad/ crµ µ  

( contribution from the heavy lepton i: included) 
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In fig . 2  the ratio 

is plotted as a function of the center of mass energy IS .  

I n  the framework o f  guantumchromodynamics ( QCD ) the total hadronic 
cross section (without the contribution from the heavy lepton T )  

including the first order gluonic corrections is given by 

3 l Qi
2 • ( 1  + as/11 ) 

i 
where Qi are the quark charges ( i  = u ,  d ,  s for IS < 3 . 6  GeV and 

i = u ,  d ,  c ,  s for IS > >  3 . 6  GeV) and as the running coupling con­
stant of the strong interactions : 

1 2 11 

( 3 3 -2n ) 9.n ( s/A 2 ) 

(n = number of quark 
flavours )  

The only free parameter i s  J\ .  A f i t  to deep inelastic lepton-nucle­
on scattering data yields a value of J\ � 0 . 5  GeV , which wi l l  be 
used in this estimation . For IS =  3 . 6  GeV this leads to a value of 
Rhad = Rtot = 2 . 2  and for IS =  5 . 0 GeV to Rhad= 3 . 7 .  But these cor­
rections are far too small to be measured with existing detectors . 
To obtain at the latter energy the value of Rtot one must �dd the 
contribution of the threshold factor of the heavy lepton T 

( f3 velocity of the T )  

At IS = 5 GeV one has RT= . 9 8 yielding for Rtot = 4 . 7 , because a l l  
T +T --events contribute t o  the hadronic events selected . For both 
values at 3 . 6  GeV below and at 5 . 0  GeV above charm - and heavy lep­
ton - thresholds the measured Rtot is in good agreement with theo­

retical expectations , but one must always keep in mind that an 

overall systematic uncertainty of about 1 0% must be taken into 
account , which is on top of the gluonic corrections . 

The topology of the cross section shows three distinct peaks . The 
results of separate fits to each of these resonance like regions 

are given in table 2 .  An overall fit of the complete energy inter­
val between 3 . 6  and 5 . 0  GeV seems unreasonable since the exact 
charm threshold behavior is not really known . 
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Table 2 .  Resonance parameters of the resonancelike regions 
between 4 . 0  GeV < IS < 5 . 0 GeV 

Mass 
(GeV/c2 ) 

4 . 04 ± 0 . 0 2 
4 . 1 5  ± 0 . 04 
4 . 40 ± 0 . 03 

Width 
(MeV/c 2 )  

5 5  ± 1 0  
4 7 ± 1 1  
3 3  ± 9 

Although within the systematic uncertainties our measurements are 
in overall agreement with other results , there are �ome difference� 

The PLUTO cross section is somewhat lower than that of the DASP (G ) _ 
and the SLAC-LBL ( 7 ) -detectors while it is in agreement with the 
prel iminary cros s section of the DELCO-detector (S ) . The peaks at 
4 . 04 GeV and at 4 . 1 5  GeV are well separated in the PLUTO and DASP 
resul t s ,  but this is not so for DELCO and SLAC-LBL results . 

4 .  p- inclusive Production 
The quarks are assumed to be pointlike spin half constituents of 
hadrons . A meson h is built up by a quark-antiquark pai r .  So it is 
obvious from simple spin state counting that the vector mesons 
( spin J = 1 )  should be produced three times more frequent than the 

pseudoscalar-mesons (J = O) in the inc lusive reaction 

( In this estimate more sophisticated items of the theory , like 
quark mass di fferences ,  are neglected ) . we compar�d our measurements 
of the inclus ive reaction 

( 1 a) 

with 
+ - + e e + TI - + anything , ( 1 b )  

taking p ( J = 1 )  and n ( J 0 )  as the mesons with the smal lest mass 
of each type to test this predict ion . Reaction ( 1 b)  has been mea­
sured by the DASP-collaboration ( g ) . To look for events of the 
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reaction ( 1 a) we assigned 

pion mass to all tracks and 

plotted the invariant mass of 

two tracks with opposite 

charge (fig . 3a , upper histo­

gram) • The background was de­

termined using pairs of tracks,  

each track coming from a dif­

ferent event ( f ig . 3a, lower 

histogram) . 

The invariant masses of the 

remaining events have been 

plotted in fig . 3b . The mass dis­

tribution has been fitted 
to the p0-resonance (giving 

mass and width of 7 6 7 ± 7MeV and 

'1 60± 40 MeV re spec ti vely from 

a Breit-Wigner-fit) , a smooth 

polynomial background and a 

possible kinematic reflec­

tion of K* ( 890) which con­

tributes to the left tail 

of the p 0-signal when the 

KK is interpreted as two 

pions . 

No . events 
5000 .0 �----�----�---� 

4000 .0 

3000 .0 

2000.0 

1000.0 

900.0 

600.0 

300.0 

0 .0 

-300.0 -�---"-�--� 

Fig . 3  

0.2  0 .6  1 .0 t .• 

a) Invariant mass of IT+IT-­
system (upper histogram) 
and uncorrelated pairs 
( lower histogram) 

b) Difference between corre+ 
lated and uncorrelated IT IT 
-pairs 

The cross section of the reaction ( 1 a) as a function of the center 

of mass energy IS is shown in fig . 4  in terms of 

Like the total hadronic cross section the p0-inclusive cross sec­

t.ion shows also a threshold behavior between 3 . 6  GeV < IS < 4 . 1  

GeV . Above IS =  4 . 1  GeV a value of RP � 1 is obtained . 
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0.5 t 
0 

3.5 4.0 4.5 5.0 
fS [GeV ] 

Fig . 4 .  p 0 inclusive cross section normalised to the 
µ-pair cross section as a function of 
the center of mass energy IS 

The energy distribution of the p can be written as 

s dcr 
S dxE 

f (xE , s)  

with xE = 2 E p / /S, Ep = energy of the p ,  and S = velocity of the p .  
For high center of mass energies scaling predicts f to become 

only a function of xE 
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The obtained spectrum is 
shown in fig . 5 .  Due to the 
l imited center of mass ener­
gy interval from 3 . 6  GeV to 
5 . 0  GeV, in which data have 
been taken , there is a lower 
kinematical limit for xE at 
� . 3 .  Events from the reac­
tion 

+ - 0 e e ->- p Y
+ 4 rr rr

-

have been detected experi-
IIElltally· and removed as a 
background which contri­
buts to th() events in the 
xE � 1 region . This reac­
tion can be calculated from 
QED. The measured contribu­
tion is in agreement with 
this calculations . 
The slope of the curve can be 
parameterized as 

, f p (xE) a exp ( -b · xE) 

0 0.2 0.4 0.6 0.8 

Fig . 5 .  p0 inclusive energy distribu­
tion . The broken l ine repre-
sents the DASP result for the 
charged pion inclusive reac-
tion ( 1 b ) . The full line is 
the kinematic limit at 

with b = 8 . 4 ±0 . 8  nr as 

f (x ) a ..2__ . ( 1 -x ) n 
p E XE E 

with n = 2 . 4 ± 0 . 4 . 

The broken line in fig . 5  re­
presents the inclusive rr pro­
duction as measured by DASP . 
To compare the p -inclusive 
production , one must take 
into account that a certain 
number of observed pions are 
coming from the p -decay . 
Assuming the cross section 
for all p to be 
cr ( p+

+p-+p 0 ) =3 • cr ( p 0 )  

one can calculate the fraction o f  pions from a p decay and can sub-
tract them from the rr-inclusive spectrum , obtaining a direct rr spec­
trum . 
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Comparing this spectrum with tne measured p-inclusive spec trum one 
mbtains for XE � 0 . 4  

( s da 8 dx > 11  E 

3 . 1  ± 0 . 6  

direct 

in good agreement with expectation . However ,  this is an upper limit 
since the re are also contributions to the 11-direct-spectrum from 
other resonance decays . 

5 .  The Radi�tive Decay J/� + f0y 

Radiative decays of the J/� like 
JN + 11°y 
JN +  n y 

JN +  n ' y 
JN + foy 

( 2a) 

( 2b )  

( 2c )  

( 2d)  

are a useful tool to provide information on the mechanism of Zweig-

rule violation.  In the language of QCD radiative decays are des-

cribed by two different types of graphs ( fig . 6 )  

c 

-J/-='f-- -�����· c 
( a )  x ._ __ _ ( b) 

q 

Fig . 6  Diagrams for radiative decays via 3 gluon- (a)  and 2 gluon­
exchange (b)  
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In the first diagram ( fig . 6a) the decay is ·medi�ted 'by a three 
gluon coupl ing to an intermediate vectormesol'. v and a hadronic sy­
stem X with a subsequent trans! ti on of v vii;! vectordominance to a 
pho·ton . The calculation of this decay scheme leads to re-

· 1atlvely small branching ratios . This has been found to be true for 
the decay ( 2a) , indeed , the DASP-collaboration found 

But the 
higher . 

BR (J/1/J + rr0y )  ( 7 . 3  ± 4 . 7 ) 1 0-5 ( 1 0) 

branching ratios for decays ( 2b) and ( 2 c )  are considerably 
The DASP- und DESY-Heidelberg-groups measured r0 . 80 ± 

BR (J/1/J -+- ny ) 
( 1 . 3 ± r2 . 2  ± 

BR (J/l/J + n ' y) 
( 2 .  4 ± 

o . 1 8 ) 1 0-3 

0 . 4  ) 1 0- 3  

1 .  7 )  1 0- 3  

o . 7 )  1 0-3 

DASP ( 1 0) 

DESY-HD ( 1 1 )  

DASP ( 1 0) 

DESY-HD ( 1 1 )  

These branching ratios can be explained with the second graph 
( fig. 6b) , where the decay is mediated only by a two.gluon exchange . 

The branching ratio into a photon and two gluons has been estimated 
to be 

BR (J/l/J + y + 2 gluons ) "' 1 0% . ( 1 2 ) 

This leads to predictions that decays like ( 2b) and ( 2 c )  should 
have considerably higher branching ratios than reaction ( 2 a ) . The 
decay ( 2a )  cannot proceed via this graph ( fig . 6b) due to isospin con­
servation . 

To provide more information it is worthwhile to s tudy the decay 
( 2d ) . In doing so , the PLUTO collaboration - as recently reported ( 1 � 

- selected from 84000 J/l/J events those with two prongs plus one 
photon . For the latter only the direction has been determined . 
1 6 50 events fit the hypothesis 

( 3-C-fit) . 
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After QED-background rej ection we obtain a sample of 852 events 
which are either 11+11-y or 11+11-11° (with only one y of the 11 ° detec­
ted or both y are not resolved) . 

The invariant mass distribution of the neutral combination 11+11- of 
events not lying in the p ±-band ( 0 . 6  GeV/c22M ( TI ±Tio ) 2 1 GeV/c 2 )  
shows two peaks ( f ig . 7a) . A fit gives two Breit-Wigner-resonances 
with masses of (0 . 78±0 . 0 2 )  GeV/c 2 and ( 1 . 2 3 ±0 . 04 )  GeV/c 2  and widths 
of (0 . 1 3 ±0 . 02 )  GeV/c 2 and (o . 1 3 ±0 . 05 )  GeV/c 2 respectively , in 
agreement with the p0 and the f0 ( 1 270) mesons . p '  ( 1 2 50)  could be 
excluded for the second peak , because the invariant mass distri­
bution o f  the charged combination ( 11 ± 

+ X ,  X = y or 11 ° ) shows no ad­
equate peak in this region (fig . 7b)  which is expected for the· iso­
spin triplet p '  ( 1 2 50) . 

Charge conj ugation implies that the p 0 is accompanied by a 11 °  and 
the fa by a y .  Using our Monte-Carlo-procedure to determine the 
overall efficiency we obtained the following branching ratios : 

BR (.Jiiji + pa11° }  
BR (J 1ji + fay ) 

( 1 . 6±0 . 4 ) % 
(0 . 2±0 . 07 ) % 

The DASP-collaboration has obtained similar results ( l 4 l  Due to 
the fact that the branching ratio for the decay ( 2d )  is of the same 
order of magnitude as for the decays ( 2b)  and ( 2c ) , one is urged 
to study this decay in the terms of the two-gluon-exchange dia­
gram ( fig . 6b) . 

I f  one calculates this diagram, as done by M . Krammer < 1 5 l , one ob­
tains predictions for the angular distributions of the final state . 

The decay ( 2d)  is described by three independent f.0-helicity ampli-
tudes A0 , A1 and 
dis tribution for 
the ratios A 1 /Ao 
the f0 direction 
angles of the 11+ 

A2 • The combined production- and decay-angular 
this reaction W ( 8P , eM, ¢Ml is only a function of 
= X and A2 /Ao = Y ,  where 8 is the angle between 

+ p 
and the e -beam , eM and ¢M are polar and az imuthal 
in the fa helicity frame . X and Y may have values 

between plus and minus infinity in principle . 

For a given pair of values X and Y we have fitted our data (aftei: 
a background subtraction) to the angular distribution W ( 8p , eM ' ¢M) 
comparing by x 2 -values the distributions for different X and Y 
values . Details of this procedure wil l  be published soon ( l G ) . 
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Fig . 7 .  Invariant mass distributi�n� 
a) Neutr�l combination (TI TI ) , excluding events from 

the p --band + b) Charged combination (TI-+X , X = y or TI0 )  

The full line gives the. fit above an estimated polynomial 
background (dashed line) 



The results of these fits are presented in fig . 8  in form of equal 
x 2 contours in the X-Y-plane . The x 2 -values assigned to the curves 
are measured from the minimum of x 2  = 2 6 ( 2 5 degrees of freedom) . 
The best values obtained in these fits are 

4 

3 

2 

0 
<( 
-N <( 0 I I  
>. 

- 1  

-2 

- 3 

- 3 - 2  -1 0 1 
x = At /  A o  

x 

Y = A2 /Ao  
0 . 6±0. 3 

0 3+0 . 6  
. - 1 . 6 

(crossed point in fig. 8 ) . 

The values of X = 0 . 76 and 

Y = 0 . 54 as predicted by 
from the QCD-two-gluon-ex­
change < 1 5 > are in very good 
agreement with our results . 

Fig . 8 o 
F i t  of the f -decay distribu­
tion . Curves are.representing 
equal x 2 -values , measured 
from the minimum of x 2 = 26 . 

QCD markes the prediction 
from the two gluon-exchange 

2 3 model 
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6 .  Heavy Lepton 

6 . 1  Introduction 

Just one year ago the existence of the heavy lepton , found in e+e-­

annihilation in 1 97 5  by the SLAC-LBL-collaboration ( l 7 l , has been 

confirmed by the PLUTO-Collaboration ( 1 8 1 1 9 ) It should also be 

mentioned that M . Perl named this new particle T ( 20)  at the Ren­

contre de Moriond one year ago . 

During the last year a very fruitful work on this particle has been 

performed by several groups , but thet:"e are still some questions open . 

The PLUTO col laboration can contribute new results on two of such 

subj ects : we measured the branching ratio of the hadronic decay 
mode T + prrv and we can give an new upper l imit on the lifetime of 
the T ·  

Before going into the details of our measurements let me repeat 
some main properties of the T .  As discussed above ,  in the total ha­
dronic cross section there is" need to explain at l east one unit of 
Rt t above the threshold around 3 , 6  GeV, which is assigned to the 0 ( 2 1 ) heavy lepton T .  From very accurate measurements of DASP and 
DESY�Heidelberg l2 2 ) , we know that the mass of the T is a few MeV 
less than l . 8 GeV , further we know that the T behaves like a point­
like spin half particle . In the decays of the T a neutral particle 
is emitted , presumably a new neutrino vT . 

Therefore it is reasonable to discus s the properties of the T in 
terms of a sequantial (heavy) lepton , having its own ( conserved) 
lepton number and thus its own neutrino (mass assumed to be zero) . 
Using conventional weak current-current-interactions (with at least 
an arbitrary mixture of V and A components in the T -part of the 
current ) , one can calculate the branching ratio into its s implest 
decay modes , as done e . g .  by Thacker and Sakurai ( 2 3 ) . Using their 
formulae and taking into account recent measurements of the total 
hadronic cross section in the region below the mas s of the T , one 
obtains the branching ratios of table 3 < 2 4 >  . The ,measured branching 
ratios for the purely leptonic decay modes are in g�oo.d" agreement 
with theory : the world ' s  average value , as presented at the Hamburg 
Conference last sumrner (2S) , i s  

BR ( T  + evv ) BR (T + µvv ) (1 8+3 ) % 
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Table 3 Branching ratios of the heavy lepton 

Decay mode Branching ratio 
in % 

T + v,e ve 1 5 . 1  

T + v,µ v
µ 

1 4 . 7  

T + v,rr 7 . 5  

T + v, p 20 . 3  

T + v, +(strange particles ) 1 . 9  

T + v,A 1  7 . 8  

t + v + (hadr . continuum) 32 . 7  T 

But there are still some difficulties with some hadronic decay 

modes . The ve�tor part of the weak hadronic current. behav&S as pre­

dicted . The branching ratio T + v, p has been measured by the 

DASP-Collaboratlon to be in agreement with theory ( 2 G ) . But the 

axialvector part of the weak hadronic current should couple to the 

A 1 -meson as the lowest axialvector (JP 1 +) state an� via the diver­

gence of the current to the rr as lowest pseudoscalar (JP = 0- ) 

state.  Especially the decay T + vrr can be calculated , because it 

depends only on the pion coupling constant frr , w�ich is well known 

from the decay rr- + µ-vµ . The ratio should be 

but there is  no positive evidence for this decay . Tlie ,only measure­

ment of the DASP ( 26 1 27 l detector is somew�at lower than the pre­

dicted branching ratio . 

On the other hand the decay to the A 1 -mesqn is problematic because 

the A1 is in the language of the Particle Data Group ( 2 B ) a "not 

established resonance" . But to test the a�ialvector part of the 

current it is sufficent to look for a JP � 1 + hadronic final state 

( e . g .  T ' vprr)  avoiding discussions on th� existence of the A 1 • If 

the bra iching ratio of this decay is of the order of magnitude as 

predicteJ it is a strong evidence for the �ormal behaviour of the 

axialvector current . 
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6 . 2  The Decay T + vpn *)  

We looked for events with a final state containing a n  identified 
lepton t ± (e± or µ ± )  and three prongs with missing energy and no 
photon in the detector according to the reaction 

+ -e e 

Our selection criteria have been : 

(3 )  

For a n  electron we required a momentum Pe > . 4 GeV/c and for a muon 
Pµ > 1 GeV/c , a missing mass MM >  . 9  GeV/c2 and the energy of the 
3-pion-system not greater than the beam energy . A typical event is 
shown in fig . 9 .  After these cuts our sample contained 6 6  events , 
52 of them with an identified electron . Fig . 1 0  shows the mass of 
the 3-pion-system versus the lepton momentum . There is no correla­
tion between these two quantities as expected for reaction ( 3 ) .  The 
3-pion-mass is distributed in a small band around 1 . 1 GeV/c . Both 

' . ' 

�­------- ·· .. 

-- -� 
, .. .  -

... ·;�� -. ·  . 

Fig . 9 . Typical event of reaction ( 3)  
(view along bhe beam-line ) 

the electron and the muon 
momentum spectra are rela-
tively hard . Several checks 

have been made to assure 
that the observed events 
are really in agreement 
with reaction ( 3 )  < 3ol .  As 
an example I shall dis­
cuss here only the spec­
trum of electrons ( fi g . 1 1 ,  
histogram) . From the mea­
sured spectrum we subtrac­
ted the background from 
hadron - electron misiden­
tification p (h + e) = 1 . 2 % , 
taking into account , that 
the electron detection effi­
ciency is a function of 
the electron mo�entum , 

*) Resul1� 9�f this channel have recently been published by tjhe PLUTO 
group • Meanwhile we doubled statistics lowering some 
cuts and taking also events with a muon instead of an elec�ron . 
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0 

. 6  
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0.5 1.0 1 . 5  GeV/c 
Fig . 1 0 .  Mass of the 3-pion system versus lepton momentum. 

Muons with momenta less than �1 GeV/c are not recorded 
due to the cut-off of the iron yoke 
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Fig . 1 1  Measured spectrum of the electrons . 

The hatched area represents background from hadron-elec tron 
misidentification . The curve is the calculated electron spec­
trum of the T decay folded with the electron detection 
efficiency and normali zed to the data . 
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which raises from 30% at Pe = 0 . 4  GeV/c to 6 5 %  at Pe = 1 . 0 GeV/c . 
In fig . 1 1  the hatched area represents this background . The ramain­

ing electron spectrum is in good agreement with the theoretical 
·electron spectrum from T -decay ( full line in fig . 1 1 ) . 
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M 2(7r+rc-) high 

Fig . 1 2 .  Low mass combination versus high mass combination o f  the 
2-pion-system. The full lines at . 4 9 GeV2 and at . 7  GeV2 
are representing the p 0-cut applied to the data in further 
use . 

The Dalitz plot (fig , 1 2 )  shows a wel l  populated p 0-band . Thus we 
required for our further analysis at least one 2-pion-combination 

to have a mass in the p 0 -band i . e .  0 . 7  GeV/c 2� M ( TI+TI- ) � 0 . 84 
GeV/c2. After this cut 4 2  events ( 3 5  with an electron) remained in 
our analysis • 

The background s hows no p 0 -signal . Furthermore one can es timate 
the charm contribution to this channel to be less than 3 events . 
The momentum spectrum of the 3-pion-system is compatible 
with a two-body-decay of the T which supports the interpretation 
of the ( pTI ) -system to be the A1 resonance . Using our Monte-Carlo­
procedure to determine a l l  acceptances and efficiencies we ob­
tained a branching ratio 

(5 ± 1 .  5) % 

or if one assumes an A1 -resonance 
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BR ( T  -+- VA�) ( 1 0 ± 3 ) % . 

From the 3-pion-mass-spectrum we derived_ further (under assumption 

of a two-body decay of the T) an upper limit of the mass of the 

T-neutrino m < . 4 GeV/c2 • 
VT 

From the negative G-parity of the (p�) -system one can conclude 

assuming conventional weak hadronic currents with V and A parts 

that the only allowed states have a spin-parity JP = o- or 1
+

. 

This is equivalent to the statement that the weak hadronic current 

must have an axialvector componen t .  

If one admits non conventional weak interactions the lowest angular 

momentum states of the (p�) -system are listed in table 4 .  

Table 4 Spin-Parity assignments of ( P�) -system 
Assignments in brackets are only possible 
in non conventional weak interactions . 

,9, s p D 

0 l 2 

-
J 0 0 

l , +  tn (1
+

) 

2 (2-) (2+) 

In fig . 1 3a the 3-pion-mass-spectrum, corrected for background and 

acceptance is compared with the S ,  P and D-wave solutions . No pure 

state gives an acceptable fit. The data fit best , if one uses the 

s-wave plus a Breit-Wigner-resonance with a mass of 1 GeV/c2  and a 

width of 400 MeV, parameters which are in agreement with the A1 re­

sonance ( fig . 1 3b) . Thus we conclude that the A1 - if existing would 

give a good description of our data . 

6 . 3  Upper limit of the Lifetime 

From the standard model of a sequential heavy lepton with V-A decay 

structure the lifetime of the T ,  T
0 , is determined by 

• T 
µ 

where 'µ and M
µ 

are lifetime and mass of the muon . Using a branch­

ing ratio BR (t  -+- evv ) = 1 8  % and a mass of the heavy lepton 
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Fig . 1 3  3-pion mass spectrum, corrected for background and 
acceptance ( histogram) and 
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a )  theoretical distributions for S ,  P and D wave solutions 
b) theoreticel distribution for a S-wave plus a Breit­

Wigner resonance (M= 1 GeV/c 2 , r= 400 MeV/c 2 )  



M
, 

1 7 9 5  MeV/ c 2  one obtains 

'o 2 . 8  • 1 0
- 1 3  sec . 

The lifetime can be determined by measuring the average decay length 

d0 at a fixed momentum of the ' ·  But thi s length is far too small 
( d0 � 0 . 0 5  mm) to be determined by the PLUTO-detector . 

For this analysis we used our ( e+e- + µ ± + 1 prong + no photon) 

event sample as used for our anomalous muon analysis ( l 8 ) and 
applied some further cuts to get a sample of events which make a 
very accurate momentum measurement pos sible . Thus we required a 

missing mass MM2 > 0 . 4  E�
eam

' a coplanarity angle 1 5° < �� < 1 6 5° , 
2. 1 0  coordinates for each track and a momentum for the non-
muon track p2 > o . 4  GeV/c , In addition we used a special tracking 

procedure , taking into account the energy loss in the matter trans­

versed by the particle . 

Fig . 1 4  shows the vertex-distri­
bution from the remaining 6 5  
events . For each track the mini­

mal di stance to the interaction 

point in the plane perpendicular 

to the beam ( rmin) has been de­
termined and entered into the 
plo t .  The accuracy of the po­
sition of the interaction point 
in this plane i s  �x = 0 . 5  mm 
and �y = o .  7 mm (FWHM) • The ver­
tex-distribution fits well by a 

Gauss ian with a cr = 3 . 05 ±0 . 1 5  mm 
(broken line in fig . 1 4 ) . To exa­

mine the influence of a finite 

decay length on the width of the 
vertex distribution we used our 
Monte-Carlo-procedure and gene­
rated events with different decay 

length s . The result of this cal­
culations is presented in fig . 
1 5 ,  showing cr of the vertex-di­
stributions as a function of the 
decay length . 

20 

1! 
c (]) > (]) 
0 

10 ... (]) .D 
E 
::l 

z 

3 

2 

- 1 0 

I 
I 
I 

I 
I 
I 

0 10 (mm) 
r min 

Fig . 1 4  Vertex distribution in the 
plane perpendicular to the 
beam axis .  The full line gives 
a fit to a Gaussian with 
cr = (3.0S±0 . 1 5)mn 
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The Monte-Carlo calculations show that the decay length distribu­
tion is compatible with the experimental resolution and therefore 
with a zero lifetime of the T .  Further we obtain from the calcula­

tion a two standard-deviation ( 9 5 %  C . L . )  upper limit for the T decay 
length d0 < 0 . 8  mm ,  giving an upper limit on the lifetime of the 

sec . ( 9 5 %  C . L . )  

This upper limit excludes models of the heavy lepton predicting re­

latively long lifetimes ( e . g .  model s  mixing lepton numbers ( 3 1 ) ,  

predicting a lifetime of about 1 0- 1 1 sec ) . 

Since the lifetime is a very important parameter for testing theo� 

ries , and unfortunately none of the existing experiments is sensi­
tive enough to measure T0 , it might be worthwhile to design a detec­
tor specially for this purpose . 

m m  
7 O' (r minl M:: 

6 

5 

4 

3 

2 3.0 

o o.s 1.0 1.5 mm d 
2 3 4 5 6 7 8 mm 

Fig . 1 5 .  Width of the vertex distribution as a function of decay 
length obtained with a Monte-Carlo-procedure . In the in­
sert the Monte-Carlo function is scaled down to the experi­
mental value to derive the 2-o- upper limi t .  
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7 .  Present and Future Program of the PLUTO-detector 

During the last year PLUTO was upgraded by installing a new system 

of shower counters of the lead-scint i l lator-sandwich type , covering 
a solid angle of 9 2 %  of 4 n . The lead converters , shown in fig . 1 , have 

been removed . The new s hower counters are equipped with proportional 

chambers to determine the position of t�e shower . 

In addition 1the muon detector has been enlarged and covers now 6 5 %  
of the full solid angle . 

During the same time the DORIS-storage ring has been upgraded to 

reach energies of more than 3 . 0 GeV p�r beam . It was operated from 
December 7 7  to February 7 8  at an ener�y of about 4 GeV per beam in 
single ring s ingle bunch mode . During the time of this conference 
the energy will again be increased to reach a center of mass energy 
of 9 . 5  GeV to measure the T -resonante in e+e- annihilation . This re­
sonance , recently found at Fermi lab 3 2 ) , is supposed to be a bound 
state of a new quark-antiquark pair . The resonance energy wi l l  be 
reached mid April .  After a short runperiod of five weeks at the 

T-energy region PLUTO is scheduled to move to the new large e+e-­
storage ring PETRA at DESY which wil l  c ome into operation next autumn. 

Note added after the conferen::e 

The DORIS-storage ring reached the energy of 9 . 2  GeV in schedule . An 
energy scan between 9 . 3 5 and 9 . 5  GeV center of mas s  energy was per­

formed . PLUTO found the T-resonance at a mass of ( 9 . 4 6 ± 0 . 0 1 ) GeV/ c 2  
( fig . 1 6 ) . The observed width of the resonance is compatible with the 

expected energy resolution of the storage ring . Thus we conclude , 
that the T is a narrow resonance being in agreement with the hypo­
thesis of a bound state of a new quark-antiquark pair . From the va­

lue of the peak integral we further derive after applying radiative 
corrections an ele ctronic width of the resonance of ( 1 . 3 ±0 . 4 ) kev, 
which favours a - 1 /3 charge ass ignment of the new quark ( 33 l . 
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Fig . 1 6 .  The total h�d�onic cross section in the T-resonance 

region in e e -annihilation (without radiative cor­
rections ) .  Only statistical errors are shown . 
The broken line gives a gaussian fit to the reso­
nance curve with a 1 /s hadronic background . 
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FUTURE P ROJECTS  IN FRAS CAT I :  

1 .  ALA STORAGE RING . 

2 .  MDA EXPE RIMENT FOR ALA . 

G . C .  BARBARINO 

I s t i t uto N a z i o n a l e  d i  F i s i c a  N u c l eare , S e z i o ne d i  Napo l i ,  and 

Laborat o r i  N a z i o n a l i  de l l 1 INFN , F r a s c a t i ,  I t a l i a .  

ABSTRACT 

A propo s a l  is g iven of the  h i g h  l umino s i ty + -e e s torage  r ing  

and the exper iment for  it  t o  i nve s t i g a t e  the phy s i c s  in  the 

C . M . energy i n t erva l  b e tween 1 and 2 . 4 .  GeV . 

On p re s ente  une propo s i t i on  d ' anneau de co l l i s ion  e +e- a haute  

lumino s i te e t  de  1 1 exp e r ime n t a t i o n  a s s o c i e e  qui  permet  d 1 e tudier  

l a  p h i s ique pour  de s  vale urs  de C . M . e nerg i e  comp r i s e s  en tre 

1 e t  2 . 4  GeV .  
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1 . 1  Why a r e  we l o o k i n g  t o  t h e  1 - 2 G e V  e n e rgy r e g i o n ?  

162 

I n  the l a s t m o n t h s  t h e re h ave b e e n  v e r y  i n t e r e s t i ng r e s u l t s  

f r o m  many l ab o r a t o r i e s . The p r i n c i p a l  c o n t r i b u t i o n s  c o me f r om 
+ - 1 )  

e e c o l l i d ing b e ams . . 2 )  
and p h o t o p r o d u c t 1 o n e x p e r i m e n t  ; t h e r e 

a r e  e v i d e n c e s  o f  
:... 3 )  

s t ru c t u r e s  a l s o  i n  p p  s t a t e s  . T h e  f o l l ow i n g  

t ab l e  s umma r i z e s  t h e  o b s e rv e d  r e s o n an c e s  in t h i s  e n e r gy r e g i o n . 

M ( Me V )  r (MeV ) e x p e r i me n t  

1 0 9 7  3 1  D e s y- F r a s c a  t i  Yp 

1 2 6 6  1 1 0  D e s y - F r a s c a t i  YP 
+ -

1 4 70 1 0  Ad one e e 
+ -

1 4 9 8  4 Ad o n e  e e 
+ -

1 4 6 2  1 9 0  D C I  e e 
+ -

1 6 6 2  2 5  D C I  e e 
+ -

1 6 7 6  1 7 0 D C I  e e 
+ -r 7 6 9  5 3  D C I  e e 

+ -
1 7 9 2  7 9  A d o n e  e e 

+ -
1 8 1 2  3 4  A d  o n e  e e 

+ -
2 1 3 0  3 0  A d o n e  e e 

1 9 30 9 
-

2 0 2 0  2 4  i n  p p  

2 2 0 4  1 6  

A l l  t h e s e  me a s u r e m e n t  s h ow t h a t  t h e r e i s  a v e r y  r i c h  f i e l d  o f  

p hy s i c s  i n  t h e  1 - 2  G e V  m a s s  re g i o n . A c c o r d i n g  t o  V en e z i ano M a s s  

f o rmu l a ,  s om e  o f  t h e s e  r e s o n an c e s  m i g h t  b e  i n t e rp r e t ed a s  r a d i a l  

e x c i t a t i o n  o f  P, w ,  q, m e s on s . I n  t h i s  o u t l i n e  a t e n t a t i ve e n e r gy 

m a s s p o s i t i o n  a's s i gn e m e n t  m i g h t  
1 4 9 8 , 1 4 7 0 ?  q, f ami l y  q, ' :  t 

( n a r r o w  r e s o n a n c e s )  K d e c ay s  

p f ami ly p • :  1 2 5 0  

( ev e n  numb e r  o f  w ) 

b e :  
1 8 1 2  

q," , t 
K d e c ay s  

p " : 1 5 5 0  

2 1 3 0  
cp ' " :  

K s e e n 



w '  1 3 5 0 ? w" , 1 7 6  9 
w f a m i l y  

( o d d  numb e r s o f n  ) 

Howe v e r  t h e  e xp e r ime n t a l  i n f o rm a t i o n s  a r e  g e n e ra l l y p o o r  and 

many q u e s t i o n s  at t h e  mome n t  are o p e n : 

- d e c ay mo d e s  a r e  n o t  we l l  k n own . 

- q, ( A!}s p e c t r o s c o p y  m i g h t  b e  l i k e  '¥ (cc) s p e c t r o s c o p y  

- n a t u r e  o f  t h e s e  s t r u c t u r e s : r e cu r r e n c e s  o f p , w , <j>or NN b o und 

s t a t e s ?  

1 . 2  T h e  l um i n o s i t i e s  o f  t h e  c o l l i d i n g  b e am s  m a c h i n e s  av a i l a b l e  

b e t w e en 1 - zG e V  C . M .  e n e r g y  i s  s hown i n  f i g . 1 . 1 .  

Lumino s i ty 
( Chl·-2 • sec 1 

/ DCI (2 rings ) ,  proj ect 
������������-

103 1 ALA : this proj ect 

1030 

A DONE 

1 2 E/beam 
In t h e  s ame p i c t u r e  a n d  i n  t he f o l l ow i n g  a r e  p r e s en t e d  t h e  m a i n  

f e a t u r e s  o f  t h e  p r o p o s e d  m a c h i n e  ALA . T h e  n e w  r i n g  c o u l d  h a v e  a 

l um i n o s i ty f r o m  o n e  to two o r d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  t h a t  

o b t e i n ab l e f r o m  m a c h i n e s  p r e s e n t l y  o p e r a t i n g  i n  t h e  s ame e n e r gy 
r ar 5 e .  
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Total current (mA) • •  ] bunch/beam 
. .  2 bunches/beam 

Life time { hours) 

C . M. energy resolution (FWHM, MeV) 

r.m. s .  bunch length (250 KV) ( mm) 

Experimental straight section length 

Orb it length ( m ) 

Radiofrequency system MHz a )  

. 5  
• 15 
. 30 

40 
80 

16 

. 45 

49 

(m) 

. 62 . 78 1 1 . 2  
• 36 . 90 1 . 17 1 . 4  
• 72 . 90 - -

75 150 150 150 
150 150 - -

14 12 1 1  10 

. 69 1 . 10 1 . 80 2 . 59 

6 7  95 103 1 1 7  

3 

70 
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-
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Suppos ing to work o�  ALA for  1 7  hours / day w i th a l arge s o l i d  

ang le  apparatus  the exp e c t e d  coun t ing r a t e s  ar e :  

mul t ihad ron i c  even t s "' 1 5  . 00 0  evs / d ay ; c/> '  ( 1 5 00 ) "' 7 5 0 0  ev s / day ;  

1"'( 1 8 0 0  ) "' 7 5 0 0  evs/ day ; p " ( 15 5 0 ) ,,, 1 2 0 0 0  ev s / day .  

2 . 1  MDA exp er iment for  ALA (FRASCATI- NAPLE S-P I SA c o l laboration )  

spoke sman : G .  B e l l e t t ini . 

The general  fe ature s o f  th i s  apparatus  ar e :  

- l arge s o l i d  ang l e .  

- long i tud ina l  magne t i c  f i e l d .  

- h i gh e f f i c i ency f o r  low energy pho ton ( a s  low as  5 0  MeV )  

- good  1T K s ep arat ion . 

outer detector 

Inner detector 

10 cm 

2 . 2  Inner d e t ec tor : k inema t i c a l  reg i o n .Jf and wire s  

-B :  3 . 82 KGau s s  ( s o l eno i d )  - c o i l radius : 8 0 cm 

- Joke radiu s :  1 6 0  cm -max l o c a l  d i s un i f o rmi ty : 3-5 % 

I n s i d e  the co i l :  

joke 

- 1 0  d r i f t  chamb e r s , 96 s en s e  wire s / chamb er a long  beam axi s 

0 . 8-5  cm . s p a c ing ; - 5 o f  them g ive info rma t ion on se cond 

coordinate  by current d i v i s i o n .  In  t o ta l  there are : 
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1 0 0 0  d r i f t  t ime r e a d  o u t , 1 00 0  ch a r g e  r e a d  o u t  

8 me a s u remen t .  

- t ime o f  f l i gh t  b e tw e e n  2 h o do s co p e s  o f  s c i n t i l l a t i o n  c o un t e r s  

a l l o w e s  i de n t i f i c a t i o n  o f  n a n d  K o n  8 0  c m .  p a t h i n s i d e  t h e  co i l .  

I n  t h e  w o r s e  c o n d i t i o n  ( p "' 5 0 0 MeV / c )  t h e  d i f f e re n c e  b e tw e e n  

t h e  t ime o f  f l i g h t  i so, l n s e c .  T h e  r e s o l u t i o n  r e q u i r e d  i s  ! 3 0 0 p s e c .  

F e a t u r e s  o f  k i n em a t i c a l  r e g i o n  

AE. ;:: 5 %  .-. 11.E. "'  0 2 %  a t  t y p i c a l  mome n t u m  e me r g i n g  mu l t ih ad r o n s . 
p' "  p 

o,9 0 %  cr
T o f  ! 3 0 0  p s  

2 . 3  O u t e r  d e t e c t o r :  p a r t i c l e  i d e n t i f i c a t i o n  r e g i o n • .  

I t  c a n  b e  m a d e  i n  two w ay s :  

r e s i s t i ve t u b e  c a l o r ime t e r :  �:�:�:: : : :o:::
. 

·::·�:·:.::.:::: ; , ::::·:::::: ::o:::::
_ � G e i ge r  mo d e  o p e r a t i o n  i n t e r l i v e d  t h e  s ame numb e r s  

o f  P b  s h e e t  p l u s  P b - s c i n t i l l a t o r  s an dw i c h e s  ( t o t a l  

166 

t ub e s  a r r ay 

r . l . = 8 )  

""" ,-.e s trips read out (2 cm wide)C l 2 0 0 0 ) 

""' - / · / · / · / · / · I · I · / _. wires to H. V. only 

'\+ q,  s trips read out ( 1  cm wide) ( 60 0 0 )  

f i g u r e s  o f  th i s  c a l o r im e t e r  a r e :  

-H i gh a c c u r acy in s h o w e r  v e r t e x  l o ca l i z a t i o n  ( 1  c m )  and p h o t o n  

d i r e c t i o n  me a s u r e m e n t  

- p o o r  e n e r g y  me a s u r e m e n t  ( wo r s e  t h a n  5 0 % )  

l iq u i d  a r g o n  c a l o r i me t e r  

4 0 0 0  chann e l s  i n  t h e  s ame g e ome t ry 

- e a ch i s  m a d e  o f  3 2  w i r e d- o r  s t r i p s  



repea ted i n  dep th 4 t ime s .  The H . V .  p l ate s  are  d iv i de d  into 

s t r i p s 2 . 5  cm wide  and w i th a 3 . 2mm s p a c ing  (in total  4 . r , l . )  

E ( MeV )  
s o 

1 0 0  
5 0 0  

Ca l cu l ated  r e so l ut ion  f o r  y ' s 

0 
1 0 %  
7 %  
3 %  

f i gur e s  o f  th i s  c a l o r imeter  are : 

- hi gh energy reso lu t i on  

- goo d n k i den t i f i c a t ion : in  t he  wo r se  cond i t ion ,  p = SOO  MeV / c  

the overlap  i s  � 8 %  

- p o o r  y d i re c t ion  measurement . 

B o th c a l o r imeter  w i l l  b e  t e s t e d .  The apparatus  wi l l  a l so b e  h ave 

a µ  f i l t er and a tagg i ng s y s tem for y y  even t s . 

2 . 4 Typ i c a l  e f f i c ien c i e s  o f  th i s  app ar atus  
+ 90% ( geometr i c a l )  f o r  4n-even t s : a t  l e a s t  3 p r ongs  seen 

.,. 

the wor se  case : 2n-2n° a t  l e a s t  3prongs  
· 8 0 % (re cons tructed  event )  
7 6 %  ( geome t r i c a l }  

s e e n  o f  wh ich 2 charged 6 0% ( r e cons tructed  even t )  

NOTE S AND REFERENCE S 

1 )  c .  Bemporad and F . Lap l anche  t a lk s  g iven a t  the 1 9 7 7  Intern .  
Symp o s i um on  l ep ton  and  photon  inte ra c t ion at  H i gh Energie s­
Hamburg , Augu s t  1 9 7 7 .  

2 )  S .  B a r t a luc c i  e t  a l ; Desy  report  7 7 / 5 9 .  
An add i t ional  ev idence f o r  the p De s ence  o f  a re sonance at M 
2 1 3 0  MeV i n  the K� KTI mass  s p e c t rum , come s f rom the CORNELL 
LAME exp . The data  were p re sented  by  L . Hand at the Hamburg 
Symp o s ium , Augu s t  1 9 7 7 . 

3 )  V .  Chaloupka  et  a l . . ;  Phy s . L e t t e r s  6 1 B ,  4 8 7  ( 1 9 7 6 )  
W .  B r\ickner e t  a l . ;  Phy s .  L e t t e r s  6 7B,° 2 2 2  ( 1 9 7 7 )  
P .  Benkhei:ri e t  a l . ;  Phy s .  L e t t e r s  68B ,  4 8 3  ( 1 9 7 7 )  
For  a review see  Montanet , t a lk  g iveri"lit the 5 ° Inte rn . Conf . 
on  Exp e r imenta l  Me son  Spectro s c opy , Bo s ton , 1 9 7 7 ,  CERN prepr int  
EP /Phy s .  7 7- 2 2  ( 1 9 7 7 ) .  

a )  Mach ine p e r f o rmance  cou l d  b e  further  imp roved by  r a i s ing  the 
R . F .  fr equency . At h i gher frequency wo u l d  shorten the bunch 
l eu �th (wh i ch i s  i t s e l f  an advantage f o r  phy s i c s  exp e r iment s )  
a l lowing a l s o  to · i n c rease  the lumin o s i t y .  

b )  F r om the mach ine p o i n t  o f  v i e w ,  inj e c t ion  u s ing  ADONE a s  
b o o s ter  i s  p re ferab l e .  
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PHOTOPRODUCTION IN THE CERN n SPECTROMETER. 

F. Richard 

Introduction. 

Since Augus t 1 977 a British-French-German 
collaboration has been taking data with a tagged 
photon beam ( 20 < k < 7 2  GeV/c) and with a large 
solid angle device , the n spectrometer . The results 
which I will present in this talk are still prelimi­
� and are based on 1 5  % of our data. In the 
final experiment we will reach a sensitivity of 
70 to JOO events per nanobarn. 
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I .  Experimental set up . 

a) The y beam is obtained in two s tages : we produce an elec tron beaL 
(p + 11 y + e) which is analyzed and transported to the Q ; we then convert 
these electrons into a beam of photons . Ele.ctrons ' momentum and direction are accu­
rately measured before and after radiation giving the direction and momentum of 
the pho ton . 

This method has the advantage of giving a pure and well uefined photon beam at 
the expense of intens i ty .  The main caracteris tics of the beam are lis ted in tab le I .  

Pro tons 
E lectrons 

6p/p 
e/p 

Radiator 
y/e 

Vert spot s i ze at Q 

Hori z .  spot s i ze at Q 
Tagging accuracy (o) 

TABLE I 

We usually work with 2 1 05 y/spi l l .  

2 1 0 GeV/c 
80 GeV /c 
± 2 % 

3 1 0-6 

7 . 6 % 

6 % 

20 mm 

40 mm 
2 mm 

Comparing the Q measurement and the energy predi cted we presently find oE '.!! 400 MN .  
The best  pos s ib l e  figure i s  l ike 200 to 300 MeV . 

b ) The Q apparatus is a well known set  up ( fig .  1 ) . The main improvements 
from the PS set up are 

High precis ion chambers in the beam region. 
· - Two lever arm dri ft chambers at  the exi t of the magne t .  

- A large lead glass detector covering a surface of ab out 7 m2 • Photons are 
conve rted in 3 Xo of lPad glas s .  Their pos i tion is measured horizontally and ver­
tically in two hodoscopes of 800 s cintillators giving an accuracy of a = 4 mm . 

The shower is then absorbed in an array cf 340 b locs of 20 Xo of lead glass 
1 4  x 1 4  cm2 each . 11° and n (fig .  2 ) are meas ured with this device . The electron 
signature is ob tained by cut on the energy deposi ted in the firs t 3 Xo of lead 
glass and by comparing the total energy depos i t ed to the momentum found in the 
spectrome ter . The rejection factor agains t pions is already better than 1 000.  In 
order to increase the acceptance to e lectrons we have reduced the nominal value of 
the bending power to 3 Tes l a-me te r .  
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Fig . I .  Q set up for this experiment.  
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m 21 11  i nclusive distribution 

7 5 0  

5 0 0  

2 5 0  

.... � .  
o ' _,..J ' ' ' ' ' m(MeV) 200 600 400 8 00 1 000 

F i g .  2 .  yy mass dis tribution. Both y have more than 3 GeV and combinatori­
al background is eliminated (i . e .  y giving a n °  wi th . an o ther y having less than 
3 GeV is not used ) . 



c) We trigger selectively on hadron interactions : the requirement is four 
charged particles at the target plus the same requirement 1 . 3 m downs tream. Our 
trigger cross section is of 65 µb and 80 % of these triggers are hadronic 

Other triggers 

II .  Exclusive channels . 

3 prongs 
pp ' k+k­

High P.L y 

Elas tic events are defined by energy balance within ± 1 GeV . The recoil pro­
ton is not required1 due to limited detection efficiency around the target ,  so that 
no p4 balance cut is added. 

In both cases we ask for double identification, this means 
5 . 5  < < 1 6  GeV/c 
20 < Pp < .33 GeV/c 

which puts a severe limitation on acceptances . 

Mass dis tributions in k�- are shown in fig .  3 and fig . 4 indicating a strong 
� signal and two secondary bumps at 1 270 MeV and 1 500 MeV . In pp, we see a clear 
threshold enhancement (fig . 5 ) with a cross section of 40 ± 15 nb . 

A carefull study of Cerenkov inefficiencies , using the yp + pp reaction, was 
performed. We concluded that p misidentified will reflect as a small bump at 
1 270 MeV in k�- and at 2000 MeV in pp ( see fig. 5 ) .  

In four prongs a bump is seen at the p ' mass  (fig.  6 ) superimposed on a 
broad "background" . The regiOn of the bump (M < 1 .  7 GeV) is more peripheral with 
a t slope of 5 Gev-2 than the rest which has a s lope of 3 Gev-2 • Since we expect 

p ' + p • rr+rr- , we cut in the p region and use a substraction method with the 
result shown in fig. 7 • The p rrrr channel above the p ' region shows an indication 
of a A1 rr contribution (fig . 8 ) Renard and Layssac[ l J using a VDM model have 
indeed predicted a large coupling of the photon to A1 rr .  

The 6Tr  mass dis tribution i s  displayed in  fig .  9 • A sphericity analysis has 
been performed on the 6rr in their center of mass showing, at masses above 3 GeV , 
a clear non spherical behaviour . The effect is manifest in fig. 9 bis where <pz\..> and 
<pI�> variations versus m6rr are clearly different. Further investigations of this 
jet-like s true ture is under my and fits rather well with theore tical predictions 
a la Feynman and Field. 

Such a behaviour could allow some elimination of the non resonant backgroun� .. 

173 



._ 

� 

1 0 0  

s o  

+ -tJ'p --+ K  K p 

� u w--i.., CL.p r--=-i � m 1Ge\/J 0 c: ' ' ' 
1 .20  1 .0 1 .05 1 .15  1 .10  

Fig . 3 .  k'k- mass dis tribution for e la s t ic events i n  the region of the ¢ 
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F i g .  4 .  k°'k- mass dis tribution for elastic events with three prongs seen, 
above the $. The enhancement seen at 1 270 MeV could be due to a re f lexion from 
mis i dentified p events • 
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Fig . 6 .  n+n-n+n- mass dis tribution for elas tic events . The curve represenm 
a one resonance fit to the e+e- data from DCI . 
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nation. A background substraction is obtained by using events giving rr+rr- masses 
in the vicinity of the p .  The curve represents a one resonance fit to the e+e­

data from DCI .  
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F ig .  8.  p 0n± mass combinations corresponding to events f al l ing outside the 

p ' region : 2 < l\n < 2 . 5  GeV . 
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We indeed observe an increase in the average sphericity at the p '  mass in 4n.  

In fig. JO we show the 6n mass dis tribution at low momentum trans fer with a cut on 
spherici ty . 

Spin parity analysis I 2 I using pn+ + p�+ as an analyzer in the s channel 
helicity frame confirms the 1 - nature of the observed bump (fig. 1 1  ) .  The back-
ground is not stvuctureless and gives a negative contribution to < Yi > It is 
of interest to note a similarity between the structures observed in 6n,  and those 
appearing in < Yz > .  

III . Charm. 

Al though we expect a relatively large charm total cross section of 1 µb , 
charm "visibility" ,  that is to say the number of events we can identify , recons­
truct and separate from the combinatorial background , is quite small . 

To reduce the combinatorial background we look at 0° � k-rr+ channel .  
Very crudely , we expect : 

0charm x ...E..... x BR (D �kn)  x K detection x Trigger x Recons truction 
all 

1 . 4 nb 

800 nb . 5  . 02 . 5  . 6  . 6  

From this es timate we get a feeling for the visibility for a particular channel .  
In  the data so  far analyzed, we should see about 20  k-rr+ from charm. Fig . 1 2  
shows the raw data where we have already 40  events per 20  MeV bin  in  that region. 
We then demand a leading D with large x or equivalently small momentum transfer 
t between y and D : I t i < 1 . 5 GeV2 . This cut, which reduces considerably the 
background , assumes that charm quarks are photoproduced in some kind of Drell 
mechanism : 

Furthermore we have eliminated 

where we expect one of the c to be fast 

to minimize the propagatnr appearing in 

this process .  

events with slow rr which experimentally dominate 
in the high mass kn combinations . We do this by putting a cut on the center of 
mass decay angle of the D : cos e11: > - • 30.  In fig. 1 3  , we can see the result of 
these cuts on the background and notice an accumulation of eight events in a mass 
bin of 20 MeV centered at 1 870 MeV . Since we do not know the production mechanism 
and thus the effect of our different cuts it is hard to make a good guess on the 
total cross section. It should not be, at leas t,  much smaller than 1 µb . 
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Fig . 1 0 .  n+n-n+n-n+n- mass dis tribution for elas tic events with sphericity 
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F i g .  1 3 .  Inclusive k-n+ mass dis tribution in the high mass region after 

the fol lowing cuts : I t i  < 1 . 5 GeV2 where t = (k - Pj) ) 2 

cos e"' > - • 3 where e"' is the n angle with respect to the 
direction of the D in the center of mass .  



Summary and conclusion : 

- The data suggest a resonance in k+k- at 1 500 MeV . 
- pp is photoproduced wi th � 40 nb cro�s section mainly near threshold. 
- 4rr data show the p ' + p rr rr  resonance . 
- 6rr,  and through spin parity analysis 4rr,  suggest a series of structures 

above 2 GeV . 
- Charm, in k-rr+ , seems present at the expected level .  

rr0 detection i s  operating and will allow to  increase the number of 
channels explored. 

-With fives times IIDre statistics and with significantly better analysis , we 
should explore rare resonances (� ' )  and a wider variety of charm channels. 
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RESULTS OF A BEAM DUMP EXPERIMENT 
AT THE CERN SPS NEUTRINO FAC I LITY 

T .  HANSL ,  M .  HOLDER , J •  KNOBLOCH , J •  MAY , H .P .  PAAR , P .  PALAZZI ,  
F .  RANJARD , D .  SCHLATTER , J .  STEINBERGER , H .  SUTER , w .  Von RUDEN , 
H .  WAH L ,  S .  WHITAKER , E .G .H .  WILLIAMS , 
CERN , Geneva 
F .  E ISELE , K. KLEINKNECHT , H .  LIERL , G. SPAHN , H .J .  WILLUTZKI , 
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SUMMARY 
We report resul ts from a beam dump experiment performed at 

the CERN SPS facility . An excess of electron- and muon-neutrinos has 
been observed . This new source of prompt neutrinos gives 2 1 0-7 v e 
or Ve per incident proton with Ev > 20 GeV and neutrino angl e smaller 
than 1 . 8 5  mrad. A possible explanation would be the pair production 
of charmed meson Dli with an inclusive cross section of the order of 
40 µ b .  

RESUME 
Dans une experience de Beam Dump util isant un des faisceaux 

du SPS au CERN , nous avons observe un exces de neutrinos-electron 
et de neutrinos-muon . La nouvelle  source de neutrinos ainsi mise en 
evidence donne 2 1 0-7 V e par proton incident pour une energie de 
neutrino superieure a 20 GeV et un angle de production inferieur a 
1 18 5 mill iradians . L ' expl ication l a  plus probabl e est l a  production 
en paire de mesons charmes DD avec une section efficace inclusive 
de l ' ordre de 40 microbarns . 
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1 <  INTRODUCT ION 

The Beam Dump exper iment 1 • 2 • 3 ) at the CERN SPS Neut rino fac i l ity 

was performed to s ea rch for long - l ived neut ral part i c l e s  prompt l y  

produced at  t h e  target . 

New types o f  penet rat ing par t i c l e s  could be produced e i ther directly 

in t he pr imary interact ion in the target or in the decay o f  short­

l ived part j c l e s . 

Such proces s es had been sugges t e d  recen t l y  by several experimen t s  

i )  Part of t he dimuon and t r imuon event s detected in h i g h  energy 

neut rino exp e r iments 4) might be explained as due to the interaction 

o f  new neut r ino s , coup l ed t o  new heavy l eptons . 

i i )  The exis tence o f  t he T l epton S )  impl ies the exis tence o f  a T 

neut rino . A large product i on o f  v T in the Dump woul d  g ive an abnor­

mal rat i o  o f  muonl e s s  to  charged current event s .  

Axion product ion 6) might a l s o  be detected in such an exper iment . 

To be sens i t ive to such a sma l l  source of prompt neut r inos , one has 

to suppress the conven t i onal beam component of vµ induced by � and 

K decay . 

This was obta ined by us ing a l arge c opper target where the secondary 

pions and kaons were abs orbed so that the v fluxes were reduc ed by 

� 3 0 0 0  ?) . 
The CDHS detector 8 ) recorded events provided the energy depo s i t i on 

was l arger than � 7 GeV . 

Even t s  were reta ined i f  t hey occured in a fi duc ial vo lume ( 9 . 3  m of 

iron , 1 . 6 m 0) corresponding to a target mas s o f � 5 8 0 tons . In the 

final samp l e  a cut in v i s i b l e  energy was appl ied ab ove 20 GeV . In 

these condi t i ons and after double  scan for event select ion , we obtain 

the f ina l event numb ers summar i z ed in Tab l e  I .  

2 .  MULTIMUON EVENTS 

We obs erved 6 dimuon events in the fiduc i a l  volume . The rate of 

dimuons relat ive to charged current interactions above 30 GeV i s  
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Tab l e  I 

Summary o f  event numbers 

Number of protons 
E > 2 0  GeV 

Sing l e  muon events 

Dimuon events * 
Tr imuon events 
Muonless  events * *  

* Evis > 3 0  GeV 

µ 
+ µ 

8 5 0  
1 8 7  

6 
0 

3 7 2  

* *  F iduc ial cuts and s e l ection criteria are 
different from s ing l e  muon analys is . 

The quoted numbers di ffer from those of a previous publ icat ion 1 5 ) 

because of some data overlooked in a first scan . 

Table I I  

Summary o f  muonless  event numbers 

Obs erved muonless events 

Expected NC events from 
"µ (4 3 5  * 0 . 3) 

Expected muonless events 
from known "e in the beam 

New source 

3 7 2  + 3 0 

1 3 0  + 1 0  

4 5 + 1 5 

1 9 7 + 3 5  
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b) Transverse momentum of the non-leading muon relative 
to the shower axis .  The dashed l ine is the dis tribu­
tion observed in the narrow Band Beam data4J , 

b)  
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Y dis tribution of the neutrino ( a ) and an tineutrino ( b )  
s ingle muon events .  The do ts show the p rediction o f  a 
Monte-Carlo simulation including 1 6  % antiquark s .  



N (µ + 
µ - ) = ( 0 7 + 0 3 )  • N(µ) . - . • 

This ratio is not in disagreement with t he measured rate in the 

Narrow Band Beam Data 9) . The kinematical distr ibutions of the 

dimuon events are shown in Fig . 1 .  

We do not observe any t r imuon event . I n  orde r  to g ive upper l im i t s  

on mult imuon product ion b y  n e w  neutr i no s , w e  compare t h e  r a t e  of 

mul t imuons in t he Beam Dump and in t he Wide Band Beam running . 

I n  the same detector , using the s ame tr igger and the s ame energy of 

the pr imary protons ( 4 0 0  GeV) , we have r ecorded 

� 1 5 0 0  dimuons and 1 2  t r imuons 

corresponding to 2 . 1 0 1 7  protons on the target 1 0) 

We can conclude that , in the Wide Band Beam samp l e ,  l e s s  than 0 . 3  % 

of t he dimuons and less  t han 1 0  % of the t r imuons ( 9 0  % CL) are due 

to prompt neutr ino s . 

3 .  S I NGLE MUON EVENTS 

A total number of 8 5 0  µ
-

charged current and 1 8 7 µ
+ 

charged current 

interact i ons w; th Pµ > 5 GeV/ c has been s e l ected . The x and y 

scal ing d i s t r ibut ions are compat ible  with those observed in other 

neutr ino b e ams (Figure 2) . 
The energy spectrum o f  the s ing l e  muon events is drawn in Figure 3 .  

The expected neutr ino and ant ineutrino fluxes due t o  the remaining 

background of w and K decay
+) are also  shown . Abso lute flux is dif­

ficult to comput e .  However , we think that the relative flux of ant i ­

neutr inos to neutrinos i s  e s t imated w i t h  a reasonab l e  accuracy . The 

expected ratio ( 0 . 1 4  � 0 . 0 1 5 ) is not compat ible  with the measured 

ratio ( 0 . 2 2  � 0 . 0 2 ) . This s hows an exce s s  of antineutr ino interac­

t i ons whi c h  has t o  b e  a t t r ibuted to prompt antineut r ino s . In the 

fo l lowing we wil l see that there i s  a reason to b e l ieve that this 

new s ourc e gives as  many neutrinos as  ant ineut r ino s . If this is 

as sumed and if we use the experimental cross sect ion ratio 
1 1 ) 

cr·;:/ crv = 0 . 4 8 ,  we find of prompt s ignal of 2 1 0 � 8 6 vPl and 9 1  + 4 0 vµ 

+) We w i s h  to thank Dr . H .  Wachsmuth for making these calculat ions 

ava i la b l e  to us . 
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Figure 3 

280 320 

Total visible energy spectra'•for single ?,- (upper his togram) and single }<+ events ( shaded his togram) compared to the expec­
tations from n- and K-decay neutrinos 
normalized to the to tal number of nega­
tive muons . 

20 g � R ® W � � 
L � aj 

Figure 4 

L ongitudinal shower development in the 
iron calorimeter for excess muonless 
events compare to the shape of hadronic 
showers ( dashed curve ) as measured by 
single muon events . 



4 .  MUONLESS EVENTS 

Muon l e s s  events have been analysed us ing t he s t andard technique 

al ready used in our detector 
1 2 )  : without any requirement on muon 

reconstruct ion , a l l  events with s hower energy larger than 20 G eV are 

classified  according to their penet rat i on l ength in iron . The fidu­

cial  volume is  "' 70 % of the one used in t he s ingl e  muon analys i s . 

We find 3 7 2  + 3 0  muonl e s s  events and 4 3 5  + 2 7  muon events g iv ing a 

ratio 

R 
muonl e s s  
>, 1 muon 

0 . 8 6  + 0 . 08 

This ratio  has to be corrected for the interact ion o f  velv
e in the 

beam due to Ke 3 and hyperon decays . However this correct ion cannot 

account for the di fference with respect to t he ratio R = 0 . 3 0 + 0 . 0 1  

me asured in vµ beam 1 2) . 

The known contribut ions to t he s ignal are summari zed in Tab l e  I I .  

I t  can be seen that there remain 1 9 7 + 3 5  muon less  events which are 

not vµ or vµ neut ral current event s .  These event s  could be inter­

preted as 

i )  ve int eract i ons due to a prompt s ource : 

In our detector el ectrons induce e l ectromagnet i c  showers whi ch are 

seen a s  muonl ess  event s ,  

i i )  v, interact ions : 

Charged current interact ions o f  v, produce T l eptons whi ch decay 

with emi s s ion of e i ther hadrons , electrons or muons : 5 ) 

v + 
T N + T + x 

+ hadrons 

+ e + Ve 
+ µ + v µ  

+ v , 
+ VT 
+ VT 

'V 6 0  

'V 2 0  

'V 2 0  

% 

% 

% 

8 0  % muonless 
events 

i i i )  If axions 
1 3 )  ex i s t , with properties s im i l ar t o  those of � 0 ' s ,  

their interac t i on in iron would produce hadrons much as neut ral 

current events of neutr inos . 

I t  is imp o rtant to note t hat in t he case i) a large fract ion of t he 

energy is transferred to the e l ectromagnetic  s hower . On the contrary 

in hypotheses i i )  and i i i) mo s t  of t he energy goes into the hadronic 

part . 

195 



500 

200 

100 

50 
a. 
• 

20 

10 

5 

2 

1 
0 

196 

Hadrons 
• 15 GeV 
• 30 GeV 

•• 
• • 

• • . ' . 
• • 

. .. 

J! 
c: ,. 
... .. 
I! 
i .. • 

• • 

30 

9 

8 

• • 
• • • 
• • • • 

• • 
•• 

• 
• 

60 90 c m  Fe 

20 40 (cm Fe] 
.... . 58  

• 

120 150 

•l 200 bl 

100 

50 

20 

10 
a. 
• 5 

2 

0.5 

0 10 20 30 40 50 80 cm Fe 
Fig. S A  

Figure 5A 
Longitud{nal devel opment of hadronic 
showers induced by n-(a)  and electro­
magnetic showers induced by electrons 
(b)  at 1 5  and 30 GeV in the tes t 
calorimeter1 0) 

Figure 5B 
Comparison of the pul se height not 
due to hadronic showers with the 
shape of purely electromagnetic 
showers . 



In irdn , as the radiat ion l ength ( 1 . 7  cm) is substant ially sma l l e r  
than the interact ion l ength ( 1 8  cm) , the l ongitudinal shower deve­
l�pm�nt looks different for e l ec t romagnet ic and hadronic showers .  
We have compared the shower development o f  the excess events ( s o l i d  
curve i n  Figure 4) to that observed i n  v� charged current interac­
t ions (d.ashed curve) . The earl y  s hower deve l opment is c l early dif­
ferent : norma l i z ing the two p l o t s  for � hicknesses above 40 cm , we 
find that only 57 % o f  the v i s i b l e  energy can be attr ibuted to 
hadron s howers ( inc luding TI 0  component) . The remaining 43 % (dashed 
area) can be attr ibuted to e l ectromagnetic showers . The shape of 
this exce s s  is in agreement with the development observed for e l ec ­
tron induced showers measured with a t e s t  calorimeter 1 4 1 in an 

elec tron beam ( F i gure 5 ) . 

This l arge fract ion of e l ectromagnet ic energy i s  expec ted from ve 
(v e) interac t i ons and in d isagreement with the v� �nd axion �ypo­
thes e s . 

Us ing the ratio R = 0 . 3  and taking into account the cut 
E shower > 20 GeV , we concl�de �hat we observe a prompt s ignal of 
1 7 1  .!_ 3 1  charged current ( e , e ) events and 26 .!_ 5 neut ral current 
(ve , ve) event s .  

5 .  SUMMARY 

Adj ust ing the muon l e s s  samp l e  t o  the same f i duc ial volume as for 
the s ing l e  muon samp l e ,  we obtain : 

Nv e + N;:;e 
Nvµ + N;:;µ 

2 3 6  + 4 0  

3 0 1  + 1 2 6+)  

The magnitudes o f  t h e  two s ignal s  a r e  compat ibl e w i t h  equal fluxes 
of prompt muon and e l ectron neutrino s . If we assume further an equal 
number of prompt v e and ve in the beam ,  then taking into account the 
di fference in the cros s sect ion 

Nv e = 1 5 8  .!_ 27 , N'iie = 7 8  + 1 4  

The abso lute number o f  prompt v e within the angular acceptance o f  
t h e  detector ( 1 . 8 5 mrad) and with t h e  cut E shower > 20 GeV may be 
computed on the basis o f  this resul t , the neutr ino cros s - s ect ion 

+ ) This numb-er i s  obrained as suming equa l i ty of prompt vµ and vµ 
fluxes , s ee sect ion 3 .  
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and t he measured proton flux : 

Nv e/ incident proton = ( 1 . 9  � 0 . 4) 1 0
- 7  

The prompt flux may also  b e  c ompared t o  vµ flux from K decay . We 

attr ibute to Kµ z decay 3 6 7  � 3 9  events so t hat 

Nv e! Nv K = 1 5 8 / 3 6 7  = 0 . 4 3 + 0 . 09 

6 .  I NTERPRETATI ON 

The only known proces s ,  which might be t he o r 1 g 1n o f  this prompt 

neutr ino flux ,  is the product ion of charmed part i c l es . Approximately 

20 % of charmed mes ons decay sem i - l eptonically,  g iv ing equal fluxes 

of e l ectron and muon neut rino s , as  supported by t he data .  

I n  order t o  make cro s s - s e c t i on e s t imat es , we need addit ional as sump ­

t i ons on p roduct ion mechanisms as our detector covers only a smal l  

fract ion o f  the phase space i n  the forward direc t i on .  

We have used a s imp l e  model for DD pair product i on 

- invariant cros s section 1 6) 

d z cr z 
� ( 1  - xF) 3 e

-apT 
dxF dp� 

where xF i s  t he Feynman var iable and <pT > 

- equal branching ratio 

BR (D  + Kµv)  BR (D  + K*µv)  1 0 I 
BR (D + Kev) BR (D + K'�ev) 1 0 ' 

0 . 7  GeV/ c 

The computed energy spectrum o f  the neut rinos is in agreement with 

the v i s i b l e  energy d i s t r ibut ion of the exc e s s  muon l e s s  events 

(F igure 6 ) . 

Then , us ing t he obs erved rat i o  o f  vµ from K decay t o  prompt Ve 
event s ,  we can g ive an e s t imate of t he inclus ive cross  sect i on for 

pp + DD relative t o  kaon product i on at 4 0 0  GeV : 

Nv e E (vµK) 
cr (pp + DD) = * * cr (pp + K) whe re E i s  t he accep tance 

NvK 
d veD) of the detector 

3 . 1 0
- 3 * cr (pp + K) 

Us ing cr (pp + K) = 1 3  mb we find that the c harm product ion cross sec­

t ion is  o f  the order of 40  µb per nuc l eon . I f  we  as sume different 

produc t i on mechan i sms , this number may easily change by a factor two . 
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One should no te t hat cr (pp + ·K) infers a A 2 1 3  dependence fo r the 

cros s - s e c t i o n .  

F inal l y ,  t h e  d a t a  c a n  be u s e d  to set  upper l imits  on axion produc­

t i o n .  From geome t r i c  acceptance of our detector for TI0 , we obtain 

cr (pN + a0)  * cr (a 0 N  + X) < 1 0 - 6 7  cm4 (90 % CL) . 

The product ion rate o f  axions r e l a t ive to TI0 wou ld be 

( 9 0  % CL) . 
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BEAM DUMP EXPERIMENT AT 400 GeV 

GARGAMELLE COLLABORATION 

(Aachen ,  Bari , Bergen, Brussel s ,  CERN, Ecole Polytechnique Palaiseau, 

Milano , LAL Orsay, Strasbourg, UCL London) presented by 

F. JACQUET 

Ecole Polytechnique - Palaiseau 

ABSTRACT 

ted . An  

c5NV 

Results on the beam dump experiment using Gargamelle are presen­
excess of "e , Ve production is found corresponding to a production 

e of � = 4 . 6  lo-2 per proton and per steradian in the forward direction. 

Some models for D D production are discussed and a comparison 
with other experiments is made. 

Les resultats sur l ' experience 
sont presentes .  Un exces d ' evenements v 

beam dump utilisant Gargamelle 
, Ve est mis en evidence, corres-

oNv 
e 

pendant a une production de on
e

= 4 . 6 10-2 vers l ' avant . par proton et 
par steradian . 

Des modeles de production de D o sent discutes et les re sultats 
sont compares a ceux d ' autres experiences. 
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The beam dump experiment (ref . 1 )  has been performed to look at 

the reaction 

p p + (  ) + v +  • • .  

Gargamelle was filled with heavy freon C F3 Br (radiation length = 1 1  cm) . 

The fiducial volume was 7 m3 corresponding to 10 tons of detector. Around 

70 000 pictures have been taken corresponding to 3 . 5  x 1017  incoming pro­

tons . With this dump experiment the classical source of neutrino events 

is reduced by a factor � 2 000 (compared to the usual wide band beam) • 

After the analysis the following number of events have been 

found ( table 1 )  

Table 1 

v v or \) \) v or \) Neut . Curr . 
µ µ µ µ e e 

E > 10 GeV 1 2  2 2 9 7 vis 

Ehad > 10 GeV 8 1 1 7 

E vis > 10 GeV 
corrected 

1 8  8 . 9  5 .  1 

The main correction on the raw .numbers are the fol lowing 

- 2 events have to be transferred from neutral to charged current 

because of the EMI efficiency (73% for Ev 10 GeV ; 99% for Ev = 50 GeV) 

. 1  event have to be transferred from Ve , Ve to neutral current. 

This corresponds to the background of N C with a y ray simulating an elec­

tron . 

The expected number of Ve , Ve events due to classical sources 

and using the V
µ 

, Vµ events for normalization is 1 event . So there 

appears a significant excess of Ve , Ve events . 
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An origin of this excess of Ve , Ve events can be the D D produc­

tion in the dump. Monte-Carlo calculation using models (Bourquin-Gaillard 

compilation Ref. 2 )  gives for B = D + semi lept ::::: 10% 
D + all 

cr "' 300 +l5o µb (statistical error) · �ioo 

In order to compare with D production on hydrogen and assuming 

that the D production cross section on a nucleus is "' A, the corrected 
+ 40 cross section on H is cr "' 300/ 113 "' 80 _ 25 \lb . 

A 

This result appears higher than previous estimates but is IOC>del 

dependent. 

In order to estimate the model dependence of this value a very 

simple formula can be used : 

02 
N 

v 
int 

B N 
Pinc 02 

0 

where cr0 is the D production cross section 

crTar is the pp total cross section 

B is the branching ratio 
D + Ve + 
D + all 

N is the number of incoming protons 
Pinc 

0 is the angle seenby the detector 

crTOT "- 40 mb 

B "'  10% 

( 1 )  

N 
Pinc 

3 . 5  1017  

0 = . 75 mrad 

00 is the caracteristic angle of emission in the lab. for the 

D desintagration : - p is the transverse 
l.. 

0
2 

'\, .!_ ( 1 + 0 y2 where 

momentum of the D 

- y is the y of the D 

in the lab . 

- M is the mass of the D 

K is a coefficient relating the number of produced v to the number 

of detected v in Gargamelle. 

nv 
det 

p
� 

is the average momentum of the v 

K E
v 

nv 
prod 

in the D frame • 
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using x 

Relation ( 1 )  can be expressed as follows 

2 K 
i{ 

3 
p 3 E - x B M3 

(1 + 

(E8 is the incoming proton energy) . 

( 2 )  

Fig. 1 and 2 show, using Monte-Carlo calculation, that these for­

mulae are a very good approximation f!ciir the acceptance dependence on x and 

p
l 

• Its appears that the p .l dependence is not very crucial (factor 

30%) but the x dependence (x3) has to be examined carrefully . 

As an example an x distribution for the D like (1 - x) n gives a D 

cross section from 100 to 300 µb when n goes from 3 to 8. Furthermore the 

average observed v energy ( <  E > = 72 GeV) gives another constraint v
det which favour n = 4 to 6.  

In conclusion the model depebdance for the D production can give 

a factor 2 to 3 in the D production cross section . 

In order to compare these results with other experiments (Ref 2 
and 3 ) , the D D cross section is not used but only the v production rate 

in the forward direction. 

Using the following formula 

0 NV 
K on N prod 

P on 
inc 

where NV is the number of producted v per proton in the solid angle of 
prod 

the detector . 

oNV 
�n prod is the number of produced v per proton and per steradian in the 

forward direction. 

204 



w 
...J 
<{ u fl) 
>-a: <{ a: 
,.... "iii a: � 
w u z 
� a. LI.I u 
l:l 

le <{ a: 
1-"iil a: 5 
LI.I 
u z � Ill u 
� 

F iG. 1 

- x3 
0 
+ 
)C 

fi = O 
e-fl 
e -2 11 

.:x:. 
ACCEPTANCE FOR V AS A FUNCTI ON OF X = PQ D/PMAx 

F iG. 2 

F(ll l= � C'l - . 7) 

1 

.5 

-11 
F(PJ.. ): Pl. e 

F(Pi_ )= l>C!i-1:4) 
1 

15 <.'i> 
ACCEPTANCE FOR V A5 A FU NCTION OF � D 

205 



The table 2 summarizes the results of the 3 beam dump experiments 

Table 2 ( l ) 

ori K M (TON) N N 
' Ve 

N ON 
Pinc v v prod e 

10-6 10- 1 2  eint e Ol'l10-' 1 01 7 1 (")-7 

GGM 1 .  7 1  2 . 45  10. 5 3 . 5  7 . 3  . 8  4 . 6  

BEBC 1 1 .  2 . 62 1 3  3 . 5 1 2  5 . 1  4 . 6 

CDHS l 1 0 . 8  26 . 4  626 4 . 3  

CDHS2 10 . 2  20. 1 450 4 . 3  1 1 2  1 .  2 1 .  2 

A discrepancy on the number of produced in the forward direction can be 
observed between BEBC-GARGAMELLE and CDHS to be of the order of 3 . 8  ± 1 . 4 

To conclude , the beam dump experiment shows that 

there is a signicant excess of v v events e e 
there is no signf icant excess of neutral current events 

- if this excess of Ve , v-e is due to D D production, the D D produc­
tion cross section seems higher than previous results. 

( 1 ) The number of events N quoted in table 2 are determined assumirq 
Ve int 
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FIGURE CAPTION 

Fig. 1 Relative acceptance of Gargame lle for V ' s  produced by D desinte­
P ,,n gration as a function of x � �-
PMax 

Fig . 2 Relative acceptance of Gargamelle for V ' s  produced by D desinte­

gration as a function of !}_of the D 
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ABSTRACT 

A STUDY OF THE INTERACTIONS OF PROMPT NEUTRAL PARTICLES 

EMITTED FROM A BEAM DUMP AND DETECTED IN BEBC 

K .L .  WERNHARD 
CERN, Geneva , Switzerland 

Aachen-Bonn-CERN-London(I . C . ) -Oxford-Saclay Collaboration 

In the CERN beam dump experiment eleven e - and four e 
+ events induced by neutral 

primaries were observed in BEBC . This number of electron events cannot be due 
to electron neutrinos from conventional sources (K, A, E- decays ) .  The flux of 
the addtional (prompt) neutrinos is evaluated . Possible origins are discussed 
in terms of charmed particles , T ' s ,  and as yet undiscovered particles . 

RESUME 

Onze evenements avec un e et quatre €v€nements avec un e+ ant €t€ trouv€s 
dans BEBC pendant l ' experience beam dump au CERN . Ce nombre d ' evenements ne 
peut pas etre explique par des sources conventionnelles (desintegrations de K, 
A, E-) . Le flux des neutrinos additionnels est evalue . L ' origine est analysee 
en termes de particules charmees , de T leptons et de particules pas encore 
decouvertes . 
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1 • INTRODUCTION 

Recently a proton beam dump experiment has been performed using the CERN 
SPS neutrino facility. The aim of this experiment was to search for new 
penetrating neutral particles or neutrinos other than from TI ,  K and hyperon 
decays . The flux of neutrinos from these sources was strongly reduced 
(� 1 /2000) by absorbing secondary particles in the large dense target (dump ) . 
Prompt neutrinos produced either directly or in the decay of particles with 
lifetime < 10-ll s are not affected by this procedure. 

2 .  EXPERIMENTAL LAYOUT AND DETECTOR 

Fig . 1 shows the experimental layout .  The 400 GeV/c extracted proton 
beam of the CERN SPS was directed onto a copper target (27 cm in diameter and 
2 m long) at zero degrees . A 1 m and a 3 m long block of iron both placed 
downstream of the target made sure that any flux of TI and K mesons escaping 
from the dump did not enter the 300 m long decay tunnel . The muon shield 
consisted of 180 m iron and 170 m rock and earth . During the run the muon 
fluxes were continuously monitored at depths uf 10 ,  10 and 50 m in the iron 
shield . 

The bubble chamber BEBC was filled with a 72% neon-hydrogen mixture 

(density 0 . 66 g/cm3 , radiation length 44 cm) . The distance between the target 
and the chamber was 820 m. Muons originating from interactions in the chamber 

' d  . .  d 1 d . . ( ) 1 )  . . f were i entifie by the Externa Muon I entifier EMI consisting o two 
planes of proportional wire chambers .  

3 .  CHARACTERISTICS O F  THE OBSERVED EVENTS 

A total of 70 000 photographs were taken corresponding to 3.5 · 1017 

protons on target , The background from cosmic rays was investigated by taking 
14 000 pictures without beam . The film was scanned twice for any interaction 
induced by a neutral primary with at least one forward-going secondary of more 
than 1 GeV/c . The scanning efficiency was calculated to > 98% . The relatively 
short radiation length made it possible to identify electrons with an 
efficiency > 90%. Seventy events with visible energy > 10 GeV were observed 
in a fiducial volume of 19  m3 corresponding to a target mass of 13 t .  Events 
were classified as charged currents µ± if they contained a µ± of momentum 
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greater than 5 GeV/c identified in both EMI planes . If the secondary lepton 
+ 

was an electron or positron, the event was classified as e- and events with 
neither muon nor electron were cal led neutral currents (NC) . The energy 
distributions for the five event categories is shown in fig.  2 .  The composition 
of the 70 events is given in table 1 .  

Table 1 

- + - + NC µ µ e e 

21 29 5 11 4 

No abnormal V0 ·rate was observed . The y distributions are compatible with 
what one expects from (V - A) theory (flat for v interactions and � (1 - y) 2 

for v interactions ) .  The ratio of neutral current over charged current events 
for Ehadron > 15 GeV is NC/CC 0 .42  ± 0 . 17 .  This is in agreement with the 
results recently published by this collaboration: (NC/CC)v = 0 . 32 ± 0 . 03 and 
(NC/CC)v = 0 . 34 ± 0 . 07Z) . 

However , the striking feature is the large number of e 

relative to the number of µ- events .  

± 4 .  EXCESS OF e EVENTS 

+ and e events 

The expected ratio of e-/µ- events from TI and K decay neutrinos can be 
accurately predicted independent of absolute flux calculations . It is given 
by the K/TI production ratio, relative Q-values , absorption lengths and branching 
ratios .  Assuming the same production spectra for K0 and K+ a ratio of 
e-/µ- 0 . 06 is obtained . To calculate the ratio e+/µ+ one has in addition to 

take into account the neutrinos from A and [- decays . A similar calculation 
gives e+/µ+ 

= 0 . 1 .  These ratios have errors of � 10% due to uncertainties in 
the K/TI production ratio and relative absorption lengths . From those ratios 
and the observed 1 . 8  ± 0 . 4  and 0 . 5  ± 0 . 25 + events with E > 10 µ events e e vis + are expected , to be compared with eleven e and four e events observed . 

Absolute event rates have been calculated replacing the nuclear cascade 
in the beam dump by a decay path of one absorption length and using particle 
production spectra from the thermodynamical model3 ) corrected in order to fit 
available data4) . The pre�icted spectra are the curves shown in fig. 2 .  The 
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Narrow bond beam 

Fig. 3 
Layout of narrow-band beam target and collimator 
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observed event rates are consistent with the assumption of equal amounts of 

prompt vµ, vµ , Ve and ve fluxes . 

The flux of prompt neutrinos necessary to account for the excess of e 
and e+ events is calculated using the 
current cross sections5) , 

energy of the events and the charged 
-38 2 crve 

= crvµ = 0 . 6  E 10 cm � 2 . 1  crVe ' where E is in 
f lux the ratios v /TI+ are obtained, The results are e GeV. From the known pion 

shown in table 2 .  

Table 2 

Fluxes of prompt neutrinos v and v /TI+ ratios e e 
v v e + e (<ve> = ��2�- after subtraction of background) 

E ,  GeV 

10-ll  
• <v > e 

104 <V >/TI
+ 

e 

10-50 

1 . 33 ± 

0 . 34 ± 

5 . THE SKEW BEAM DUMP EXPERIMENT 

50-90 90-130 

0 . 6  0 . 83 ± 0 . 4  0 . 53 ± 0 . 2  

0 . 15 0 . 17 ± 0 . 08 0 . 1 1  ± 0 . 5  

Additional information on the production of these prompt neutrinos is 
given by the wide-band beam background (neutrinos from TI and K decays before 
the momentum. selection) in the narrow-band beam antineutrino experiment , In 
the narrow-band beam the neutrino parents are sign and momentum selected and 
wide-band background is largely reduced , The relatively large number of e 
events and µ events observed in the antineutrino narrow-band run could not 
be explained by normal wide-band background but can now be interpreted in terms 
of a skew beam dump experiment , 

In this experiment the 400 GeV/c proton beam was directed on to the target 
at 1 5 . 6 mr with respect to the direction towards BEBC in order to reduce the 
wide-band beam background , The layout of the target and the first collimator 
is shown in fig . 3 .  This set-up represents a dump for � 2/3 of the incident 
protons with an average decay path of � 1 , 3 m for long lived particles produced 
in the target . However , prompt neutrinos will reach BEBC if they are produced 
within 1 3 . 8  to 1 7 . 4  mr with respect to the proton beam direction. 
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Fig . 4 shows the energy spectra for the observed e and µ events .  It 
can be seen that the spectrum for the e events is softer than the one observed 
in the beam du�p experiment at 0 mr . However , the calculation gives approximately 

equal fluxes of prompt ve in both experiments .  

6 .  INTERPRETATION AND POSSIBLE SOURCES 

6 . 1  DD production 

The observed prompt neutrinos could be due to the production and 
semileptonic decay of charmed mesons produced in the dump . Several models for 
production (thermodynamical3) and phenomenological6 ' 7) ) have been assumed to 
estimate the order of magnitude of the cross section for D production . 

* 
Different decay modes (Kev, K ev , Krrrrrrev) have also been considered . As a 
result production rates of (3 to 12 )  • 10-J D ' s  per incident proton are 

+ 
required to account for the observed e- events .  This corresponds to a cross 
section for pp + DD + X of 100 to 400 µb based on a total inelastic proton­
proton cross section of 33 mb and neglecting cascade effects . Such large 
values seem to be hardly consistent with published upper limits on charm 
production in strong interactions8 • 9) . 

6 . 2  Charmed baryons 

Another possible source of prompt neutrinos could be the reaction 

pp + Y D + anything, where Y is a charmed baryon. If one assumes charmed c c * * 
baryon production to be peaked at large x (x = p1/�ax

) then a production 

cross section as low as 20 µb would be enough to explain the number of e 
events observed . However ,  the observed number of events at 15 mr in the 
narrow-band beam experiment is inconsistent with what is expected from such 
a production spectrum (Nobs "" 20 · Nexp) .  It is therefore concluded that the 
production of charmed baryons cannot be the dominant source . 

6 . 3  Heavy leptons 

Prompt neutrinos from the decay of heavy leptons could also account for 
the characteristics of the observed events ,  but the production cross section 
required is of the same order as for charmed particles and this seems unlikely , 
In the particular case of T ' s  the high branching ratio for T + V

T
+ hadrons 

(� 50%lO) ) would lead to an anomalously large NC/CC ratio (> 1 )  which is not 

observed . 
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6 . 4  Other sources 

Light particles (of less than the kaon mass) short-lived and as yet 
unknown, cannot be excluded as a source for the prompt neutrinos by the data . 
In this case the production cross section could be much smaller than in the 
case of D, depending on the mass ,  production mechanism and decay modes of 
these hypothetical particles . 

7 .  CONCLUSIONS 

The production of prompt neutrinos in proton-nucleus interactions has been 
observed both in the beam dump and in the antineutrino narrow-band beam 

�xperiment .
_ 

The data are not inconsistent with equal fluxes of prompt vµ , 
vµ ' Ve and Ve The production and subsequent decay of charmed particle pairs 
as the source of these neutrinos would require cross sections in the range of 
100-400 µb . Tau leptons as the source are incompatible with the data. The 
decay of short-lived light particles of a new type could account for the prompt 
neutrino flux with much smaller cross sections . 
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I .  Introduction 

The sub j e ct of mul timuon production by high energy neutrinos and anti­

neutrinos began more than three years ago with the observation of dimuons 

by the HPWF collaboration at Fermilab . 1 The opposite sign dimuon events 

were interpreted as evidence for a new hadronic quantum number - charm .
2

'
3 

Much has been learned since then. Recent experiments 4 not only confirmed 

the earlier observation but also supported the ' charm' interpretation . The 

origin of the like-sign dimuons (µ\µ
-

) remain , however , unknown . Because 

of the smaller observed rate for these events , decays of pions and kaons 

from ordinary deep inelastic neutrino interactions might account for a 

large fraction , if no t all ,  of the observed events . It is important to 

de termine whether ' p romp t '  like-sign dimuons exi s t ,  for the rate and nature 

of the promp t µ µ events would provide important clues to the overall 

understanding o f  another face t o f  multimuon phenomena , in particula r ,  the 

recently dis covered trimuon events . 5 

In this talk I would like to report on recent dimuon data from the 

FHOPRW collaboration (E-310) at Fermilab . The issue s  I will concentrate on 

are : Is there a prompt like-sign dimuon signal? What are the nature of 

these like-sign events as compared to the opposite sign events ? How con­

sistent are the rates and properties of the opposite sign events with charm 

particle production and their s emi-lep tonic decay? The trimuon events ob­

served during the s ame runs from whi ch the present dimuon samples were ob­

tained have already been pub lished and reported at various o ther confer­

ences and therefore will not be discussed here . 

II . Beams 

The data samp le s  reported here were acquired at Fermilab in three runs , 

using a quadrupole triplet (QT) and sign-selected bare target (SSBT) beams . 

In the QT beam the secondary hadrons produced in the pro ton-target colli­

sion were focussed by a quadrupole tripl e t  and left to decay without charge 

s election . 6 The resultant neutrino flux contains a mixture of v and v . 
µ µ 

The SSBT beams emp loyed no focussing elements b ut did charge selection o f  

the s econdary hadrons by means of a "dog-leg" arrangement of b ending mag­

nets . 7 Hence the resultant beams contain only vµ or v
µ 

depending on the 

selected sign of the parent hadrons . These wil l  be referred to as the 

from these 
- + 

SSBTv and SSBTv beams . The calculated spectra o f  vµ and vµ 
beams are shown in Fig . 1 .  The QT and SSBTv runs yielded 199 

and 46 µ
-

µ- events . The SSBTv run yielded 49 µ+µ- events and 

µ µ events 

2 µ + µ + 
even ts. 
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III . Detector 
The detector of E-310 is shown in Fig . 2 .  I t  i s  an enlarged version 

of the earlier detector of E-lA with important modifications . i) A target­
detector of three parts , an iron target (FeT) , a liquid scintillator calo­
rimeter (LiqC) , and an iron-plate (4" thick plates) calorimeter (FeC) , each 
part of different density . This makes possible an empirical determination 
of the pion and kaon decay background in the multimuon data . Table I shows 
the hadronic absorption length and fiducial masses of the three target­
detectors . ii) A large solid angle muon spectrometer consists of three 
large area toroidal magnets (24 ' diameter) in addition to the existing 12 '  
diameter toroids . Muons of angles up to 500 mrad relative to the vµ beam 
direction can be detected ,  compared with the limited angle of 225 mrad of 
EIA . 

IV . Like-Sign Dimuons 
1 .  Existence of a Prompt Signal? 

The issue of foremost importance is to determine whether the like-sign 
dimuons are indeed all due to pion and kaon decays . This can in principle 
be inferred from the observed µ µ rate produced in each target . The rel­
ative rates R(µ-µ-) /R(µ-) are difficult to determine because of differences 
in acceptance , trigger requirements , etc between the targets . The ratio 
N (µ-µ-)/N (µ"ii+) is , however , insensitive to these target dependent syste­
matic effects , for to a good approximation these are the same for both the 
µ-µ+ and µ µ  events .  The numbers of observed µ-µ+ and µ-µ- events are 
shown in columns 3 and 5 of Table I for muon momentum cuts p>5 and 10 Gev/c 
respectively . The ratios Nobs (µ-µ+) /Nobs (µ-µ+) are plotted against absorp­
tion length in Figs . 3a and 3b . To simplify the interpretation, we sub­
tract from Nobs (µ-µ+) the calculated numbers of the µ-µ+ events resulting 
from � and K decays8 , also listed in Table 1 .  The numbers of prompt µ-µ+ 

events are then given by Nobs (µ-µ+)-Ndecay(µ-µ+) .  In Figs . 3c and 3d, we 
show the ratios Nobs (µ-µ-) /Nprompt(µ-µ+) ,  again for the muon momentum cuts 
p>5 and 10 Gev/c .  Linear fits to the data with both the slope and intercept 
as free parameters , are also shown . We observe that i) the decay of pions 
and kaons account for a significant fraction of the µ-µ- events for the 
case pµ > 5 Gev/c ;  ii) the fitted s lope decreases as the minimum momentum 
cut of the muon is raised from 5 to 10 Gev/c ,  resulting from the reduction 
of pion and kaon decay backgrounds as expected , and iii) the intercept of 
the fits at zero absorption length (infinite density) are different from 
zero in both cases, 
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FIDUCIAL ABS . Nobe ( µ
-

µ
+

) Ndecay (µ 
-

µ 
+

) Nobs (11-µ
-) Ndecay (µ -µ -) 

TARGET MASS LENGTH 
(Tons) (cm) p >5 

µ 
p >10 

µ 
p >5 

µ 
p > 10 

µ 
p >5 

µ 
p > 10 

µ 
p >5 

µ 
p > 10 

µ 
GeV GeV GeV GeV GeV GeV GeV 

IRON 
(Fe'!') 198 31 75 50 1 1  3 . 5  12 8 6 . 1  

IRON 
CAL. 42 6 1  42 23 10 . 5  2 . 6  10 4 5 .9 
(FeC) 

LIQ . 
CAL. 36 120 56 32 22 . 2  7 . 7  16 6 1 2 . 0  

(LiqC) 

TOTAL 173  105 4 3 . 7  1 3 . 8  38 1 8  24 . 0  

TABLE 1 .  Fiducial masses , absorption lengths and numbers o f  observed dimuon 
events in the three targets . Also shown are the calculated numbers 
of dimuon events from pion and kaon decays .  

GeV 

1 . 6  

1 .5 

3 . 2  

6 . 3  
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It should be noted that although the analysis described above depend 
to some extent on the correction to subtract TI ,  K decay contribution from 
Nobs (µ-µ+) ,  the value of the intercept from the extrapolation is relatively 
insensitive to this correction . The reason for this is that TI and K decay 
contributions are relatively much smaller fraction of the µ-µ+ events . 
This is true especially for the FeT point which carries a lot of weight in 
determining the value of the intercept . Nonetheless , we have checked the 
reliability of the TI ,  K decay calculation by comparing the density depend­
ence of Nobs (µ-µ+) /N (µ-) ,  This comparision is shown in Fig . 4 .  The calcu­
lated slope is found to be very consistent with the data as shown . We fur­
ther note that the fitted slope for the pµ > 5 Gev/c data in Fig . 3c is 
( 3 .0 ±. l .O)xl0-3cm-l , also in good agreement with the value 
( 2 . 7  ±. 0 . 7)xl0-3cm-l obtained from the calculated numbers Ndecay(µ_µ_) 
shown in Table 1 .  These agreements check the validity of the decay calcu­
lation and gives us confidence in using the calculated numbers Ndecay(µ

_
µ_) 

to determine the magnitude of the prompt µ µ signal in each target .  The 
result is shown in Fig . 5 .  The ratios Nprompt (µ-µ-) /Nprompt (µ-µ+) are 
seen to be systematically non-zero and independent of absorption length . 
Averaging over all three targets we obtain Nprompt (µ-µ-)/Nprompt (µ-µ+) 
0 . 10 + 0 . 05 for pµ > 5 Gev/c ,  and 0 . 1 3  ±. 0 . 05 for pµ > 10 Gev/c .  

In a run using the dichromatic beam at CERN , the CDHS collaboration 
reported the observation of 257 µ-µ+ events and 47 µ-µ- events which satis­
fy the muon momentum cutoff of 4 . 5  Gev/c . 9 The ratio Nobs (µ-µ-) /Nprompt 

(µ-µ+) for p >5 Gev, obtained using the reported9 
TI ,  K decay contributions µ 

and the slow muon momentum spectra, is 0 . 1 7  + 0 .0 3 .  The target detector 
of the CDHS experiment is primarily iron with an average hadronic absorp­
tion length of 30 cm. The CDHS result is plotted on Fig . 3c for comparison 
with this experiment . The good agreement between the two experiments sup­
ports our measurement in the iron targe t .  

The two J'µ+ events observed in the SSBT (v) run have very lowcenergy 
muons (�5 Gev/c) . Pion and kaon decays are estimated to yield 4 ±. 2 events . 
Hence the two observed events are consistent with being backgrounds . If a 
prompt µ+µ+ signal were to exist at the same rate relative to the µ+µ­

event as the µ µ signal , we would expect to observe 5 events in addition . 
So from this sample there is as yet no clear evidence of a prompt J'µ+ 

signal. 
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2 .  Properties of the µ µ events 
The important properties of the µ µ events are shown in Figures 6 -

10 . Figure 6 shows the scatter plot of the momentum of the fast µ- against 
the slow µ- . A rather large momentum asymmetry between the two muons is 
observed,  similar to that observed in the µ-µ+ data as shown in Fig . 7 .  

The distribution in the azimuthal angle between the two muons i s  shown in 
Fig . Sa and Sb for the µ-µ- and µ-µ+ events . Both distributions tend to 
peak at �� = 1S0° , suggestive of a hadronic origin for the second muon . 
Fig . 9a shows the distribution in p�W' the transverse momentum of the slow 
µ with respect to the direction of the W-boson which is defined by the 
directions of the incident neutrino and the fast µ • Again for comparison 
we show in Fig . 9 the distribution in p�W of the µ+ for the µ-µ+ events . 
No distinctive differences can be seen . The distribution in the Evis dis­
tributions are also similar between the µ µ  and µ-µ+ events as shown in 
Fig . lOa and lOb . 

It could be argued that since a significant fraction of the µ µ 
events are in fact from rr or K decays , the properties of the prompt events 
could be largely masked .  For this reason, the µ-µ- events which satisfy 
the 10 Gev momentum cut are shaded for comparison. Contamination of pion 
and kaon decays are much smaller in this case . We note that although the 
s tatistics is very limited , the distribution exhibit the same general 
features . Properties of energetic µ µ events where both muons have 
pµ>lS Gev are shown in Table 2 .  

V .  Opposite-Sign Dimuons 
We now turn to the measurements of the rates of opposite-sign dimuons . 

The observed ·Evis (:Eh + Eµ- + Eµ+) distribution for the µ-µ+ events from 
the QT run is shown in Fig . lla . The energy spectrum of the single muon 
events from the same run is shown in Fig . llb . Figure 11  shows the rela­
tive rate R (µ-µ+) /R (µ-) as a function of E • Two things were further taken 
into account to obtain the data points shown in Fig . 13 . First ,  the dimuon 
events were individually weighted by a factor which corrected for the geo­
metric acceptance and triggering biases . This weighting factor was calcu­
lated for each of the observed events by azimuthally rotating the event in 
the detector . Sec0ndly , the contribution from rr and K decays had been sub­
tracted from the data . Figs . 12 and 14 show the corresponding data for v 
induced µ+µ- events from the SSBT(v) run . We note that the apparent rise 
in the dimuon rate relative to single muon rate with energy for both the v 
and v samples are predominantly the result of the 5 Gev/c momentum cut . 
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RUN TGT F.NERGY TRACK 1 TRACK 2 (GeV) FRAME MOD Evis Eh QP Px Py QP Px Py 

117 Liq 127 24 -86 1 . 87 . 21 -17 -1 .42  .07 
15365 13 ±_7 . 3  + . 1 3  + .04 +. 7 ±_. 06 +.05 

120 Fee 114 19 -57 . 2 7  -1 . 22 -38 . 5 2  1 . 21 
18783 21 ±_5 . 7  + . 1 3  ±_. 23 +4 . 4  ±_. 17 ±· 11 

137  FeT >110 >46 -48 . 50 1 . 05 -16 - . 23 . 2 7  
31940 2 ±_3 . 2  + . 04 ±_. 11 +1 . 2  _:t.08 ±_.09 

141 FeT > 48 - -33 . 87 -2.02  -15 -. 35 . 71 
35 75 7 1 +12 . 8  + . 23 ±_ . 65 +1 . 2  ±_. 14 .05 

146 FeT > 6 7  - -49 1 . 94 - .09 -18 - . 82 . 15 
39 76 7 2 ±3 . 8  ±_.11 ±_.06 ±1 . 5  ±_.06 ±.06 

279 Fee 12 83 -26 - . 69 1 . 34 -16 . 5 2  - . 59 
145416 20 +2 . 2  ±_. 1 2  + . 13 ±_1 . 3  +.05 ±_.05 

282 FeT >58 >11 -28 .96 -1 . 33 -19 - . 83 . 15 
149196 3 +1 . 4  ±_.05 ±_.04 ±_1 . 1  +.04 ±_.04 

TABLE 2 .  Properties o f  the energetic µ 
-

µ 
-

events (pµ > 15 GeV) . 

Units of all momenta are in GeV. 
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The relative rates averaged over the corresponding beam energy spectra are 

and 

The average v dimuon rate is lower because the SSBT(v) spectrum is sub­
stantially softer than the QT neutrino spectrum. For a given energy bin ,  
we observe that the µ-µ+ rate relative to single µ rate is approximately 
the same for the v and v data. At high energy , say Evis > 80 Gev, where 
acceptance due to kinematic cutoff is less limited we have 

and 

If we assume ov/ov = 0 . 5 ,  it then follows from the data that 

To compare this with the prediction of the GIM model ,  we note that in that 
model ,  charm quarks are produced by neutrino through their inter�ction 
either with the d(valence) or with the s (sea) quarks , namely , 

v + d + µ 

v + s + µ - + c ; ( 0 00: f cos 2e ) ' s c 

where e c is the Cabbibo angle and f s is the fraction of momentum· carried 
by the s (or s) quarks relative to that carried by the d quarks in the nucle­
on . In antineutrino interactions , however ,  the charm quark can only be 
produced by the process 

v + s + µ+ + c ; (o oc f cos2e ) . s c 

= tan2e = 0 . 05 . c 

The Xvis and Yvis distributions of the v and v induced µ-µ+ events 
are shown in Figs . 15 and 16 . The Yvis distributions are similar for v 
and v and are consistent with kinematic and acceptance cut-off in the low 
and high-y regions . The v induced dimuons , however , have a sharper Xvis 
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distribution when compared to that of the v data. This is also consistent 

with the GIM model since only the sea quark (s) play the role for charm 

prod�ction by antineutrinos . 

To give an overall perspective of the multimuon physics , we present 

in Table 3 the rates for neutrino induced µ-µ+ , µ µ  and µ-µ-µ+ , all rela­

tive to the charge-current interaction rate . 

VI . Summary and Concluding Remarks 

In summary , we have presented evidence for the production of prompt 

µ µ events by neutrinos . The rate of the prompt µ-µ� events relative to 
- +  the prompt µ µ rate is measured to be 0 . 10 ±. 0 .05 for Pµ > 5 Gev/ c,  and 

0 . 13 + 0 .05 for p > 10 Gev/c .  · The properties of the µ-µ- events are sim-- µ 
- + ilar to that of the µ µ events . No clear evidence has as yet been es-

tablished for prompt µ+µ+ events from v interactions . 

What are the origins of the prompt µ-µ
- events? We remark that only • 

µ-µ+ events are expected if charm particles are singly produced by neutri­

nos . Mechanisms to explain t�e µ-µ
-

events which invokes new physics be­

yond charm must be measured against the following alternatives : (a) radi­

ative or direct muon pair production in deep inelas tic charged-current 

interactions ; 10 (b) associated production of charmed particles . 11 Only 

trimuons can in principle be produced by mechanism (a) . However, µ µ  

events could result from this source if the µ+ escapes experimental detec­

tion . Then one would expect R(µ-µ-) /R(µ
_

µ
_

µ+) <  1, contrary to the experi­

mental observation (see Table 3) . Therefore mechanism ( a) is unlikely to 

be the dominant source for the µ-µ- events . In associated charm production, 

both µ-µ- and µ-µ-µ+ are expected. The ratio R(µ-µ-) /R(µ
_

µ
_

µ+) should be 

about { BR(c + µ + x) } -l � 10. The properties of the µ
-µ-

events shown 

earlier are qualitatively compatible with the mechanism. The problem may 

lie in the absolute µ-µ- rate . 11 If the measured µ-µ- rate are confirmed 

with more data, then a large fraction, if not all ,  of the trimuons have 

to be attributed to associated charm production . More trimuon data is re­

quired to check consistency . 

We have shown that both the rates and properties of the opposite-sign 

dimuon events are consis tent with the GIM model . Based on this model , we 

may use the µ-
µ+ data to determine fs ' the amount of s trange quark relative 

to valence d-quark in the nucleon . The data gives approximately 

f � tan2a = 0 . 05 . s c 
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No Ev cutt E > 100 GeV \I 

R(µ -µ +) /R(µ -) ( 4 . 0  .± 0 . 8) x 10-3 (6 .5 .± 1 . 3) x 10- 3  

t 
x 10

-4 -4 R(µ-µ -) /R(µ-) ( 4  .± 2) ( 6 . 5  .± 3 . 5) x  10 

R(µ_µ_µ+) /R(µ-) (9 .± 5) x 10
-5 ( 2 . 6  .± 1 . 5) x 10

-4 

TABLE 3 .  Multimuon rates relative to the rate of deep 

inelastic single muon events . 

t Obtained using R( µ -µ -) /R(µ -µ +) s 0 . 10 .± 0 . 05 

ttAveraged over the Quadrupole Triplet Spe ctrum 
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The data shown in this talk is the result of a collaboration of physi­
cists from Fermilab , Harvard, Ohio State , Pennsylvania, Rutgers and 
Wisconsin . Individual members of the collaboration are A. Benvenuti , 
F. Bobisut , D. Cline , P .  Cooper ,  M .G .D .  Dilchriese ,  M. Heagy , R .  Imlay , 
M. Johnson, T .Y .  Ling , R. Lundy , A .K .  Mann, P .  Mcintyre , S .  Mori , 
D .D .  Reeder , J .  Rich , R. Stefanski and D .  Winn . 
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NEUTRINO-INDUCED TRIMUON AND TETRAMUON EVENTS FROM THE CDHS EXPERIMENT 

K. Kleinknecht 
Institut flir Physik der Universitat Dortmund 

4600 Dortmund 50, Germany 

ABSTRACT 

Experimental results on multimuon production by neutrinos from the 
CERN- Dortmund - Heidelberg - Saclay Neutrino experiment are 
presented : a) 76 trimuon (µ_µ

_
µ+) events are compared to different models 

assuming an electromagnetic , hadronic or purely leptonic origin of the events .  
The data are consistent with being due to hadronic and electromagnetic µ-pair 
production in a charged-current neutrino reaction b) a first tetramuon event 
V + N + µ-µ+µ-µ+ X has been observed . 

RESUME 

Nous presentons des resultats de la collaboration CERN - Dortmund - Heidel­
berg - Saclay concernant la production des evenements avec trois OU quatre 
muons par des neutrinos : a) 76 evenements a trois muons (µ

_
µ_µ+) sont 

compares a des modeles supposant un origine electromagnetique, hadronique 
ou leptonique . Les donnees peuvent etre expliquees par la production 
hadronique ou electrcmagnetique d ' une paire de muons dans une reaction du 
type Cl urant charge; b) un premier evenement tetramuon v + N + µ-µ+µ-µ+ x 
a ete observe . 
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I .  INTRODUCTION 

The neutrino detector 1 of the CDHS Collaborationx) has now been in 
operation for one year at CERN, and results on neutral currents2• 3 , 
charged currents� opposite-sign dimuons5 , like-sign dimuons6 , trimuons7 , 
and a tetramuon event 8 have been published. 
This report will be devoted to the multimuon events ,  i . e .  events with 
three or four muons in the final state . 

2. BEAMS AND DETECTOR 

There are two neutrino beams at CERN (fig. I ) .  In the narrow-band beam, 
rr and K mesons produced by 400 GeV protons impinging on a Be target are 
entering a beam l ine of 1 20 m length which selects particles of given 
electric charge in a narrow momentum band around p = (200 ± 1 0) GeV/c.  
These mesons are then allowed to decay in an evacuated beam pipe of 300 m 
length and I ,5 m diameter . Behind this tube hadrons and nearly all muons 
are absorbed in 350 m of shielding material consisting mainly of iron. 

On the other hand, in the wide-band-beam (WBB) there is no momentum 
selection of secondary mesons behind the proton target . Instead , a 
magnetic horn and a reflector are used for focussing of positive 
(neutrino beam) or negative (antineutrino beam) mesons . Decay pipe and 
shielding remain the same as in the narrow band beam. 

x)The members of this group are : M. Holder, J. Knobloch, J. May, H.P . Paar , 
P. Palazzi, D. Schlatter , J .  Steinberger , H. Suter, H. Wahl , E . G.H .  
Williams (CERN) , F .  Eisele, C .  Geweniger, K .  Kleinknecht, G .  Spahn, 
H .-J. Willutzki (Universitat Dortmund) , W. Darth, F .  Dydak , V. Hepp, 
K. Tittel, J .  Wotschak (Universitat Heidelberg) , P. Bloch , B .  Devaux, 
M. Grimm, J .  Maillard , B. Peyaud , J .Rander , A. Savoy-Navarro , R. Turlay 
(CEN-Saclay ) ,  F .L .  Navarria (Universita Bologna) 
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The neutrino and antineutrino energy spectra for the WBB focussing positive 
secondaries are shown in fig. 2 .  

The neutrino beams impinge on several detectors , as indicated in fig . 1 .  
The one labeled "counter neutrino experiment" is the detector of the CDHS 
collaboration . 

In this detector (figs . 3 ,4) the functions of neutrino target , hadron calori­
meter, muon identifier and muon magnetic spectrometer are integrated. It 
consists of 19 toroidal modules of magnetized iron plates interspaced with 
19 triple plane drift chambers . The diameter of the toroids ,  3 . 75 m is 
matched to the 90° c .m. decay angle of neutrinos from � + µv decay such 
that nearly all TI decay neutrinos hit the detector , while about half of 
the neutrinos from K decay miss the apparatus .  The thickness of these magnets 
is 75 cm, composed of 15 plates of 5 cm thickness for the first seven modules 
and of 15 cm plates for the other twelfe .  In each gap between two plates is 
inserted a plane of eight 6 mm plastic scintillators viewed by two phototubes 
at each end . The sum of right and left pulseheights is used for calorimetry , 
while their ratio serves for determining the shower position along the counter. 
Pulseheight calibration and measurement o� light attenuation in the counters is 
done using cosmic muons continously between machine bursts .  

The iron weight of  the detector is 1 240 t ,  of which 800 t are used as  a fiducial 
target . The average magnetic field in the toroids amounts to 1 6 . 5  kG. An average 
density of 5 . 3  g/cm3 is obtained, which is important for the suppression of 
TI + µ and K + µ decays of TI and K mesons from the hadron shower. 

/ 
The drift chambers are hexagonal and consist of three in�ependent gaps with 
wires in the vertical direction and at ± 60° relative to the vertical . The 
wire spacing is  6 cm, the measurement accuracy 1 mm and the efficiency 
typically 99 . 5  % per gap . 
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+ 
We study the inclusive processes \) + Fe + n (µ-) + x 
(n 3 , 4) ,  where X is any hadronic final state. The hadron energy Eh of 
X is measured in the Fe-scintillator calorimeter . The response of this 
calorimeter to incident hadrons (and electrons) has been determined in a 
test calorimeter of smaller dimensions ( 1 50 cm long, 60 x 80 cm transverse 
size) exposed to hadron beams of energy between 15 and 1 40 GeV. The resolution 
is nEh/Eh = 0 . 9 /IEh (GeV) for 5 cm sampling and 13 times larger for 1 5  cm 
sampling . 

The resolut�on in muon momentum as measured in the magnetic spectrometer 
is determi�ed mainly by the mu�tiple scattering in the iron and is depending 
on the length L of the muon track. Using the measured value of the magnetic 
field, one obtains np/p � 0 . 2 /IL (m) . 

The angular acceptance of the spectrometer is large due to the integration 
of target and spectrometer . Since we require an event to be detected in at 
least 5 consecutive drift chambers, this corresponds to an effective cut 
in muon laboratory angle around 400 mrad and to a cut in muon momentum at 
about 4 . 5  GeV/c . 

3 .  TRIMUONS 

Trimuons were observed in the CITF9 , HPWF lO and CDHS7 experiments . We report 
here on 76 µ-µ-µ+ events and 5 µ-µ+µ+ events obtained in a wide-band neutrino 
beam run at the CERN SPS .  Apart from the trivial case of dimuons with an 
additional muon from a pion or Kaan decaying in the shower , trimuons may 
originate in several kinds of processes : 
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a) a charged-current interaction with electromagnetic production of a muon 
pair, either from the outgoing muon or from the incoming or outgoing 
quark 1 2 ,  1 3 ,  1 4  

v 

b) a charged-current interaction with hadronic production of a muon 
e . g .  by the decay of a vector meson 

c) a charged-current interaction with charm-anticharm production at the 
hadron vertex and subsequent decay of both c and c to muons 1 5 

v 

s 
p. -

-
y 
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d) more exotic possibilities involving i) a heavy lepton cascade 1 6 • 1 7 

ii) a quark cascade and iii) lepton-hadron models 1 8  

Lo ___ ,.+ �A-
� i"- JI 

More complete references to theoretical work can be found in 
Barger 1 9 • 

We then turn to experimental data . One example of a trimuon event 
v Fe ->- µ -µ-µ +X in the CDHS detector exposed to the wide-band beam is shown 
in fig. 5 in three 1 20° views . From the measured vector momenta of all 
three muons , the hadron energy Eh and the neutrino direction we can recon­
struct the kinematics of the event . In particular the total visible energy 
is E Eµ·i + Eµ2 + Eµ3 + Eh . A plot of trimuon event numbers vs .  E is shown in 
fig. 6 for two different exposures together with the corresponding dimuon­
and charged-current rates . The measured ratio R (3µ / I µ) ranges between 
( 1 . 2  ±0 . 3 )  x 1 0-S at 50 GeV and (9 ± 2) x I 0-5 at 1 20 GeV neutrino energy , 
which seems lower than in figure 5 x I 0-4 quoted earlier in Refs . 1 0  and 20 . * 
The energy dependence of the ratio R corrected for background from n/K decay 
is shown in fig . 7 .  The background in the trimuon sample due to dimuons with a 
n or K meson of the hadronic cascade decaying into (µv) was obtain�d by 
measuring the n/K decay rate of hadronic showers produced by pion beams in our 
detector. We expect 6µ_µ

_
µ+ events and 6 . 6  µ-µ+µ+ from this background in our 

sample. The 5 observed µ-µ+µ+ events are compatible with this number , while 
for the µ-µ-µ+ events this amounts to a background of 8%.  The calculated rates 
for electromagnetic processes 1 2 • 1 3 • 1 4  are around ( I to 2) x I0-5 including 
experimental cuts,  and the charm-anticharm production is estimated 1 5  to be less 
than I 0-6 • A simple model on hadronic µ pair production was made using 
experimental data2 1 on dimuon production in TI N reactions and assuming a 
resemblence between the interaction of the virtual W boson and this TI - N 
interaction. The resulting trimuon rate is 2 x I 0-5 • 

* A revised number R = (9±5) x I0-5 averaged over the neutrino spectrum in the 
quadrupole focussed beam was given at this conference by Dr .T .Ling. 
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11111o t.l llM• 111.1 

Fig. 5 Trimuon event display . On top ,  pulseheights .  Next lower , 
horizontal drift chamber wires and scintillator hits .  Bottom, 
drift chambers at ± 60 ° to horizontal . 

350 GeV 

"' 

::�� ,, 
1Q-1 

200 GtV 100 200 G.'i 
E.,. Em, 

Fig . 6  Rate of ! µ ,  2µ ,  and 3µ events versus neutrino energy for 350 GeV 
and 400 GeV wide-band beam exposures 
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Fig. 7 Ratio of event rates R (3µ / Jµ )  corrected for background from 
rr /K decay, The line shows the 3µ detection efficiency assuming a 
model for hadronic µ pair production (r .h .  scale) . 



We see that from the rate alone a reliable choice between different 
production mechanisms is difficult to make . We therefore turn to kine­
matical properties of the trimuon events .  Since there are two µ and 
one µ+ in these events ,  we have to choose the leading µ- amongst the two . 
In analogy to the dimuon events ,  we define here as leading muon (µ7) the one 
for which the sum of the absolute values of the transverse momenta of the 
other negative muon (µ; ) and the positive muon (µ;) relative to the 

+ + direction of the virtual W-boson, W = \!. - µ1 is minimal . Fig. 8 then 
illustrates a difference between the leading and non-leading µ- . Here the 
invariant dimuon masses M __ and M_+ are plotted against the trimuon invariant 
mass M __ + · For M_+ there are two possible combinations ; the one indicated 
by a cross is the one between µ+ and µ7 , the one given by a dot is the 
combination of µ+ with the non-leading µ; . It appears from the data that 

- - + there is little correlation between the leading µ 1 and both µ 2 and µ ,  
while the invariant mass of µ+ with µ; is bounded below 1 . 5 GeV, indicating 
a possible common origin of those two muons . 
A similar conclusion can be drawn from the momentum asymmetries aik = 
(pi - pk) / (pi + pk) of pairs (i ,k) of muons shown in figs . 9 and I O .  While 

- + - -
the combinations ( µ 1 µ ) and (µ! µ

*
) are asymmetrical as the one from 

dimuons (top) , the combination (µ2 µ ) is symmetrical within the experi­
mental error . The invariant masses corresponding to these combinations are 
displayed in fig . I I .  They again show the striking difference between the 
(µ; µ+) pairing and the other combinations . 

- + The low values of m (µ2 µ ) are of course reproduced well  by the electro-
magnetic µpair production models 1 2 • 1 3 • 1 4  and by the experimental data on 
hadronic µ pair production2 1 which are dominated by production. The 
leptonic cascade models I G , I 7 can only reproduce the data if the mass df 
the neutral heavy lepton L

0 
is around 1 . 5 GeV, which means a severe 

restriction on these model s .  Also the heavy quark cascade models with a 
b-quark mass � = 4 . 5  GeV predict a higher average invariant mass of this 
pair . We conclude from this that less than 1 0% of the events are due to 
a heavy quark cascade, with 90% confidence.  A more decisive test can, as 
in the case of dimuons , be done on the basis of the projections of the 
muon momenta on the plane perpendicular to the neutrino direction. 
If we then compute the angle Ap 1 , 23 in this plane between the leading 
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Fig. 8 Scatter plot of invariant 2µ and 3µ masses for trimuon events 
(subsample of 28 events ) .  
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Fig. 9 Muon momentum asymmetries aik for dimuon events and for the three 
two-muon combinations of trimuons (subsample of 28 trimuon events) . 
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Fig.  I O  Momentum asymmetry a
23 

for all  

76 trimuon event s .  Ful l  l ine : 

Lepton cascade mode l ;  dashed 

l ine : hadronic µ pair produc­

t ion mode l . 

Fig. l i b M
1 2  

GeVlc 

Fig.  I l a M
23 

" 

Fig. I l e  M
1 3  

Fig.  I I  Invariant two-muon mas s e s  Mik 
for the three two-muon combinat i ons 

(i ,k) in trimuon event s  (µ
1 

= leading muon) . 
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+ µ 1 and the vector sum of µ 2 and µ 3 , we expect quite different distributions 
for the models in question: the electromagnetic models yield a dis tribution 
in 6� 1 , 23 which has enhancement s at o0 and 1 80° and a minimum around 90° due 
to the interference of amplitudes from the radiation of the leading µ

1 and the in - and outgo ing quarks . The relative strengths of forward and 
backward radiat ion differ sl ightly between the models 1 2 , 1 3 , 1 4 . Lepton cas­
cade models 1 6 ' 1 7 yield a rather flat dis tribution in 6� , whi l e  the h adronic 
produc t ion will occur predominantly around 6� = 1 80 ° Fig.  1 2  shows 
distributions according to several mod els and the data . Here we require that 
all muons have a transverse momentum of at least 200 MeV/e relative to the 
neutrino direc tion in order to improve on the resolution in 6� 

60 events survive this cut .  The curves are normalized to the same event number . 
It appears that the large peak of events around 1 80 ° is wel l  reproduced by 
the hadronic µ pair produc tion model , while  the component of events around 
below 60° could be due to electromagnetic production . If we fit  this 
d i s tribution by a sum of hadronic and electromagnetic produc tion mechanisms , 
we obtain a rate R (3µ / l µ )  = (0 . 8  ± O . S)  1 0-S for trimuons of elec tromagnetic 
origin and R (3µ / J µ )  = (2 . 2  ± O . S) 1 0-S for tr imuons of hadronic origin . 

The d i s tributions in the az imuthal angles between µ
1 

and µ2 (fig .  1 3 ) and 
between µ

1 and � (fig.  1 4 )  show the same qualitative behavior as the one 
discussed above . 

Additional information is obtained from the d i s tribution of events in p� 23 ,  
the transverse momentum of the pair ( µ

2 ; µ
3 ) relative to the shower axis 

(fig . I S) . This transver se momentum i s ,  for all but two events , below 2 . 2  
GeV/c , which i s  difficult to reconcile  with a lepton cascade origin o f  the 
events ,  as indicated by the full l ine (for masses m (M-) = 9 GeV and m (L0 ) 
= I . S GeV) . This leads to an upper limit on heavy lepton production : with 
90 % CL less then 1 7  % of the trimuons are due to such a heavy l epton origin. 

Summing up the results  on tr imuons ( µ- µ- µ+) ,  we conclude 
i ) The experimental R (3 µ/ l µ) rises from ( 1 . 2  ± 0 . 3 )  1 0-S at SO GeV to 

( 9 . 0  ± 2 . 0) 1 0-S at 1 20 GeV neutrino energy, where the variation i s  

mostly due to the experimental cut of 4 . S  GeV o n  muon energies . 
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are  model calculations . 
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Fig.  1 3  Distribution of trimuon events in 4p the az imuthal angle in 
I ,  2 

the plane transverse to the neutrino airect ion between the 
leading µ� and the non-leading µ; . The meaning of the curves 
is the same as in f i g .  1 2 . 
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Fig.  1 4  Distribution of trimuon events in the az imuthal angl e  6 � 1  3 
between µ

1 
and µ

3
+ . Curves as iq Fig. 1 2 .  
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ii) The 76 events can be explained by a sum of two mechanisms : internal 
pair bremsstrahlung with R (3 µ/ I µ) = (0 . 8 ± 0. 5) I 0-5 and hadronic 

-5 pair production with R ( 3µ / lµ )  = (2 . 2  ±0 . 5 ) 1 0  

iii) Upper limits for other mechanisms are: - less than 1 7  % of  the 
events (90 % CL) are due to a heavy lepton cascade (M-/L

0
) 

- less than 1 0% of the events (90 % CL) are due to a heavy quark 
cascade with � = 4 . 5  GeV . 

4 .  THE TETRAMUON EVENT 

In the wide-band neutrino beam exposure a first example of an event with 
four muons in the final state8 has been found . The computer reconstruction 
of the event is shown in fig . , 1 6 .  Since the number of charged-current 
events in the same exposure is estimated (on the basis of a sample) to 
be 3 x 1 06 events and the dimuon number - 7 x 1 03 , this tetramuon event 
corresponds to a rate of 1 . 4 x I 0-4 relative to dimuons . The measured 
parameters of the event are contained in table I .  

The largest background contribution comes from trimuons with a � + 11 
or K + µ decay in the dadron shower . For an average 1 1  Eh 28 GeV we 
expect ( 1 . 2  ± 0 . 4 )  x I 0-2 background tetramuon events from this source. 

If we now consider possible origins of the event, three conventional 
processes can . be invoked (fig. 1 7) :  I )  charm production together with 
electromagnetic µ pair production from the leading µ; 2) charm production 
together with µ pair production in the hadron shower ; 3) charm-anticharm 
production by a charmed quark produced at the weak vertex. For the total 
contribution of processes I )  - 3) we estimate a rate of 0 . 2  events . 
Additional processes involving new particles could include a quark cascade 
with new flavours 



la) (b) 

Fig. 1 6  Tetramuon event display a) On top, pulseheights ; next lower, 
horizontal drift chamber hits and scintillator hits .  Bottom, 
drift chamber hits in ± 60 ° views to horizontal b) Drift 
chamber hits proj ected into the plane perpendicular to the 
neutrino direction. 

d,s 

d,s 

d,s 

l :�:: 
"- � la )  µ• 

µ-

(b) 

I 
( c )  

Fig. 17 Conventional sources of tetramuon events .  
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or a heavy lepton cascade together with charm production: 

p+ 
y 

For the processes 2) and 3) and the quark cascade only one µ is 
associated with the lepton vertex, while the other three are pro­
duced in the hadron shower . For those processes we would then expect 
small transverse momenta of the three non-leading muons relative to 
the hadron shower axis . For the two possible choices of leading muon, 
these transverse momenta are given in table I.  At least one of them 
is rather large in both cases . This gives slight preference to the 
other mechanisms listed , though it is premature to make a definite 
statement on the basis of this one event .  



TABLE I 

Measured quantities of the four muon event . 

I .  
2 .  
3 .  

4 .  

5 .  

6 . 

Total observed energy 9 1 .  4 ± 7 . 3  GeV 

Hadron shower energy 58 ± 7 GeV 
"' )  p p Momenta of the muons (GeV /c) p x y z 

Muon (+) 0 . 50 0 . 20 I I .  I 
Muon 2 (-) - I . 5 2  - I .  69 8 . 4  
Muon 3 (+) -0 .  93 - 1 . 1 2  9 . 0  
Muon 4 (-) -0 . 24 -0 . 63 4 . 45 
Muon pair-wi se "' ) mas s e s ,  

Muons and 2 3 . 0  GeV 
Muons and 3 2 .  I GeV 
Muons I and 4 I .  3 GeV 
Muons 2 and 3 0 . 95 GeV 
Muons 2 and 4 0 . 87 GeV 
Muons 3 and 4 0 . 40 GeV 

Three "' ) muon masses 

Muons I ,  2 and 3 3 . 8  GeV 
Muons I ,  2 and 4 3 . 4  GeV 
Muons 2 ,  3 and 4 I .  3 GeV 
Muons I ,  3 and 4 2 . 5  GeV 

Four muon invariant mass 4. I GeV 

"') The momenta and the masses have the following errors due to 
mul tiple scatter ing and measurement : 

6Mµµ/Mµµ = 0 . 1 2 ; 6Mµµµ /Mµµµ = 0 . 1 6 ; 
6p /p = 0 . 1 2 ;  

6M /M = 0 . 20 .  
" µ "µ 

Transvers e  momenta with r espect to the hadron shower 
direction for the three non-l eading muons . 

Leading 
Muon 

2 

4 

PTSH , l 

0 . 29 

0 . 48 

PTSH, 2 

I .  7 1  0 . 80 

2 . 33 I .  5 2  
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OBSERVATION OF TETRALEPTON ( µ
+

e
+

e
_

e
_

) PRODUCTION 

Berkeley-Hawaii-Fermilab-Seattle-Wisconsin Collaboration
t 

Presented by H . J .  Lubatti 

Visual Techniques ·Laboratory·, Department of Physics 
university of Washington . Seattla . WA•�ington 98195 

Abstract :  The observation o f  the production o f  two electrons , one 
positron , one positively-charged muon , a neutral K meson , and seven gammas 
in neutrino interactions in the Fermilab 15-foot bubble chamber i s  
reported. 

Resume: Nous discutons un evenement avec deux �lectrons , un protons , un 

mu plus , un meson K et sept gammas produits dans une interaction de 

neutrino dans la chambre a bulles ( 1 5-foot) de Fermilab. 

t The members of the collaboration are : H . C .  Ballagh , H . H .  Bingham , 
W . B .  Fretter , T .  Lawry, G . R .  Lynch, J. Lys , J . P .  Marriner , J .  Orthel ,  
M . L .  Stevenson, M . D .  Sokolo f f ,  G . P .  Yost, Department o f  Physics and 
Lawrence Berkeley Laboratory, University of California , Berkeley, 
California 9472 0 ;  B. Chrisman , D. Gee, A .  Greene , G. Harigel ,  F . R .  Huson, 
T. Murphy , E. Schmidt , W. Smart , J. Wolfson , Fermilab, P . O .  Box 500 , 
Batavia , I llinois 60510; R . J .  Cence , F . A .  Harris ,  M . D .  Jones , 
S . I .  Parker , M . W .  Peters ,  V . Z .  Peterson , N .  Wyatt , Department of Physic� 
University of Hawaii, Honolulu, Hawaii 96822 ; T . H .  Burnett , D. Holmgren , 
H . J .  Lubatti ,  K. Moriyasu , H .  Rudnicka, G . M .  Swider , E .  Wolin, 
B . S .  Yuldashev, Visual Techniques Laboratory, Department of Physic s ,  
University o f  Washingto n ,  Seattle , Washington 98195 ; R .  Benada , 
U. Camerini , M. Duffy, W. Fry, R . J .  Lovele s s ,  P .  McCabe , D. Minette , 
M. Nga i ,  D . D .  Reeser , Department of Physics , University of Wiscon sin , 
Madison, Wisconsin 53706 . 
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In a partial scan of events produced by neutrinos and antineutrino s ,  

we have found an event with two electrons , one positron , one positively­

charged energetic muon , one neutral K meson and seven gamma s .
1 ) One four­

muon event has been observed in a previous experiment .
2 ) This is the 

first reported example of tri-electron production by neutrinos and the 

first multi-lepton event in which the details of the accompanying hadron 

shower can be identified . 

The event was observed in the Fermilab 15-foot bubble chamber which 

was exposed to a beam of neutrinos and antineutrinos . The chamber was 

filled with a 47% atomic mixture of neon in hydrogen for which the radia­

tion length is 54 cm and the pion absorption length is 1 . 9  m. The target 

mass within the fiducial volume was approximately 9 metric tons . A two­

plane External Muon Identifier (EMI ) 3 )  was used to select events with 

muons . 

The neutrinos were produced by a 400 GeV proton beam incident on a 

beryllium oxide targe t .  The resultant mesons were focused using the FNAL 

quadrupole triplet beam, which enhances the fraction of neut.rino flux at 

high energy . 4 )  The average ratio of the flux of antineutrinos to that of 

neutrinos is 0 . 3 o . 5 ) 

The event is shown in Fig . 1 together with a magnified view of the 

vertex region showing the K0 + n+TI- decay, which occurs 1 . 7  cm from the s 
vertex . The electromagnetic processes which signify the el.ectron identi-

fication are as follows : ( 1 )  trident production ( TR) ; ( 2 ) non-vi sible 

change in curvature due to bremsstrahlung with an electron pair which points 

tangent to a track but not to a vertex (NVB + EP) ; and ( 3 )  visible change 

of curvature due to bremsstrahlung which may or may not have an accompa­

nying electron pair (VB + EP) . In addition to these electron signatures , 

each electron spirals at the end of its track . The measured momenta and 

energies of the tracks and the identifying signatures and some of the 

invariant mass combinations are given in Table I .  

Except for three short stubs, presumably protons from fragmentation 

of the neon nucleus , there are no charged tracks leaving the vertex other 

than the four leptons . Each electron originates at the vertex . Seven 

gammas from the vertex convert within the fiducial volume ; other gamma 

conversions are bremsstrahlung from the direct electrons . Some of these 

gammas can be interpreted as resulting from the decay of n
°

• s  produced at 

the vertex ( see Table I ) . 
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Fig. 1 .  The neutrino-induced event with two electrons, one positron , one 
+ -

muon, a Ks � �  � decay, and multiple ganunas . The insert pro-

vides a magnified view of the vertex showing the leptons origina­

ting at the vertex and the K0 decay. s 
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TABLE I 

Momenta of tracks from the vertex , electron identification signatur e s ,  and 
invariant mass combinations. The neutrino is incident along the x-axi s .  
Bremsstrahlung corrections are included for the electron track s .  

Track p p p E Signatures x y z 
(GeV/c) (GeV) 

1 .  µ + 2 1 .  68± . 4 3 1. S4± . 06 . 6S ± . 02 2 1 .  74± . 44 EMI (2 planes) 

2 .  e + l . 9S± . 18 . 32± . 03 - . 46 ± . OS 2 . 03± . 18 TR, NVB + EP, VB 
VB + EP , VB + EP 

3 .  e . 74± . 06 - . 48± . 0S - . 24 ± . 03 . 91± . 08 TR, NVB + EP, VB 
4 .  e 2 . 27± . 20 - . 26± . 03 . 08 ± . 01 2 . 29± . 2 1 NVB + EP , VB + EP 

s .  Ko 1 .  9S± . 04 -. 3 S± . 02 . 31 ± . 02 2 . 06± . 04 3C Kinematic fit s 2 
x = 1 . 6  

6 .  yl • 04± . 004 - . 23± . 02 . 1 2  ± . 01 . 26± . 03 

7 .  Y2 . 10± . 01 . 07± . 01 • 004± . 001 . 12± . 01 

8 .  Y3 . S4± . 0S - . 03± . 00S . 01 ± . 002 . S4±. 0S 

9 .  Y4 . 16± . 01 - . 17 ± . 02 . 08 ± . 01 . 2S± . 02 

1 0 .  Ys . 08± . 0l - . 02± . 003 - . 04 ± . 004 . 09± . 01 

1 1 .  y6 1 . 60± . 14 - . 20± . 02 - . 20 ± . 02 1 . 62± . lS 

12 . Y7 . oos± . 001 • 04±. oos - . 06 ±. 01 • 07± .  01 

1 3 .  p . 33± . 07 . 02± . 0l . 32 ± . 07 1. OS± . 04 

14. p . 21± . 0S - . 17 ± . 0S - . 12 ± . 13 . 98± . 003 

lS . p - . 09± . 0l . 12± . 01 . 08 ± . 01 . 9S± . 001 

Invariant Masses 
(GeV/c2 ) 

m234 l . lS ± . 08 m234S 2 . 19 ± . 10 m (ySy6) . 1 3  ± . 02 

m2 3  . 96 ± . 07 m2 S  1 . 24 ± . OS m (y3y6) . lS ± . 02 

m24 . 82 ± . OS m3 S  . 98 ± . OS m (y4yS ) . 13 ± . 02 

m34 . 79 ± . 08 m4S . 78 ± . OS m (y1y4
l . 1 4  ± . 02 

mlS 2 . 49 ± . OS ml234 4 . 09 ± . 10 m ( K°ySy6
l = . 89 ± . 03 

m
all 7 . 46 ± . 06a) 

a) Excluding proton stubs . 
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The muon track was extrapolated through 9 absorption lengths and was 

recorded in the two-plane EMI . One chamber in each plane has a good match 

to the extrapolated track. There are no other hits in either chamber 

within 1 µsec . of the muon signal . The probability that this muon comes 
from pion decay is 0 . 00 4 .  

Among the background processes which can simulate direct electron 

production are Compton scattering , internal conversion of photons and 

decay of charged K n�>sons by the K 3 mode . Since the invariant masses of 
+ - . 6) e o o the e e pairs exceed 0 . 8  r-ev, the Dalitz decay of a � or n meson can 

be ruled out . The probability that there is a Dalitz decay followed by a 
large angle e lectron scattering is < 10

-8 per event . The probability that 

any one electron originates a s :  ( i )  compton electron within one cm is 

� 10
-4 per event; ( ii )  an asymmetric Dalitz pair whose partner is unde­

tected (E � 3 MeV) is � 0 . 4  X 10
-4 

per event . The probability that any one 

electron is produced by Ke 3  decay is � 3 . 3  x 1 0
-4 per kaon . Therefore , the 

interpretation of the event as an ordinary interaction or a dilepton inter­

action with the additional electrons produced by these background processes 

is very unlikely . The estimated probabilities of various specific examples 

of this interpretAtion are < 10
-9 per v (v)  interaction . 

The event can be interpreted as a charged current antineutrino inter­

action. The µ+ has the largest momentum of all the tracks and has a 
characteristically large momentum transverse to the v direction , 

+ pL (µ ) = 1 . 67 ± . 06 GeV/c ( see Fig . 2 ) . The missing momenttim transverse 

to the neutrino direction is 0 . 34 ± . 11 GeV/c . The scaling variables and 

other kinematic quantities ( assuming an inelastic v interaction) are 

presented in Table II . 
A few possible interpretations of the event and the estimated rate 

per antineutrino charged current interaction are li sted below. 
(1 )  Charm production with inclusive vector meson production 

+ D V + X 

L L,/e-
Kev 

Assuming the rate of inclusive vector meson production is 5% ,  
we estimate the rate to b e  10-7 

( 2 )  Trilepton production with associated KK production . 

+ + -vµ + N + µ e e + KK + X 
Le-Tr0v 
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Assuming the rate of trilepton production above 30 GeV is 10-4 and 

that the electron comes from K decay , Compton scattering or 

asymmetric Dalitz decay, we estimate the rate to be 10-7 
(3 )  Production of the charmed F meson with Ki<.7>  

+ F KK + x 
l
....q,e-v 

Le
+

e
-

Assuming a 1% rate of F production, a branching ratio into �ev of 

15%, and the rate of associated production of 20%, we estimate 

the rate to be 10-7 
(4 )  Charm production with a radiative e

+
e- pair . The large invariant 

mass of the pair makes this interpretation improbable. The 

estimated rate is 10-8•  

Other possible production mechanisms for tetralepton production are 

discP.ssed by Roger Phillips in these proceedings. 8) 

TABLE II 

Summary of scalinq variables assuming an inelastic antineutrino interaction. 

E vis 32 . 0  GeV 

Yvis 0 . 32 
x vis 0 . 21 
v 0 . 068 ± 0 . 004 
w2 (�is

E ) 2 2 
- (�isph

) 
0 h 

w2 2mEvisy ( l-xvis ) 2 + m Vl.S 2 Q
vis 4 . 11 GeV2 

Missing transverse momentum 

14 . 3  ± 1 . 1  GeV2 

2 16. 0 GeV 

0 . 34 ± 0 . 11 GeV/c 
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We note that Experiments E-172 and E-180 at Fermilab have observed 

approximately 8 x 10
3 v interactions of which � 1/2 are above 30 GeV. 

Thus , using the estimates given above, � 5 x 10
-4 

�s a "back-of-the 

envelope" estimate of how likely it is that such an event might have been 

observed in experiments to date . 

In conclusion, we have observed one example of neutrino-induced 

four lepton production in an incomplete analysis of an exposure obtained 

using a neon-hydrogen bubble chamber . 
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SUMMARY 

RESULTS ON CHARGED CURRENT DATA FROM C .D .H . S .  

(reported by Aurore SAVOY�NAVARRO )  
DPhPE , Centre d ' Etudes Nucleaires de saclay, 
BP 2 , 91 1 90 Gif-sur-Yvette , France . 

We present results on the study of the reaction 
� (�)  + Fe �  µ-(µ+) + X by the C .D .H .S .  collaboration at the CERN-SPS 

with a narrow-band beam of 200 GeV . The X- and Y-distributions 
integrated over all » -energies are in good agreement with the parton 
model ; they give a maximum value of 5 % for Callan-Gross violation 
and they confirm the results on the sea , obtained by this group , 
from the study of dimuon events .  The Y-distribution , < Y >  , < Q2/E > 
and �/E do not show any clear dependence on the v energy , while the 
X-distribution cl early shrinks as the v- energy increases . This is a 
first evidence of scaling violation. 

RESUME 

Mon presente des resultats sur l ' etude de la reaction v ( 'll) + Fe � },-(,.,.+) + X obtenus par la collaboration C .D .H .S . au 
SPS-CERN avec un faisceau a bande etroite de 200 GeV . Les distribu­
tion x et Y integrees en energie , sont en bon accord avec les 
predictions du modele a parton ; ell e s  donnent une valeur l imite 
superieure de 5 % pour la violation de la regle de Callan-Gross ainsi 
qu •une confirmation des resul tats sur la mer obtenus par ce m@me 
groupe dan� l ' etude des evenements dimuons . La distribution en Y ,  

< Y > , < Q /E > , o/E ne 1 ais sent appara!tre aucune cl aire dependence 
en energie , la distribution en X par contre , presente un net effet de 
retrecissement quand l ' energie augment e .  Ceci est une premiere indi­
cation de viol ation de l ' invariance d ' echelle . 
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The resul t s  reported here on charged current s are obtained 
:'rom data taken last year in the 200 GeV v and v narrow-band beam 
( NEB)  at CERN by the CERN - DORTMUND - HEIDELBERG - SACLAY Col l abo­
ration ( CDHS ) .  

First , we briefly recall the main characteristics of our data . 
Then we present the result s  on the data integrated over all energies ,  
on their energy dependence and we end with very few remarks about 
scaling viol ations . 

I - CHARACTERISTICS OF OUR DATA 

The reaction we are interested in i s  

v 
( k) 

Q 

v + Jf ... µ + x 

( reaction 1 )  

hadron state X with 
mass W 

Let me first tell you what we can measure with our apparatus .  

I-1 : ������!���2!��2-��-���-�EE���!�2 · 
Our apparatus ( Fig . 1 ) is made of 1 9  modules , each one composed 

of iron plates with layers of 8 scintill ators ( 5  or 1 5  cm) inserted 
in and a triple-pl ane drift chamber at the end of each module .  

so , its  main and powerful characteri stic i s  t o  be a big 
\>-target , a p -spectrometer and a hadron shower cal orimeter at the 

same time . 

Each module ( Fig.2 ) i s  composed of iron plates of 3 .75 meters in 
diameter , with an iron thickness of 75 cm corresponding to a target 
weight of 65 t ons . 

From the pul se-height ( sum of right scintill ators + sum of l eft 
scintillators ) we measure the hadron shower energy ( Eh) .  

The digitized information of the drift chamber and the magneti­
zed iron ( a  toro'i.dal field of 1 6 .5 kG on average ) allow us to 
determine the angle of the muon ( Sr) and its impul sion (P� ) . 
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BOTTOM VIEW 
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F IG .  2 .  Front view of the apparatus .  



so, for each event we measure the foll owing set of quantities 

Eh , ·  Pµ , 8µ , with our apparatus . 

I-2 : The narrow-band beam . --------------------

Thi s apparatus is traversed by a dichromatic v or v beam, the 

main features of which are quoted in Table 1 .  

Some kinematical properties of the NBB provide us with useful 

information ; the main sources of vµ are nµ2  and Kµ2 decays . Because 

of the two body k inematics , the v- energy spectrum from nµ2 and Kµ2 
decays is flat between zero and Emax = En , K  ( 1 - m� /m� , K ) ( Fig. 3 )  • 

The v - energy i s  related to the v emission angle by 

Ev = Emax ( 1  + y2 9 �)-1 ; from thi s relation, and provided that the 

parent beam divergence is small and the decay region small enough , 
we can determine the v energy ( Ev ) event by event . But since we have 

another way of determining Ev , namely by adding P µ and Eh that are 

al so measured for each event , we have a possibility with these two 
methods of cross-checking our determination of Ev • The correlation 

indicated in Fig .4 between Ev determined a� the sum of Eh and Pµ , 
and the radius � .e .,the distance of the vertex of the event to the 

beam axis )  shows a good agreement between these two methods . 

I-3 Resolution. 

I shall now discuss the resolution in the three quantities we 
measure . 

The resolution in the hadronic energy has been measured experi­

mentally by a calibration of some of our heavily equipped modules 

in an hadronic beam. The results  quoted in Fig. 5 give the foll owing 
parametrization ( hereafter in the formulas , energies and momenta are 

taken in GeV units )  : 

�1� for the 5 cm s ampl ing and , 

!Eh 

� 3 ' 
for the 1 5  cm sampling . Eh 
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Table I 
Main features of the NEB 

PROTON ENERGY 400 GeV 

AVERAGE PRCTCIN INTENS ITY 2 x 1 01 2 PPP 

PARENT ENERGY 200 GeV 

5 % tip / p  ( r m s ) 
ANGULAR D IVERGENCE 0 . 2 mrad 

DECAY TUKNEL 3 00 m 

LENGTH FROM PROTON TARGET .:::::: 900 m 

SPILL LENGTH 23 y sec 

Table I I  
Statistics on the data 

\) 

TOTAL NUMBER OF 3 x 1 01 7 
PROTONS ON THE TARGET 

TOTAL NUMBER OF v ( v )  3 6 000 

NUMBER OF V WITH E
v 

> 1 00 GeV 1 6 000 

NUMBER OF v AFTER CUTS 22 500 

-
\) 

6 x 1 01 7 

1 2 000 

3 000 

:sooo 

l 
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The resolution in PJ.l and 8J.l depend essentially on the mul t iple 

scattering, and they have been estimated to be : A:: • r:l 
+ 
( O ·:: x Pµ )' ] 1 /2 ' 

(where n i s  the number of modul es taken into account in the fit 

routine ) . Typically , nP /P i s  of the order of 1 0% .  
)l )l 

The resolution in the .x-and y-proj ection of the Bp angle i s  well 

reproduced by : 

( n 8µ ) x ,y 
= 0 .0035 x ( 430 + 270 ln Eh ) 1 /2 

• 

( S o  it essentially depends on the hadron shower length. ) This gives 

a typical n 8J.l of 0 .2/PJ.l • 

From these resolutions , one derives the formul as for the errors 

in the determination of the X and Y scaling variables  by 

x2 [4 (
n
:�)2 + c 2-l'.) 2 (

n
:� ) 2 + c 1 -y) 2 (

n
:: )  2 J 

y2 ( 1 -Y) 2 
[(n:: ) 2 + 

(n:� )2J 

The graphs of Fig .6  show that the error in Y is always small with 
respect to the average of the Y-distribution in v and � , whil e  the 

resolution in X is worse at small Y .  
I-4 : Cut s 

In order to select really clean data , we have applied the 

following cut s  : 

i )  the vertex of the event i s  required to have a di stance from the 

beam axi s smaller than 1 .6  m ( in order to avoid side leakage of the 

hadronic shower) .  

i i )  The interaction must take place in the first 1 1 modules so that 

we remain with about 700 fiducial tons . 

iii ) The muon must hit at least five drift chambers in order to be 

measurabl e ,  so that we restrict P}' to be > 6 Gev/c and Bf' to be 

< 400 mrad . 
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iv) A hole cut derived from experimental study is  done in order to 
avoid the surroundings of the central region where the hole creates 
a poor resolution region. 

v) The two first planes of our apparatus are excluded ( in order to 
avoid SPS muons ) .  

In addition to these cuts ,  we al so require 20-30 GeV < 
Ev < 250 GeV and that the scaling variable Y i s  less than ( 1 -7 / E-v) 
( to avoid poor acceptance region) ; in addition , for some special 
studies ( for instance , a Y-distribution study )  we require a cut at 
low 02 ( i .E . ,  02 > 1 GeV2 ) • 

I-5 : �!�!�2!��2 
The statistics obtained in our v and � runs are quoted in 

Table 2 .  

We have described how , and how well , we measure the three 
quantities Eh ' Pµ , Bp which allow us to determine the following 
kinematical set of variables , for each event , 

02 
= - ( k-k ' ) 

v = pq "' MEh 
Ev = Eh + Pµ 

2V 
y = -· 

s 

. 2 e µ sin -
2 

and therefore to study the reaction ;> + .:{' ->  )-' + X . 

Below I report the results  we have obtained from these data . 

II - RESULTS 

Let me first recall : 

II-1 : !��-E�!�2_£f_!��-���� 
The theory of weak interactions tells  us that , if o2 is  much 

small er than M� , reaction ( 1 )  i s  decribed by 
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82 Ef /, 2 8 w ·V , ii  ( d- , v) + 2 . 2 8 v ,v ( Q2 ,v ) 2nM E v Leos 2 2 '-' sin 2 W 1 

_+ Ev E p . 2 8 v , v ( Q2 )l 
--M- sin 2 w 3 , v '.J 

( I ) 

Testing this formula i s  not such an easy task for the experimental ist ; 
but a simpler formulation of equation ( I )  can be obtained with the 
help of further hypotheses . 

i ) �22��-2f�!�-!���E!��f� ,  so that the differential 
cross-section can be expressed with a very simple Y-dependence and 
with structure functions depending on the X-variable only : 

d2av , \) G2MEv � v v 2 v v y2 
� = -- ( 1 -Y) F ' ( X )  + X Y F ' (X)  + X (Y- �2 ) UA uY n 2 1 

F . V N 
J_ F .  v N 

i i 1 ,  2 , 3 

iii ) �22��-!��-E�E!��-����! · with nucleons being composed of 
valence quark , a sea of qq pairs and gluons . Quarks being spin­
half obj ect s ,  one has the Callan-Gross relation : 2XF1 = F2 , and 

d2av G2ME 
[( 1 -Y) 2 Q ( X) + Q (x)J \) 

CIXa.Y = --
n 

( II I )  

d2av G2ME [ocx) + C 1 -Y ) 2 Q ( X� \) QxQY = --
n

-

with : F 2 ( X) Q(x )  + Q ( X) 
x F  3 ( x) Q ( X) - Q( X) 

and Q (  x:) x [d( X) + u ( X) + s ( X) + c( x� 
Q( X) = x [ere x) + U:( x) + s( X) + c ( x� J 
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[ where d (X) , u ( X ) , s ( X )  and c ( X )  are the X-distribution of d ,  u ,  s 

and c quarks ,  respectively , di scribing the way nucl eon energy i s  

shared amongst the partons J , 
Ill thi s way , the theory provide c; the experjmental ist with a 

very simpl e method ( namely e quation I I I )  of extracting the structure 

function from d2crv , v  

a:xay-

Then , the experimental i st ' s  routine consist s in : 

1 )  check each one of these hypotheses , step by step ; 

2 ) if all the hypotheses are true , determine the structure 

fur:ction Fi ; 

If any hypothe sis i s  not true , try another one and go to 1 ,  

Thi s i s  what we shall do in the foll owing sections , by first 

l ooking at : 

I I -2 :  !�::_l'.:=�;i:�!!:;i:£�!;i:£:?;_;i:!2!::�!:§:!::�-£�::!:_§:!.!__:::?:::!:�;i:::� 

We can rewrite equat ion I I  in the following way : 
2 

dcrv G MEV 
QY = --:n:- [0 + Q( 1 -Y ) 2 + K( 1 -Y)] 

[Ci + Q( 1 -Y ) 2 + K( 1 -Y�  
iVhere : 
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f 1 Q = Q (x ) dX 1 � J ( 2 X F 1 (X ) + X F 3 ( X)) dX 

0 0 

f 1 Q ( X )  dX = � f \2 X F 1 ( X )  - X F 3 ( X )) dX 
0 

K 

0 

1 f K(X) dX 

0 

( II ' )  



The first question we can ask ourselves is : Do the data verify thi s 
Y-dependence? From a first look at the data ( Fig .7 ) we notice that 

in we have a very important flat component , whil e  the contrary i s  
observed i n  the � -data . 

By fitting our v data according to equation ( l,I 1 )  , we can check 
this parametrization and determine the amount of each one of these 
components .  We obtain , 

K / F2 - 2 X F 1 2 a L -
--- < 5 % Q+Q f F2 cr L+ OR 

Q 0 . 1 6  ..:!: 0 .02 Q+Q 
Now we go a l ittle bit further , and l ook at the Y-distribution 
in v and \i separately , in the framework of the parton model . 
Neglecting Cabibbo ' s  angle ( error of about 5%) and charmed partons 
inside the nucleu s ,  and making the isoscalar approximation for Fe 
( error of about 5%) ; one has 

� ( vJ") a: (¥ + s ) + u;a: ( 1 -Y) 2 

where 
v v 

Q u+d u+d � + s � 

Q u+a: u+a: + s � � 

A fit t o  our data gives 
v \i 

_g_ o . os .:!: 0 .04 0 . 1 6 .:!: 0 . 02 Q+Q 
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from whi ch we determine 

u:+a: 0 . 1 0  + 0 . 05 u+d -

s 0 . 05 u+a: .:!: 0 . 02 5  

At thi s point , we remember some of  the  result s  we obtained in the 
NEB from our study of dimuon opposite sign event s .  It was desmonstra­
ted1 ) that the lliain origin of this type of event s is charm production 
according to the GIM mechani sm ; they can be expl ained by the foll o­
wing graphs : 

\) 
µ• 

d 
s 

and the elementary cross- section for each of the processes are 

Process dO/dX oc 

cr ( v +d -+ µ -+c ) sin2 ec d ( X) 

cr (v + s -+ µ 
-+c ) cos2 ec s (X )  

cr (v +s ... µ +-t c )  cos2 
ec s ( x ) 

cr ( v +a: -+ µ 
+ +c ) sin2 

Sc a:(x)  

(The last process i s  negligible ) . From thi s we get 

s 
u+a: 

291 



where R = ,/:;/ av for the charged current 

From our dimuon events we get 

s ,.,...,...,,,. = 0 . 04 + 0 .01  u +u -

which i s  in good agreement with what we have derived from the 
Y-distribution of charged currents .  

This $'mall violation of charge symmetry due t o  the s - contribu­
tion ( different for v and v ) i s  consistent with our previous 
results  for the test of the charge symmetry 2 )  (verified within 
±1 0% error) . 

By fitting the X-di stribution according to equation III 
(Fig.8 ) , we get : 

i ) Q(�)  i s  compatible with ( 1 -X) 6 • 5±0 •5 
• A restriction can be 

made here concerning the val idity of such a fit in the very l ow 
X region ( namely X < 0 .05 ) ; the data seem to flatten. 

ii ) Q ( x) - Q(X) is compatible with IX ( 1 -X) 3 .5±0 · 5 

iii ) We observe a shrinkage of about 1 5 % when we compare our data 
with ed data ( Fig. 9) . If now we look at the variation of the 
X-dis tribution for different Y-bins , equation ( III) , if true , 
would imply that at low Y ,  the X-distribution for v i s  essentially 
Q+Q as wel l  as the one for v ; for high Y ,  the X-distribution for 
\i is essentially Q while the X-dis tribution for \i is essentially 

Q. By looking to our data (Fig. 1 0) we see that this i s  nicely 
verified ; the 'ii X-distr±bution is s}J.runk from < X»::: 0 .22 at l ow 
Y to < X  >::: 0 . 1 3  at high Y ,  while the v X-dis tribution does not show 
such a b i g  variation. 

so by looking at "high" Y events ( say Y > o . 8 )  in 'ii , we get 
EXPERIMENTALLY , a X-dis tribution of the sea and < X> S-ea. 

� 0 . 1 3 ± 0 .02 (Fig. 1 1 ) .  
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Here again , we can compare with another interesting way we have , 
in our experiment , to get that distribution• As the � dimuon events1 ) 

are essentially produced by the processus v + s -+ µ + + c + x 
( and c -+  µ - \)µ). ) ,  the X-distribution of these event s i s  essentially 
the X-di stribution of the strange sea ( Fig . 1 2) .  Taking into account 
the n and K decay background , estimated to be 1 3  % ± 4 % ,  we get 

< X ) sea "" O  . 1 3 ± O .02 ( consistent with the result of our previous 
method) . 

We can now make some concluding remarks on what we have learnt 
from X-and Y-distribution integrated over all energies . 

i ) �E��-!��-�����!E�E�!�9�--
ca1 1 an - Gross violation i s  less  than 5% 

_g_ ::!:: 
Q+Q 0 . 1 6  ± 0 . 02 

_g_ � 0 . 08 ± 0 . 04 
Q+Q 

0 . 05 ± 0 .025 

� � 0 . 1 0  + 0 . 05 Cl+U -

for 

for 

ii ) �E��-!��-�=9i2!�iEE!i2E _ _  

Q( X) is compatible with ( 1 -x) 7 

\i 

\) 

Q( X) -Q( X) i s  compat ibl e with \[X( 1 -x) 3 

F� shrinks about 1 5% compared with Fed 
2 

< X > 0 . 1 3  ± 0 . 02 for Q and 

< X > 0 .22 ± 0 .01  for Q 

In addition we can note 

iii ) A nice consistency between the predictions of the parton 
model and the experimental X- and Y-dis tribution. 

A nice consistency between the result s  from dimuon events and 
those from one - muon concerning the strange quark sea , as well as 
the mean X-value of the sea.  
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By pushing our analysis a l ittle bit further , we now look at the 

If we first compare the fit of the Y-distribution in two energy 

bin regions ( namely vn region and vK region) we get (Fig . 1 3  -a-b ) , 

and 

E (GeV) l for � v Q+Q 
30 ..... 90 0 . 1 5  .:!: 0 .02 

90 ..... 200 o . 1 8  ± 0 .02 

In addition , the <Y> is almost flat ( Fig . 1 3 , c ) . If then we look at 

the X-distribution , we notice that F2 ( x )  clearly shrinks as energy 

increases ( Fig . 1 4 )  and : 

� ( GeV I F2 

30 ..... 90 0 .44 .± 0 .03 

90 ..... 200 0 .47 .:!: 0 .05 

Q(X)  seems to become steeper when energy increases . Another interes­

ting quantity to look at , as a function of the energy , is : < Q2/E.,»>oe<XY > • Our data are consistent with a flat behaviour 

( Fig . 1 5 ) . 

Finally plotting our total cross-sections versus energy , we 

notice again the same kind of shape : a/E ..i for v and � (Fig . 1 6 )  

as well as o-"J/o-v (Fig . 1 7 )  are almost flat . 

Therefore our data show a shrinkage in the X-distributions for 

increasing v -energies , while the Y-distributions , < X >  , < XY >  , 

cross-sections seem to be almost insensitive to E v • 
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some concluding remarks : 

At this level we can ask ourselves what the pattern of the 

eventual scaling violation is in our data.  At the time this report 

was written ,  our group had not finished yet this part of the ana ­

lysis ; but , at a preliminary stage , there is some indication of 

scal ing violation in the variation of the X-distribution with the 

neutrino energy . It seems to fit well with what is found in ed and 

our study of the energy dependence suggests that it should not be 

very strong . We must notice here , that some theoreticians3 ) expec t 

the Y-distribution and < Y >  to show a very weak energy-dependence 

while x� distribution and < X > would show stronger energy dependence . 

This is just how our data look l ike . 

Our high stati stics , our large Q2 range ( 2 to 200 Gev2 ) will 

certainly allow us to answer this question in the very near future . 

These  resul ts were obtained by the collaboration of : 
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F.  EISELE , K .  KLEINKNECHT , H .  LIERL , G. SPAHN, H .J.  WILLUTZKI 
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S INGLE P ION PRODUC T I ON IN CHARGED 
CURRENT NE UTR INO INTERACT I ONS 

P r e s en t e d  b y  C .  VAN�ER VELDE-WILQUET 
I n te r -Un iver s i ty Ins t i tu t e  � o r  H i g h  Ener g i e s -B r u s s e l s . 

N e u t r ino P r op an e  G a r g fme l l e  C o l l ab o r a t i on 

Ab s tr a c t .  
Res u l t s  are p r e s e n t e d  o n  a l l  t h r e e  n eu t r i n o  i nd uc e d , c h ar ­

g e d  c u r r e n t  r e a c t i o n s  w i th a s in g l e  p io n  i n  the f i n a l  s t a t e . 
The se r e ac t i ons are o b s e rv e d  i n  the G a r g ame l l e  bubb l e  chamb e r , 
f i l l ed w i t h  a l i g h t  p r o p a n e - f r e o n  mixtur e ,  and exp o s e d  to the 
w i d e  band v b e am at the CERN P S . The r e l a t ive r a t e s  o n  f r e e  
nuc l e o n s  a r e  c a l c u l a t e d , t a k i n g  i n t o  a c co u n t  n u c l e a r  r e i n t er ­
ac t i on s . Imp l i c a t i o n s  o f  the s e  r e s u l t s  on the i s o s p i n  s tr u c ­
t u r e  o f  the c h a r g e d  c u r r e n t  are i nv e s t i ga t e d . 

R e s ume . 
���-D e s  r e s u l t a t s  s o n t  p r e s en t e s  c o n c e r n a n t  l e s  t r o i s  r e a c ­
t i ons d e  neu t r i no de t y p e  c ou r a n t  c h a r g e , ave c u n  s e u l  p i o n  
d a n s  l ' e t a t  f i n a l . E l l e s  o n t  e t e  o b s e r v e e s  d an s  l a  chamb r e  a 
b u l l e s  G a r g ame l l e  remp l i e  d ' un me l ange l e ge r  de f r e o n  e t  d e  
p r op ane e t  expo s e e  au f a i s c e au a l ar ge s p e c t r e  du P S  au CERN . 
Leurs s e c t i o n s  e f f i c a c e s  r e l a t i v e s  s u r  nuc l e o n  l i b r e  s o n t  
c a l c u l e e s  e n  t enant c omp te d e s  r e in t e r a c t i o n s  nuc l ea i re s . 
Les imp l i c a t i on s  de c e s  r e sul t a t s  s u r  l a  s tr u c ture en i s o s p i n  
d e s  c ou r a n t s  char g e s  s en t  e nv i s a g e e s . 
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S i ng l e  p i on p roduc t i on in neutr i no i n t e r a c t ions i s  one 
o f  the s imp l e s t  r e a c t i on s  t o  s tudy , i n  order t o  i nv e s t i g a t e  
the i s o s p i n s t r u c t u r e  of the we ak curr ent . Re s u l t s  a r e  p r e ­

s en t e d  on a l l  thr e e  neutr ino induce d , c h a r g e d  cur r e n t  r e a c t ions 

produ c ing a p i on i n  the f in a l  s t a t e  : + v + p + µ + p + n 
v + n + µ + p + n °  

+ v + n + µ + n + TI 

Examp l e s  of the s e  t h r e e  reac t i on s  we r e  ob s e rved in the 

Gargame l l e  bubb l e  chamb e r  f i l l e d  w i th a l i g h t  p r o p ane ( C 3H8 ) ­
f r e o n  ( CF 3 B r )  m i x t u r e  o f  about 1 0  mo l a r  % f r eon . T h i s  m i x t u r e  
l e a d s  to a 6 0  cm r ad i a t i on l eng t h . T h e  l i qu i d  was expo s e d  to 
the horn - f o c u s e d  wide b and v b e am a t  the CERN P S . The neut r i ­

n o  ene rgy ranges f r om 0 t o  1 0  G e V  w i t h  a max i mum around 2 GeV . 
The r e l a t ive cro s s  s e c t i o n s  on f r e e  nu c l e o n s  of the abo­

v e  chan ne l s  are e s t imated taking i n t o  accoun t ,  by means o f  a 
Mon te C a r l o  c a l c u l a t io n ,  the s e condary i n t e r a c t i on s  of hadrons 
created i n  a comp l e x  nuc l e u s . F o r  thi s ana l y s i s  1 00 . 0 00 p i c ­

t u r e s  were u s e d . They a r e  d o ub le s c anned an& comp l e t e l y  me a ­
sured f or a l l  k inds o f  i n t e r a c t ions . C and i d a t e s  o f  t h e  1 n ­
charged curr e n t  p r o ce s s e s  a r e  then s e l e c t e d  us ing very r e s ­
t r i c t ive ru le s . The mo s t  imp o r tant cr i t e r i a  are the f o l lowing : 

1 )  a µ cand i d a t e  i s  a non i n t e r a c t ing ne g a t i v e  par t i c l e . 

2 )  a n+ m e s on i s  a p o s i t iv e  p ar t i c l e  i d e n t i f i e d  e i ther by 

i t s  d e c ay a t  r e s t ,  or by a ma s s  d e p endent f i t  a l on g  i t s  t r a ­
j e c t o ry ,  or by the char a c t e r i s t i c  i n t e r ac t i o n  f e a t ur e s  i n  the 
l i q u i d , o r  by o ray emi s s ion . 
3 )  a p r o t �n i s  any p o s i t i v e  p ar t i c l e  that i s  n o t  i d e n t i f i e d  + as a n . 
4 )  a n ° me son i s  d e t e c t e d  by the o b s erv a t i on o f  one or two 

ma t e r i a l i z e d  y r ay s  o f  more than 25 MeV p o i n t ing to the ver­

t e x . Whenever two y rays were ob s erved , they were r e q u i r e d  
to have an i nvar ian t  ma s s  b e twe e n  the l imi t s  8 0  a n d  1 8 0 MeV / c 2 • 
5 )  event s wi th an ad d i t i on a l  p r o t o n  emi t t e d  a f t er a nuc l e ar 
r e i n t e r a c t ion are r e j e c t e d  i n  order t o  r e duce the chann e l  
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mixing due to s e condary in teract ions . 
6 )  the t o ta l  v i s i b l e  momentum o f  the event a long  the b eam d i ­
r e c t ion, px ,mu s t  be  greater  than 6 0 0  MeV / c  in o r d e r  to  e l imi ­
nate b ackground due to incident  charged p a r t i c les . 

The numbers  o f  cand idates  se lec ted  for  each react ion  are 
shown in  tab l e  I .  

Tab 1 e I Resul t s . 

- + - 0 - + µ p 'IT µ p 'IT µ n 'IT 

s e l e c ted  33 2 1 09 8 9  

2 'IT background : 
- -µ / 'IT - ( 1 7 ± 4 )  - ( 8 ± 3 )  - ( 3 ± 2 )  

P I 'IT + - ( 28 ± 9 )  - ( 2 1 ±8 )  -

m i s s ing 'IT 0 - ( 2 1 ± 2 )  - ( 1 6± 4 )  - ( 5 ± 1 )  
'IT absorp t i on  - ( 8± 1 )  - ( 4 ± . 6 ) - ( . 5 ± . 1 )  

r ema ining 2 5 8 ± 2 1 6 0± 1 4  8 0 ± 1 0  

c orrected  f o r  2 5 8 ± 2 1  6 1 ± 1 4  9 2 ±  1 1 
P X cut  

' 
corr ected  for  par- 38 6±38  8 2 ± 1 9  1 6 2 ± 2 5  
t i c  l e  de tec t i on 

c orrec ted  for  nu- 4 8 5 ± 5 5  1 5 6 ± 4 1 3 4 6 ± 5 6  
c l ear e f f e c t s  

The  con tamina tion  o f  the v beam by v was  e s t ima ted  to  
be l e s s  than . 5  % and  can be neg lec ted i n  the  present  ana ly­
s i s . The  s e l ec t ed samp l e  o f  cand idates  i s  mainly  contamina­
ter by two sources  of b ackground : neutron and neutr i no in­
tera c t i ons  producing  two p i ons in  the f i na l  s tate . Such in­
teracti ons can s imu l a te one of the s e l e c ted  topo l og ies  e i ther  
if  a 'IT meson does  not  interact  and  i s  taken as a µ cand ida ­
t e ,  o r  i f  a 'IT+ mes on is no t iden t i f i ed and i s  taken as a p r o­
ton , o r  i f  a 'IT 0 escapes  de tec t i on , or aga in  i f  a p i on  i s  ab -
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sorbed i n  the nu c l eus . A l l  these  b ackground s have been  e s t i ­
mated b y  s e lec t ing neutral  interac tions  with two i dent i f ied  
p i ons  i n  the f inal s t ate . The  contribu t ion  of  e ach o f  the se  
background configura t ions  to the  s e l e c ted  s amp l e  ( s ee  table  I )  
h a s  been c a lculated us ing mea sured p ion de tec t ion  e f f i c i encie s  
( s ee  next  p aragraph ) and  p ion  ab sorpt ion probab i l i t i e s  ca l cu­
lated u s i ng the s ame Mon te  Carlo p ro gram as  the one used  for 
o ther nuc lear correc t i on s . 

The numb er s  o f  event s  remaining a f te r  b ackground s ub tr ac ­
tion  ( s ee  t a b l e  I )  mu s t  s t i l l  b e  corre c ted  for  s i gnal  lo s s . 
A f ir s t corr e c t i on i s  made to  a ccount f o r  the d i f ferent e f ­
f e c ts o f  t h e  c u t  on  the t o t a l  v i s i b le momen tum a l o n g  the beam 
axis  Px • s ince  for  the µ p rr 0 and µ n rr+ f inal s t a t e s  the 
momentum o f  the neutral p ar t ic l e  is no t known . A fur ther cor­
rec t i on i s  made  for  p ion  de tec t ion  e f f i c ienc i e s . The s e  have 
b een measured ( ) )  f o r  the rr 0 u s ing  the numbers  of events  with  
1 , 2 , 3  and  4 conver ted y rays , neglec t ing  the  contribution of  
even ts  w i th more than two rr0 • For  the rr+ de tec t i on correQ­
t i on , we  used  a s amp le  o f  rr+ tracks  from events  s a t i s fy in� 
a kinema tical  f i t  to  the r eact ion  v + p � µ + p + rr+ on a 
free  p r o t on . For the rr d e t e c t i on e f f i c iency , a s amp le  o f  rr­

tr ack s ob ta ined b y  the antineutr ino  p ropane Gargame l l e  c o l la­
borat ion  has been  used . 

A Monte Carlo  s imu lat ion ha s been  performed i n  order to  
s tudy nuc lear i nteract ions ( I ) . I t  i s  b a s e d  on  a c la s s i ca l  
ca s cade mode l  where the nucleus  i s  d e s c r ibed  as  a t o t a l l y  d e­
generate  Fermi gas  i n  a s quare we l l  p o ten t i al . Fermi  mo t ion  
and the  P aul i exc lus ion  p r incip le  are  taken. into  accoun t .  The 
p arame ters  o f  the mod e l  have b een c a l i bra t ed by compar ing 
the Monte Carlo  p red i c t ion  to mea sur ement s  o f  the hadron­
nuc leus  ine las t i c  c r o s s  s e c t i on s . The mod e l  has  then been  
suc c e s s fu l ly tes ted b y  c omparing  i t s  p red i c t i ons  with several  
o ther data ( I ) . 

Ap p lying  the Monte Carl o pro gram to  the c ond i t ions  o f  
the present  experimen t ,  the tran s i t i on probab i l i t ie s  f o r  a 
g iven hadron ic  s ta te (Nrr )  i n to another hadronic  s ta te  ( N rr) '  
are  obta ine d .  The numbers  o f  event s  i n  each channe l ,  tak ing 
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R 1 = cr ( µ p 'IT ) / cr ( µ p 'IT ) and R2 = cr ( µ  n rr ) / 0 (11 p rr ) . 
Dashed s tra i �h t  l ines  corresp ond to  p o in t s  of  equal values  
o f  R = I A  I i / J A 31 2 i . The curve s and the full s tr a i gh t  l ine 
corresponA to g iven va lues  o f  the phase ang le  W · The dashed  
contours  around the exper imental  p o ints  corre spond to one 
s tandard  dev i at i on . 
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into  acc ount the nuclear corr e c t i on s  and al so  the r a t i o  of  
neutrons  to pro tons in  the l i qu i d , are  sh own on the  last  l i ne 
of tab le  I .  They are proport ional  to the c r o s s  s e c t i on s  on 
free  nucleons  and a l l ow one to c a l cu late  two i ndependent  ra­
t i o s  of  cro s s  s e c t ions ; for  examp l e  : 

0 I C �+)  - + I - + R 1 = a ( µ p 11 ) a µ p ,, and R2 = a ( µ n 11 ) a ( µ p 11 )  
The values  o f  the r a t i o s  R 1 and R2 were f ound to be  .32 ± . 0 9  
and . 7 1 ± . 1 4 r e s p e c tive ly . N o te  that t h e s e  r a t i o  v a l u e s  ar e 
no t s t a t i s t i c a l l y  independent . There are corre l a t i on s. F u r ther­
mor e ,  the e r ror s  q uo t ed do  not  inc lude  the pos s i b l e  s y s tema­
t i c  error  due to the nuc lear corre c t i o n .  Thi s e r ror i s  expec­
ted t o  be at  mo s t  a few  percen ts . 

I f  no i s o tensor  exchange i s  a s s umed the amp l i tude s o f  
s i ng l e  p i on pr oduc i ng charged c urrent  pro c e s s e s  c an  be wr i t ten 
as a func t i on o f  two i s ovector  amp l i tud e s , A3 1 2 and A 1 1 2 , 
wh ere the s ub s cr i p t s  refer  to the i s o s p i n  o f  the f i na l  s t ate  

A ( µ p 11+) fi AJ / 2  

( µ 1T 0 ) 2 - A l / 2 ) A p 3 (A3 / 2  
A ( µ 1T + ) ff (A3 / 2  + 2 A l / 2 ) n 3 

The r e l a tive  abundance o f  b o th  amp l i tudes  exnres s ed  b y  the 
ra t i o  R = I A 1 1 2 l ! I A 3 1 2 1 and the phase  angle  0 b e tween them can 
be  eas i ly c a l c u l a ted f r om the c r o s s  s e c t ions  r a t i o s  R 1 and R2 

o + I 2 ° The v a l u e s  R = 1 . 0 3 ± . 1 5  and ljl = 7 3  _ 1 0 0 were  f ound . Th i s  re-
s u l t  is repo r t ed on  F i g . I ,  showing the var ia t ion of  R and ljl 
with  R 1 and R2 , t ogether w i th the r e s u l t  ob tained  by the ANL 
exp e r iment ( 2 ) . The curves  for ljl = 0 °  and ljl = 1 80 ° c orres pond 
to the tr iangular  inequa l i t i e s r e s u l t ing from the a s s ump t i on  
t ha t  there i s  no  i s o tensor contr i b u t io n .  Bo th r e s ul t s  do  not  
cont rad i c t  th i s  hy po the s i s . A mo re  impor tant c ontr i but ion  of  
the A

1 1 2 amp l i tude is ob s e rved for the present  exp e r iment . 
T h i s  can be  exp l a ined b y  the c on t r i b u t i on of the s p i n  1 / 2 N 
r e s onance as our exp e r iment i s  perf ormed at h i gher neutr ino  
energy . 

Re fer enc e s . 

( I ) W .  Kr en z  e t  a l ,  N uc l .  Phys . ,  t o  b e  p ub l i shed . 
( 2 ) S . J .  Bar i s h  e t  al , Phy s . Rev . Let ter s 3 6 ,  1 7 9 ( 1 9 7 6 ) . 
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MEASUREMENT OF (V + n) TO (V + p) CROSS-SECTION RATIO 

FOR CHARGED CURRENT PROCESSES IN THE GARGAMELLE PROPANE EXPERIMENT 

AT THE CERN-PS 

GARGAMELLE neutrino-propane collaboration , presented by 

T .  FRANCOIS 

LPNHE , Ecole Polytechnique , Palaiseau (France) 

ABSTRACT 

The ratio of v + n to V + p total cross section for charged cur­
rent processes in the energy range 1 - 10 GeV is determined by two indepen­
dent methods in the Gargamel le propane experiment . The combined value is 
R = 2 . 08 ± 0 . 1 5  . 

RESUME 

Nous determinons le rapport des sections efficaces V + n et 
v + p pour les courants charges par deux methodes independantes . La valeur 
combinee est : R = 2 , 08 ± o . 1 5  . 
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Most of data in (V) - physic concern interactions on nucleons -a 

neutron and proton average- . There are only few results for V + p in char­

ged current processes (CC) and nothing in neutral c�ent processes (NC) • 

b f cr (v+n -+- µ-+ • • •  ) Here is a contri ution to the determination o R = cr (V+p
· 

-+- µ-+ • • •  ) 

integrated over the CERN-PS neutrino energy spectrum ( 1 -1 0  GeV) . The ex­

periment was done in the Gargamelle chamber filled with a light propane­

freon mixture . 

Contradictary results on R [ 1 lwere reported up to now , as can 
be seen in table 1 .  

MYATT-PERKINS BNL ANL 

CERN- 1 . 10 m 7 '  1 2 '  
1 - 1 0  GeV 2-10 GeV 1 . 5 - 6 GeV 

R =  cr ( v+n) 1 . 5  ± 0 . 3  1 . 48 ± 0. 1 7  2 . 02 ± 0 . 23 � cc 

present determination of R 

II .- GENERAL OUTLINE OF THE METHODS 

Two methods can be imagined to determine R. 

The first one is based o n  a kinematical separation of events 
on free protons, allowed by the 3 3 %  ratio of free protons to bound protons 

in our mixture . The sample used, selected from 256 000 photographs , con� 
sists of 2082 "hydrogen-like" events , i . e .  events for which the charge of 

the final state is 1 and with no more than one identified proton. The 
selected events are required to have an energy greater than 1 GeV. 

314 



The second method starts with the naive idea that events with 

charge O occured on neutrons and those with charge 1 are on protons . This 

ideal conception is distorted by the nuclear reinteractions inside the 

target-nucleus . Correcting for nuclear effects in a purely experimental 
way , we can give the number of events on protons and neutrons, and thus the 

ratio R. The sample used consists of all CC candidates with an energy 

greater than 1 GeV found in about 40% of the films , namely 2584 events. 

In what follows, we shall focus only on the main problems in 

each-method . More details can be obtained in reference [ 2 ]  

III . - DETERMINATION OF R BASED ON INTERACTIONS ON FREE PROTONS . 

In this method, R is calculated using the number Nf of inter­

actions occuring on free protons and the total number Nt of all CC inter­

actions in the same neutrino flux 

R 
df 
d n 

Nt d Nt 
Nf - ....l2. = 0, 3 1 2  - - 1 , 264 dn Nf 

where dp , dn and df are the proton, neutron and free proton densities in 

the liquid. 

The number Nt is obtained from the number of cc-events observed 

in 40% of the photographs, using the measured neutrino flux , 

The number Nf is obtained by a kinematical separation of events 

on free protons . These events can be classified in term of neutral parti­

cle multiplicity in the final state : 

i) events with no neutral particle they must satisfy generally 
3 kinematical constraints (3C) and sometimes 2 (2C) if the momentum of 
one particle is unknown. 
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R E  A C T  I 0 N 

-
v + p + l1 

-
v + p + l1 

-
v + p + l1 

-
v + p + l1 

-
v + p + l1 

-
v + p + l1 

-
v + p + l1 

-
v + p + l1 

+ p + 

+ n + 

+ p + 

+ p + 

+ n + 

+ p + 

+ 
TT 

+ + 
TT + TT 

+ 
+ Tio TT 

+ + -
TT + TT + TT 

+ + + 
TT +TT +TT +TT 

-

+ + -
TT +TT +TT +TT0 

+ multi-neutrals 

+ strange particle: 

Number of Number of Corrected 

constraints fitting event,, events numbers 

3 259 

353 ± 2 2  
2 98 

2 1 1  4 1  ± 1 3  

2 3 2  1 3 0  ± 26 

3 1 3  

2 1  ± 7 

2 8 

2 1 5 ± 5 

2 2 10 ± 8 

- - 3 9  ± 1 3  

1 8  5 - - ± 

TABLE 2 

Charged current interactions on free protons 



ii} events with a neutron or a n° in the final state . 
( 31  ± 4 ) % (2 ] of the neutrons are observed by an interaction and (30 ± 2 ) %(2] 

of the n° are detected by the conversion of the two decay gamma rays . These 

events must satisfy a 2C fit (the momentum of the neutron is unknown and the 

y energy is considered as badly measured} .  

iii} multineutral channels are evaluated assuming the rate of 

"hydrogen events" in the sample of " hydrogen-like events" to be the same 

for these channels as for the preceeding ones (30 ± 5%) • 

Channels with more than 4 pions in the final state are negligible 

and the rate of events with strange particles is found to be 3 ± o . 7% .  

This kinematical analysis , corrected for nuclear events fitting 

the constraints , for the charged particle measurabi lity and for n° or 

neutron detection efficiency yields to : Nf = 627 ± 41 (see table 2) • 

Finally , we find 

R 2 . 1 8 ± 0. 26 

IV . - DETERMINATION OF R BASED ON THE OBSERVED CHARGE AND PROTON MULTIPLICITY 

DISTRIBUTION. 

Since the sample used in this method consists mainly of neutrino 

interactions on bound nucleons , the total charge of the final state does 
not allow a direct separation of reactions on neutrons and protons . But , 

adding the information of the proton multiplicity, it is possible to 
account for nuclear effects . 

Thus 1 for each event , we note the total visible charge (�} and 

the number of proton ( s }  ( l } in the final state (PV} .  

( 1 )  The problem of n+/p ambiguity is detailed in ref ( 2] and is solved . 

In any case , it is not very important for determining the ratio R, the 

total charge being unaffected by this ambiguity. 
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Pv 

6 

5 

4 

3 

2 1 1  
--

1 6 587 

0 2 42 321 

Qv -2 - 1 0 

3 1 8  

5 

9 3 7  

13  1 20 69 

3 10  168 26 

577 51  4 

1 49 1 

1 2 3 

TABLE 3 
The (Qv , Pv) plot 

QV = visible charge 

2 

1 5  

20 

1 2  

4 

PV = number of visible protons . 

4 2 

5 1 

6 2 

3 

5 6 



In an ideal case ( free nucleons) only the cells Q = 0 , 1  and 

P = 0 , 1 should be filled. The observed distorted distribution ( see table 3 )  

i s  due to nuclear reinteraction inside nucleus target (mainly carbon) . 

Using in a highly cons.trained fit a small number of free parameters descri� 

bing the nuclear effects, it is possible to determine the original numbers 

in the 4 cells :Q = 0 , 1 , P = 0, 1 ,  and then the ratio R. 

Observing table 3 ,  it appears that a dominant effect seems to 

be transitions along the diagonal M = 2v � P
V

. 

The only processes changing M are the following 

71 absorption 

ii) 71+ 
, 71 , 71° charge exchange 

iii) production of additional 71+ or 71 , 

The various probabilities for process i and ii are experimentally 

known (3] when a 7T interacts , and the third process is negligible ( less 

than 1% of the total 71 production) . Thus , we introduce the probability 

a71 for a 71 to reinteract inside the nucleus target as a free parameter in 

the fit. The fitted value is a71 = 0. 36 ± 0 . 06 • 

The AM = O processes (representing 83% of the events as it is 

shown by the fit) are explained with the following paramete�s : 

i) the probability p for the reaction proton to remain undetected 

if its energy is too low ( fitted value : p = 0 . 04 3  ± 0 . 01 1 ) .  

ii) the probabilities p
0

, • • • •  , p
4 

for an event to exhibit 0 , 1 ,  • • •  , 4  

additional protons . The fitted values are observed to follow a Poisson law 

(mean value : 0 . 4 9  ± 0 . 02 ) .  

The 1 0C  fit gives a good x
2 

probability of 57% and yields the 

following results 
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R 

p = 
n 

a (v + n -+- µ + • • •  ) 

a (v + p -+- µ + • • •  ) 

a ( v  + n -+- t + p + 
a ( v  + n -+- µ + · · · ) 

p = G (\I + p -+- !! + p + 
p a (v + p -+- µ + . • . ) 

2 . 03 ± 0 . 1 8  

. . .  ) o. 70 ± 0 . 0 2  

. . .  ) 0 . 85 ± 0 . 02 

V .- CONCLUSION 
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The two determinations of R are in good agreement. The value 

Pp = Q . 89 ± 0 . 03 obtained by the first method is also in good agr:eement 

with the one of the second . 

In the first method , the dominant error is due to the number of 

events on free protons . These events being a very sniall fraction of the 

sample used in the se cond method , we can combine the two results 

with the 

R 2 . 08 ± 0 . 1 5  

This value agrees with the ANL result [l] 
BNL one [ l] 

but is in disagreement 

Due to the energy range of our neutrino spectrum ( 1  - 10 GeV) 

quasi elastic and one rr channel s  represent about 50% of our statistics. 

Thu s ,  we are not in the scaling region . Meanwhile , the prediction for 

R i s  (4] 
1 

= 

£x [u (x) 

R lx

1[ d ( x) 

+ 1 -3 d (x )  + • . •  ] 
1 - ] + 3 u (x) + • • •  

dx 

1 . 3  - 2 . 4 
dx 

This prediction is in good agreement with our low energy data. 

Up to now, the value of R for neutral currents is not known and 

cannot be determined by kinematical constraints . The second method presented, 



found to be in excellent agreement with the kinematical one for charged 

currents , can be , and will be , extended to the neutral current case . 
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STUDY OF v, v INTERACTIONS IN CERN BUBBLE CHAMBERS 

EXPERIMENTS AND ANALYS IS OF THE NUCLEON STRUCTURE FUNCTIONS 

Aachen-Bonn-CERN-London-Oxford, S aclay Collaboration 
(presented by B. TALLINI ) 

SUMMARY 

DPhPE , Centre d 1 E tudes Nucleaires de S aclay , 
BP 2 ,  91 1 90 Gif-sur-Yvette , France. 

Using the CERN bubble chamber data on v , v interactions on 
nucleons in the energy range 2 < E.,, < 200 GeV, the s tructure 2 functions F2 , 2xF1 and xF3 are determined as a function of x and O • 

The Callan-Gross  ratio is measured to be A =  2xF1/F2 = o . 8 9+0 . 1 2 
in the range 3 < 02 < 30 Gev2 , The Gross-Llewellyn-Smith su.iiirule is 
tes ted : we measure > 2. 5+0 . 5  valence quark per nucleon, Deviations 
from Bj orken scal ing are observed in F2 and xF3 and their Nachtmann 
moments are quantitatively cons istent with predictions of OCD, The 
value of the s trong interaction parame ter is A = 0 , 74+0 . 0 5  GeV, The 
moments of the gluon dis tribution indicate an x dis trTbution of 
gluon comparable to that of the valence quarks. 

RESUME 

Les donnees des chambres a bu11es du CERN sur les evenements 
v ,  v -nucleons dans le domaine d • energie 2 < E\, < 200 GeV , ont 
permis de determiner les fonctions de s tructures F2 , 2xF1 et xF3 
en fonction des variables x e t  02 . On a determine la relation de 
Callan-Gross  : A =  2xF1/F2 = 0 . 8 9+0 . 1 2 dans 1 1 intervalle 3 < 02 < 
30 Gev2, L a  regle de s omme de Gross-Llewellyn-Smith nous a permis de 
determiner que le  nombre de quarks de valence par nucleon est  supe­
rieur a 2 . 5+0. 5 .  On a observe des deviations du s cal ing a la Bj orken 
dans F2 e t  xF3 et les moments de Nachtmann de ces fonctions sont en 
accord quantitatif avec les predictions de OCD. La valeur du para­
metre A des interactions fortes e s t  0, 74+0 ,07 GeV. La dis tribution 
en x des gluons , determinee a l ' aide de ses moments ,  est  comparable 
a Celle des quarks de valence. 
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I - In·croduction 

In the following we present an analysis of the structure functions 
xF1 ' F

2
, xF3 , describing the charged current v ,  v interactions on iso­

scalar targets , as a function of x = o2/2MEH and o2 in the widest 
possible range of o2 from 0 . 1  to 1 00 Gev2 , in order to study devia­
tions from Bjorken scaling in v ,  v interactions and compare them with 
both the results found in e ,  µ scattering and with OCD predictions . 
The list of the physicists who carried out this work is given in 1 ) 

II - The Data 

The data used are the published data from Gargamelle filled with 
Freon exposed to the CERN PS wide band beam 2 • 3 ) consisting of 
3000 v events and 2000 v events in the energy range 2 < E < 1 2  GeV , 
together with the latest v ,  v data from the CERN SPS narrow-band 
beam in BEBC filled with 74 % mole Ne-H

2 mixture.  The BEBC data 
consists of 1 1 60 v events and 277 v events in the energy range 
20 < E < 200 GeV , Results on total cross sections from BEBC have 
been published in 4 ) where details concerning the narrow-band beam , 
BEBC itself and the EMI can be found . Here we f.ummarize the points 

\,. 
on experimental resolution ,  relevant for the pr·esent analysis . Both 
the angle and the momentum of the muons in the v , v events are well 
measured in BEBC thanks to its m,agnetic field of 35 kGauss and space 
resolution e: ;;; 200 )J in space (tie "' 0 .  5 mrad , (ti p/p ) "' + 4 % for µ µ -
P)J = 1 00 GeV/c ) . For µ • s  with short track lengths the additional 
information from the corresponding hit measured in the EMI was used 
to improve the (ti p/p )µ with the lever-arm method. The result of this 
is a uniform (ti p/p )µ throughout - the fiducial volume , 

Concerning the hadronic energy EH ' detailed study of the trans­
verse momentum un-balance P� - P� in the µ-v plane in the v , v events 
as well as the analysis of n- interactions in Ne at 70 GeV taken in 
the same film and measured with the same criteria as v ,  v events ,  
resulted in an accurate determination of the energy resolution func­
tion and of the mean correction for energy loss : 

E�ORRECTED 
= �EASURED * f with f = 1 , 20 ± 0 .04 independent of the 

total hadron energy EH and the same for v and v events .  These results , 
which were satisfactorily checked against the (known ) beam energy 
values , were included in a Monte-Carlo program used to unfold the 
smearing effects due to measurement errors from the x ,  o2 distribu-
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tions from which the structure £unctions are determined � These un­
smearing £actors are less than 1 0 % £or -x < o .6 and at most 30 % £or 
x > o .6 .  

III - Evaluation 0£ Structure Functions 

Assuming charge-symmetry and taking BCABIBBO = o ,  the differen­
tial cross sections for inelastic react ions can be written as 

We assume for the time being the Callan-Gross relation 2xF1 = F
2

5) 

which , as shown below is compatible with our data . Using the known 
v ,  v fluxes � (E ) ,  l(E ) one can integrate ( 1 ) over E and y (which in 
a given (x,Q2 ) bin is function of E : y « 1 /E )  and we obtain for v ,  
v respectively • 

Nobs = N
2

(x,Q2 ) F
2

(x,Q2 ) + N3 (x,Q2 )xF3 (x,Q2 ) 

( 2 ) 

Nobs = 'N
2

(x,Q2 ) F
2

(x,Q2 ) - 'N3(x,Q2 )xF3(x ,Q2 ) 

where Nobs ' Nobs �
epresent the number of v , v events observed in a 

given bin of (x,Q ) , and N
2

, N3 are the flux integrals given by 

({ G�E � v2 }} � ( E )  -:re- ( 1 -y- � + tr- ) dydE 
( 3 )  

( 2 .ff "' ( E )  G
:rc
2ME y y N 3 x ,  Q ) = " ( 1 - 2 )  dydE 

and similarly for v. 

Solving equations ( 2 ) yields F
2

(x,Q2 ) and xF3(x,Q2 ) which are 
shown in Fi g .  1 as a function of o2 in different intervals of x. we 
observe that : 
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a )  wherever they overlap , the Gargamelle values 0£ F 2 agree well 

(within 1 0  % )  with the BEBC values ; this represents a good test 0£ 

the current-current interaction hypothesis implied in equ. ( 1 ) : 

£or a given (x ,0
2 ) value , the F2 £unction has a unique value indepen­

dent 0£ the incident v energy which in the two experiments differ 

by ·a factor � 30. 

b )  The BEBC data when compared to the lower o
2 

range covered by 

Gargamelle show a marked o2 dependence 0£ F2 which implies devia­

tions from Bj orken scaling . 

c )  These deviations are similar to those found in e ,  µ. scattering 

data also shown in Fig. 1 by the broken line from Re£. 6 ) . 

d )  The values 0£ F�d(x,02 ) det�mined in e-deuterium scattering in 

Re£. 7 ) , multiplied by the £actor 9/5 predicted by the quark model , 

agrees s atisfactorily well with F� (x ,o2 ) in all intervals 0£ x .  

Fig .  1 b presents xF j.x , o2 ) which shows the same general behaviour 

as F2(x, o2 ) .  The errors indicated , which are purely statistical , 

are larger £or xF3 ( x , o2 ) since xF3 is determined by the difference 

between v and v data. 

Finally Figs . 2a,  2b , 2c represent respectively the integrals 

J F2dx, J xF3dx and their ratio B = J xF3dx / J F2dx. We note that 

/ F2 dx represents the fractional momentum 0£ the quarks and anti­

quarks whereas JxF3 dx represents that 0£ the valence quarks ; also 

the quantity 1 - J F2dx represents the fraction 0£ the nucleon 

momentum carried by the gluons . As expected in OCD we observe a 

gentle increase 0£ 1 - J F 2dx and a decrease 0£ B with increasing 

o2 , which indicates that an increasing fraction 0£ the momentum of 

the valence quarks is transferred to 00 pairs and to gluons . 

IV - Callan-Gross Relation 

I£ one does not integrate equ . ( 1 ) over y it is possible to use 

the detailed shape 0£ the y distributions 

�(� + �) in order to determine xF1 and F2 separately as a £unction 

of x and o2 , in order to check the Callan-Gross relation. The 

result using all BEBC data is summarized in Fig. 3 and table I 
which give 
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Callan-Gross ratio A =  2xF1 /F? plotted 
versus o 2 , for various intervais of x . 

TABLE 1 
Values of A = 2xF1 /F2 from BEBC data 

x o2 ( GeV2 ) A 

0 - 0 . 1  3 1 .0 1  + 0 . 25 
0 . 1  - 0 . 2  1 0  0 . 93 + 0 . 25 
0 . 2 - 0 .4 1 5  o .  71  + 0 . 1 9 
0 .4 - 1 3d 1 . 5 3 ± O o 5 1 

weighted average < A > = o . 8 9  ± 0 . 1 2 

/ 1 2 TABLE II - GLS sumrule xF 3 ( x , O  )dx/x for 
x min 

0
2 

(GeV2) 

0 . 3  - 1 
1 - 3 
3 - 1 0  

1 0  - 40 
40 - 1 00 

different values of Xmin as a function of o2 

xmin= 0 .02 xmin= 0 ,06 Xmin= 0 . 1 0  

2 , 94 ± 0 . 56 2 . 33  ± 0 . 1 6  2 .01  ± 0 . 1 5 
2 . 7 9  + 0 . 5 1 2 . 04 + 0 . 33 1 . 38 + 0 . 1 1 
2·. 6 9  + 0 .41  1 . 96 + 0 . 26 1 . 20 + 0 . 2 1 

1 .  39 ± 0 . 1 7 1 .07  ± 0 . 1 1 ' 
0 , 94 ± 0 . 1 7 
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A = 2xF1 /F2 for various values of x and o 2 • The weighted average is 
A = o .8 9 ± 0 . 1 2 and corresponds to a value of 

R + 0 . 1 8  0 . 1 2  - 0. 1 4  

V - Gross-Llewellyn-Smith Sumrule 

From the values of xF 3 determined above one can determine J F 3dx 
which is  predicted by the G-L-S sumru1e 8 ) : 

1 
�im f xF 3 

d� 
0 + 00 0 

3 (4) 

and measures the number of quarks in the target . Table I I  summarizes 

f 1 dx the results of xF3 )( for various values of xMIN "  As 
XMIN 

expected in OCD at fixed xMIN the integral decreas es with increasing 
o 2 since the valence quarks slowly shrinks towards x = O and an 
increas ingly large proportion of the integral is lost below xMIN • 

VI - Hi gher moments of F2 , xF3 

Fig .  4 shows the higher moments 
to the Bj orken x variable 

I

.

0

1 XN-2 ( 2 )  Fi x , O  dx 

of F2 and xF3 with respect 

The strong o 2 dependence of these moments for small o2 is mostly 
accounted for by the target nucleon mass correction terms as sho\l{Il 
in Fig.  5 which represents the Nachtmann moments 9) with respect 

2x 
to the variable t; = ---:========:::::;­

( 1 + v' 1 + 4M2x2/02 ) 
(which tends to x for 02+oo ) . 

These latter moments 

330 

have the form1 0l ,  for F2 and xF3 : 
2 (, 2 2 2 4M2x2 ( N  +2N+3 ) +3 ( N+1 ) H4M x /O +N( N+ 2 )-2-o dx 

( N+2 ) ( N+3 ) 
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-f1 
i;; N+1 1 +(N+1 ) /1 +4M2x2 /o2 

-
x3 xF3( x , 02 ) ----------dx 

(N+2 ) 
0 

( 5 )  

For N=2 , moments are shown only up t o  o2 "' 20 GeV2 since for larger 

o2 the interval x < O . 1 is not accessible at our energies and thus 
F 

2 
and xF 3 are not determined . On the other hand for large N > 7 

more than 50 % of the integral comes from x > O .  6 where smearing 
corrections are < 30 %.  

From a comparison of Figs . 4 and 5 we note that for o2 > 2 Gev2 

the two sets of moments are essentially the same and that for each N 

they slowly decrease as o2 increases . In what follows we will make 

a quantitative test of the Nachtmann moments determined in this 

experiment with the predictions of OCD . 

VII - The moments of xF3 , tests of OCD and determination of A 

In OCD the quark-gluon coupling constant is given by : 

cis 1 2 

n 
( 6 )  

where A is an arbitrary parameter and m is  the number of quark fla­

vours . In what follows we have taken m=3 since c-quarks make only 

a small contribution to the cross sections in our energy range . 

The moments of F
2 

and xF3 can be expressed as the sum of three 
terms 1 1 ) , with arbitrary coefficients , each varying as a known power 

of ci8 in the region o2 » A 2 , where ci8 is small . One term is non­

singlet with respect to flavour (corresponding to the valence quarks ) 

and two are singlets (for the gluon and sea quark contributions ) .  
Since xF3 measures the valence quark distribution , only the non­

singlet term contributes to its moments which have therefore the 

particularly simple form (valid for o2 >> A2 ) 

M3 (N ,02 ) = 
constant 

( 7 a )  

( ln(02/A2 )dNS 

4 [ 1 - N(:+1 ) + N ] with �s 4 I (7b ) 
( 33-2m ) 2 j 
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Two specific predictions of equ .  ( 7 ) can be t ested experimentally 

- The different moments of xF3 should follow a power law behaviour ; 

this can be tested by showing that , independently of the parameter A , 

the ratios 

2 M3 ( N , O  ) 

M3 ( L , 02 ) 
PN,L  

( 7c) 

are independent of o2
• 

The resul t of this test  for various values of N and L is presen­
ted in Fig. 6 where second order effects in as are indicated1 2) ; we 
see that , for o2 

> 1 GeV2 , the appropriate ratios of different 

moments of xF3 plotted vs. o2 are indeed constants within the s tatis­

tical errors . Al ternatively one can measure directly the PN 1 • s  by 
plotting ln(M3 (N ,02) )  vs . l� (M3 (1 ,02) )  as shown in Fig. 

-
7 ;  

1
again 

we see that the points at different o2 l ie on s traight l ines the 

slopes of  which determine the PN , L ' s .  In table III  the PN , L ' s  values 

thus de termined are compared to those predicted from equ. ( 7 )  : in 

all cases the agreement with OCD is remarkably good. 

- Equ. ( 7a )  can be re-written as a l inear relation 

-1/n _ 
M3 (N,02) 

'""NS = ln02 - lnA2 ( 8 )  

The data are presented in Fig. 8 a  for N=2 and N=4 and in Fig.Sb 

for N=3 and N=5 , and show that the l inear relationship is satisfied 

in all cases.  The value of the intercept with the ln02 axis gives A .  

Fitted values of A for various choices of m and N and for o2 > 1 GeV2 

and o2 > 2 GeV2 are summarized in table IV where we also indicate 

the effect of possible systematic errors on the K/n ratio , and a �  
corrections . Our best  es timate is A = 0. 74 ± 0 . 0 5  GeV. 

VIII  - The F2 moments and s tudy of the gluon distribution 

Concerning F2 , the predictions of OCD are that all 3 terms 

mentioned above - two single ts and a non s inglet - contribute to 
its Nachtmann moments1 1 ) : 

2 CNS M2 ( N , 0  ) = 2 2 d + 
(ln o /A ) NS 

( 9) 

If one neglects the contribution of the S and 'S" quar�s the 3 

terms in ( 9 )  can be expressed in terms of the moments O (N) , �(N) 
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TABLE I I I  

d ln M ( N=6 )/ d ln M ( N=4 ) 
d ln M (N=5 )/ d ln M ( N=3 ) 
d ln M ( N=7 )/ d ln m ( N=3 ) 

Figure 8 

2 2 · moment ratios ( O  > 1 GeV ) 

observed slope 

1 . 2 9  
1 • 50 
1 . 8 4  

:!:: 0 .06 
:!:: 0 . 1 8  
:!:: 0 .2 0 

b) 
-

00 t ,, 
M3(N,Q2( '"•• 

15C 

QCD prediction 

1 • 290 
1 .456 
1 . •  760 

10 100 Q2Gev2-

2 Nachtmann moments of xF3 . The reciprocal of the moments M3 ( N , Q  ) 
raised to the power 1/dN8 (N)  p l otted versus 0 2 ( see equ. 8 ) . 
a) even moments , N = 2 and N = 4 ;  b) odd moments N = 3 and N = 5 .  
QCD predicts a l inear rel ation wi th intercep t ln A 2 on the x axis . 
The dashed l ines represent the resul ts of the fi ts for 02 > 1 Gev2. 
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TABLE IV - Fitted values of A ( in GeV ) from the 
xF 1 Nachtmann moments ( eqn . ( 8 ) in the 
t ext ) f or various values of N ,m and 
with different cuts in o2 • 

2 Q range o2 > 1 GeV2 

N = 3 m = 3 0 .70  ± 0 .07 , 
\ K±/n± ) x 0 . 9 o . 67  ± 0 .07 

2 
a s  

Table V 

N 

2 
3 
4 
5 

corrections 0 . 6 2  ± 0 .07 

N = 5 - m = 3 0 . 77 ± 0 .07 

N = 7 m = 3 0 .7 5  ± 0 .07 

Gluon moment G ( N , Q2 ) at o2 
0 0 

on data with o2 > 1 Gev2 • 

G ( N , Q� )  . 02 range 

+ 0 .6 2  ± 0 . 1 5 1 - 20 Gev2 

+ 0 . 1  2 ± 0 .0 5  1 - 1 00 " 
+ 0 .03 ± 0 .0 2  1 - 1 00 " 
+ 0 .0 2  ± 0 .0 1  1 - 1 00 " 

o2 > 2 GeV2 

0 .8 -5 ± 0 . 1 8  

0 .8 2 ± 0 . 1 8  

0 . 70 ± 0 . 1 8  

0 . 95 ± 0 . 20 

5 GeV2 based 

Moment of xF3 

0 .45 ± 0 .07 
0 . 1  2 ± 0 .02 
0 .045± 0 .01 0 
0 .027± 0 .007 
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Determination of the gluon moments from the Nachtmann 
moments of F2• Plot of Y (Q2� .M2 (N , Q2� agains t X (Q2) . 
The data are evaluated at Q0 = 5 GeV • The slopes of 
the dis tributions should be equal to the gluon moments 
G (N 1 Q5 ) . The magnitudes of the N = 2 , 3 , 4  and 5 gluon 
moments are indicated in the figure and in table v. 
The errors indicated are s tatistical ; those in bracke ts 
arise from the uncertainty ( 0 . 07 GeV) in the assumed 
value of A .  
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and G (N) of the quarks , antiquarks and gluons respectively at o2=o; : , 

= � (O+Q) 

( 1 O.) 

where �S is given in ( 7b) above and d+ ' d_, � and BN are parame­

ters which depend only on N and m and are defined in the Appendix. 

I t  is convenient to recas t equs . (9 )  and ( 1 0 ) in the l inear form1 3 ) 

( 1 1  ) 

where X and Y are suitable functions of o2 and are also shown in the 
Appendix. Therefore , plotting Y.M2 vs . X for a given N should give a 

s traight line with slope given by the moment G(N ,o; ) of the gluon 
dis tribution at o; . The resul ts are shown in Fig. 9 and summarized 

in Table V where the values of the gluon moments are compared to 

those of the valence quarks. Thus we conclude _ that the gluons have 
approximately the same X dis tribution as that of the valence quarks . 

Appendix 

The anomalous dimensions appearing in Equs . ( 9) and ( 1 0) are given 

below, in the notation of Hincl iffe and Llewellyn-Smith1 1 ) : 

N 
dGG= 

2m + 
9 [ 1 4 4 + 4 l � l ( 33-2m) ( 33-2m) 3 -

N(N-1 ) 
-

(N+1 ) (N+2) 2 J 
-8 (N2+N+2) dGQ= 

(33-2m) N(N2-1 ) 

-6m(N2+N+2) dOG= ��������-

( 33-2m) N (N+ 1 )  (N+2) 

c'L 4 [ 1 �s= 
(33-2m) 
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The quantities AN and BN are defined by 

The quantities X and Y are defined by 

2 d+ d-
x = 3 BN ( x - X ) , Y 

1 d+ dNs d d y = ( 2 X 3 X ) - �( X + - X -) 
where X =  (ln Q�/A2)/ (ln Q2;A2) ,  
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QUARK FRAGMENTATION IN HIGH ENERGY NEUTRINO AND ANTINEUTRINO REACTIONS 

SUMMARY 

Aachen-Bonn-CERN-London-Oxford-Saclay Collaboration 
presented by Y. SACQUIN 

DPhPE/SECB, Centre d ' Etudes Nucleaires de Saclay , 
BP 2 ,  9 1 1 90 Gif-sur-Yvette , France . 

In a study of the hadronic system in v(v) induced reactions in BEBC , the 
quark fragmentation functions are found to be essentially independent on q2 , W, X 
for q2 > "2 GeV2 and W > 4 GeV . A 'simple model by Feynman, Field and Fox gives an 
excellent description of all distributions , except for the correlation between 
transverse momentum and relative energy . 

RESUME 
Dans l ' etude de la gerbe hadronique produite dans des interactions de 

neutrinos (d ' antineutrinos) dans BEBC , les fonctions de fragmentation des quarks 
sont trouvees independantes de q2 , W, X pour q2 > 2 Gev2 et W > 4 GeV . Un modele 
simple tel celui de Feynman, Field et Fox fournit une excellente description de 
toutes les distributions , a l 'exception de la correlatio� entre les impulsions 
transverses et l ' energie relative . 
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In thi s experiment performed at BEBC fil led with heavy liquid ! ) , us ing the 
Narrow Band Neutrino Beam of the SPS (200 GeV transport momentum) , we have looked 
for data at very high energy (Ev > 1 00 GeV) on the hadronic system. 

In the quark-parton model ,  hadron production by neutrinos is des cribed by 
s tructure functions : 

d20 µhX) 2 Dh 
I (Z) dXdZ (vN + GNq (X , Q ) q 

z �. Eh x Q2 
pq '  

- Ehad 2MV 

where G gives the dis tribution of quarks q inside the nucleon and D is  the 
fragmentation function of the quark q '  to hadrons of type h .  

( I ) 

We are interested here in the D function and due to the fact that in neutrino 
the flavour of the scat tered quark is known , thi s function reveals itself most 
clearly.  

We compare our results with one of the different models for the hadroni� jet , 
the "standard j et model" by Feynman , Field and Fox2) . This model is mainly a 
parametrization of electro- and neutrino-data at lower energi e s ,  and gives 
detailed predictions . 

I - The quark fragmentation function 

Following Feynman and Field we define the fragmentation function by 

( 2) 

wi th NE : number of events 

This function is a multiplici ty . We first eliminate target fragments in 
the hadronic j et by a cut Z > 0 . 2 .  Then we define a kinemati cal region W > 4 GeV 
in order to eliminate the coherent quark scat tering and Q2 > 2 GeV2 where the 
average mul tiplicity shows no variation. In thi s region the integrated function 

1 . 0  
f Dh , (Z) dZ 
0 . 2  q 

shows no variation with the variable X (fig. I ) .  

The quark fragmentation function Dh(Z) for v and v are given in fig . 2  as a q 
function of Z ,  with the prediction of Feynman and F ield (dashed l ine) and points 
from ep J) and e+e- 4) scattering . The agreement i s  exce llent , indicating the 
universality of the D-function, for Z < 0 . 6 . Above this value the comparison is  
meaningless due to  the global correction applied on  hadronic energy . 
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Looking in more detai ls by separating positive and negative particle , we 

found a definite enhancement of posi tive over the negative in neutrino data, as 

predicted by the quark-parton model (fig. 3a) and in antineutrino the effect is 

less conclusive , but consistent ( f i g . 3b) wi th a s light enhancement o f  negative 

over positive particles . 

Feynman and Fi eld use also the function 

Drr-
u 

7 w(Z) ( 3) 

u 

As we are not able to separate charged pion and kaons , nei ther proton of 

high momentum ( >  800 MeV) , we note that i sospin and charge symmetry imp ly 

+ Drr (Z) u (4) 

and , assuming a similar behaviour for kaons and pions , we approximate 

w(Z) (5) 

So we can compute thi s function undistorted by target fragments and obtain 

a good agreement with Feynman and Field at low Z (fig . 4) . The ratio w' computed 

from neutrino data alone shows the effect of target fragments . A parametrisation 

by Sehgal5) gives also a good agreemen t .  

II - Comparison with a s tandard jet  model 

From definite assumptions on relative coupling strengths and re lative amount - . 

of different produced mesons , Feynman and Field have predi ctions for the hadronic 

j e t .  

First we show the distribution i n  ZR of the fastest and second fas test par-

ticles (fig. 5) . The" variable ZR 
E is natural for this ·study and , as 

Echarged 
had 

Feynman and Field refer to a 10 GeV fragmenting quark, we restrict our plot to 

the interval 5 < Ehad < 40 GeV. Wi thout other cut , the agreement with the model 

is good , as well as the distribution of the sum of ZR of the two fas test (fig . 6) . 

Reflexions of the different f l avours of the fragmenting quarks are s tudied 

in the ZR dis tributions of the fastest posi tive and negative particle (fig . 7) . 

The leading charge effect is well pronounced and nicely reproduced by Feynman 

et a l .  
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Table I gives the mean value of ZR for the fastest tracks with the prediction 
of the model .  In Table 2 we have the mean charge of the hadronic j et compared to 
the prediction. We see clearly an excess of positive charge for neutrino and anti­
neutrinos data, probably caused by positive target fragments not yet removed by 
the cut Z > 0 . 1 made in Feynman model .  Higher cut in Z or higher energy reduces 
this excess of positive charge and can be used for later comparison with the 
predictions corresponding to lower cut . 
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Table I 

Mean values of ZR for hadrons fragmenting from u- , d-quarks 
(Prediction of F . &F .  for Pq = J O  GeV/c ,  
Experimental results for 5 < Ehad < 40 GeV) 

-
\) \) 

u-quark d-quark 
F .&F .  exp . F .&F .  exp . 

fastest charged part .  0 . 54 0 . 53+0 . 0 I  0 . 53 0 . 53+0 .02 - -

2nd fastest charged 0 . 2 1  0 . 22+0 . 0 J  0 . 22 0 . 23+0 . 0 I  - -

fastest two charged 0 . 75 0 . 74+0 .0 I  0 . 75 0 . 75+0 .0 l  - -

fastest positive part.  0 . 45 0 . 47+0 . 0 J  0 . 3 1  0 . 33+0 . 02 - -

2nd fastest positive 0 . 1 2  0 . 1 5+0 .0 I  0 . 08 o. 1 0+0 . 0 l  - -

fastest two positive 0 . 57 0 . 62+0 .0 l  0 . 39 0 . 42+0 . 02 - -

fastest negative part.  0 . 27 0 . 22+0 .0 l  0 . 4 1  0 . 39+0 . 02 - -

2nd fastest negative 0 .07 0 . 05+0 . 0 l  0 . 1 1  0 . 1 0+0 .0 I  - -

fastest two negative 0 . 34 0 . 27+0 . 0 J  0 . 52 0 . 49+0 . 02 -

Table 2 

Mean charge of the hadronic jets in the fragmentation region 
(Z > 0 . 1 except for last line) . 
The 'prediction of F . &F .  is for p IO GeV/c . q 

u d s 
F . &F .  0 . 39 -0 . 22 -0 . 28 

5 < Ehad < 40 GeV 0 . 67+0 . 04 -0 . 07+0 . 08 - -

40 < Ehad < 1 00 GeV 0 . 4 1+0 . 06 -

5 < Ehad < 40 GeV 0 . 43+0 .03 -0. 1 5+0 . 07 
z )  0. 1 5  - -



Finally we show a study of the Z distribution of the mean transverse momentum 
of the charged hadrons . Fig . 8  shows a strong increase of <pT> for Z < 0 . 2 ,  whereas 
for Z > 0 . 2  the distributions flatten out . The plateau for the different charges 
agrees within the errors and reaches a mean transverse momentum of 600 MeV/c . The 
Feynman and Field description, based on limited transverse momentum (<pT> = 323 
MeV/c) is consistent for the antineutrinos data but fails to describe the neutrino 
data. Averaged over Z ,  the mean value of pT agrees with the model , but the explicit 
Z dependence clearly disagrees . We investigate this behaviour in slice of Q2 and 
W for the combined positive and negative tracks and see that disagreement occurs 
for high Q2 and W (figs . 9 and J O) . This strong Q2 and W dependence cannot be re­
produced by Monte Carlo or explained by kinematical effects . 

III - Conclusion 

Our results show that the longitudinal dependence of the hadronic j et agrees 
with simple models using longitudinal phase space . The Feynman and Field para­
metrization of. the quarks fragmentation is consistent with the data . We observe 
a rise of <PT> with Q2 which cannot be explained by kinematics or conventionnal 
quark fragmentation model . 
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MUON NEUTRINO - ELECTRON 
ELASTIC SCATTERING 

G. Carnesecchi 
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Abstract : A search for the reaction Vµ + e + Vµ + e was performed in the 
bubble chamber Gargamelle, exposed to the wide-band neutrino beam of the 
CERN-SPS .  Ten isolated e- were found above 2 GeV energy with a background 
of 0 . 2  ± 0 . 2  events .  Results on the cross-section are given in terms of 
vector and axial-vector coupling constants and a comparison is made with 
the standard SU(2) l!I U (1) model . 

Resume : La recherche de la reaction Vµ + e- + Vµ + e- a ete effectuee dans 
la chambre a bulles Gargamelle exposee au faisceau neutrino a bande large 
du CERN-SPS . Dix e- isoles ont ete trouves avec une energie superieure a 
2 GeV et un bruit de fond de 0 . 2  ± 0 . 2  evenements .  Les resultats sur la 
section efficace sont donnes en fonction des constantes de couplage vecteur 
et vecteur-axial et une comparaison est faite avec le model standard 
SU(2) 1!1 U (1) . 
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The purely leptonic reactions 

\!µ + e ( 1) 
and 

(2)  

are of great importance for the study of weak interaction processes 
induced by neutral currents since only the leptonic current is involved . 

However , only limited results  1 • 2 • 3) have been obtained so far , due 

to the exceedingly low cross-section and to difficult background problems . 
Reaction ( 1 )  has been searched for in the heavy liquid bubble chamber 
Gargamelle exposed to the wide-band neutrino beam of the CERN-SPS which 
peaks at 25 GeV and extends up to 200 GeV (fig . 1 ) . The chamber was filled 
with a mixture of propane (90 . 5% in moles) and Freon CF3Br ( 9 . 5%) , yielding 

a radiation length X0 = 61 . 5  cm. This value ensures an excellent efficiency 
for the signature of electrons , either by spiralization or by electromagnetic 
shower development ,  although large enough to allow a clear separation between 
y-rays and electrons . 

The experimental set-up was completed by two MWPC placed respectively 
upstream and downstream against the chamber body (fig. 2) , for detecting 
particles entering or leaving the chamber and by two planes of MWPC inter­
persed with an iron shielding for the identification of muons above 2 . 5  GeV . 

A sample of 128 ,000 pictures , taken during the end of 1977 , was scanned 
for spiralizing tracks or electromagnetic showers ,  with no visible source 
in the chamber . The events were retained only if they occured in a fiducial 
volume of 5 .09 m3 inside a visible volume of 7 . 2  m3 and if they satisfied 
the conditions E > 2 GeV and 8 (bearu-e) < 3° 

· 
No good event is cut by the 

last condition which takes into account the kinematical constraint for 

reaction ( 1 )  82 (b ) < 2m
E
e and the angular resolution for electrons . eam-e e 

The probability for an electron to be signed by electromagnetic processes 

is then > 98% at 90% CL . A sub-sample of 36% of the films was scanned 
twice giving a scanning efficiency of 85% per scan, within the cut s ,  or 
(90 ± 6)% on average in the total sample. 

The events were classified as "isolated e-" candidates if j ust a single 
track was at the interaction vertex. No bremsstrahlung e+e- pair above 
30 MeV energy was allowed on the first 7 centimetres of the track and no e+ 

above 2 . 5  MeV on the first centimetre of the track. Events which did not 

352 
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satisfy these two criteria were classified as "isolated y-rays " .  

The probability t o  misclassify a s  a y-ray a genuine electron b y  the selection 

criteria was estimated by a Monte-Carlo method and found to be equal to 

(8 + 3 .  7 Log Ee (GeV) ) %  • 

Ten e- and 13 y-rays fulfilling these conditions were found (fig. 3) . 

The separation between events with 1 or 2 electrons at the vertex was 

checked by counting the bubble density near the vertex relatively to that of 

the electrons at minimum ionization in the same shower. A ratio between· 

08 and 1 . 2  was found for each of the 10 e- candidates , while the same ratio 

was found to be greater than 1 . 5 for ident�fied y-rays . 

that our 10 e- candidates are true s ingle electrons . 

We can conclude 

Three background processes could give rise to isolated single electrons : 

i) high energy y-rays , by asymmetric e+e- pair creation, Compton effect 

or annihilation of the e+ close to the vertex of the e+e- created pair; 

ii)  isolated µ- ' s  or rr- • s  which by emission of a-rays can develop an 

electromagnetic shower and simulate an electron; 

iii)  charged current interaction of Ve (or Ue) with nuclei in which hadrons 

escape detection. 

The photon background was estimated experimentally using a sample of 

183 e+e- pairs or e± in the 2 to 20 GeV energy range,  associated with inter-

actions of neutrinos in the chamber . Indeed , no signle e- or e+ was found 

is this sample, thus giving a limit on this background process of 1 . 2% at 

90% CL , in excel lent agreement with theoretical calculations . From the 

sample of isolated y-rays , this background is thus found smaller than 0 . 1 3 

events .  

To estimate the background ii) , it was checked that none of the l�' e-

candidates were associated with hits in the EMI . Since the EMI efficiency 

was already determined to be almost 100% for muons produced in the beam 

direction, it is concluded that the background from muons is negligible. 

Al l the negative leaving particles without any shower were found to hit the 

EMI , meaning that no leaving isolated rr ' s  along the beam direction were 

obser, ed . S ince the probability for a rr to give an electromagnetic shower 

was est imated to be < 2% , also the background from rr- is negligible.  
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The charged current reaction Ve + n + e- + p could fake a 
vµ + e- + vµ + e- reaction if no protons are seen. The probability that 
all protons escape detection has been computed from the s imilar reaction 

The ratio 

µ- (9µ < JO) + unseen proton 

µ- + p 
has been estimated in two ways . First,  the q2 distribution of µ-p events 
was compared to the prediction of a Monte Carlo using M! = 0 . 9  GeV2/c4 for 
the axial mass MA in the form factor and taking into account the nuclear 
re-interactions . From the loss of events at low q2 , attributed to event 
classified as isolated µ- , we compute Rµ (6 ± 3)% .  Secondly, Rµ was 

computed from the observed µ events . . At energies above 11 GeV , some of 
the isolated µ- ' s  are producted through the reaction Vµ + e- + µ- + Ve· 
This contribution has been estimated 6 ± 3 events , using the theoretical 
cross-section, and it has been subtracted from the observed 15 µ- events .  
We estimate with this method that Rµ = ( S  ± 3)% in agreement with the 
previous determination . From the 3 e p events observed in our films 

this background therefore amounts to 0 . 2  ± 0 . 2  events .  Other background 
sources such as n + e + n + e have been found completely negligible. 

Another source of isolated e- is the reaction Ve + e- + Ve + e- , which 
is allowed by charged and neutral current processes . Nevertheless , these 
events cannot be experimentally separated from the vµe- events and further­

more the Vee contribution depends not only on the experimental .cuts ,  but 
also on the vector and axial-vector constants which are related to those 
of Vµe reactions . So it was chosen not to .subtract a possible Vee contribu-
tion to our signal, but to compare the signal to the sum of predicted 
Vµ and Ve cross sections weight�d by the corresponding fluxes. 

To summarize, the signal of isolated e- consists of 10  events ;  with 
a total background of 0 . 2  ± 0 . 2  events .  

In order to obtain the cross-section, the neutrino flux has been 
computed by a Monte-Carlo method . The production spectra of the IT and K 

parents of the V ' s  were taken from the thermodynamical model 4> , taking also 
into account experimental points obtained by hadronic experiments at Fermi­
lab S) 
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From this flux ,  and using for the total cross-section the value 

otot (vµ + N � µ- + x) .= 0. 7 lo-38 Ev cm2/nucleon 

as measured in other high energy experiments 6) . The total number of 
expected inclusive charged current vµ

� events is 23 600 in the fiducial 
volume . This number was checked counting in a sample of pictures the 
number of interactions in the f iducial volume with a µ- signed in the EMI . 
After normalization to the total number of pictures we find 24 500 ± 3 000 
in excellent agreement with the previous estimate . The calculated flux is 
also in very good agreement with the observed µ-p events .  The error o n  the 
flux is estimated to be 10% . The calculated Ve flux is about 2% of the 
Vµ flux, confirmed by the observ:d rate of Ve events .  

Assuming that the weak current i s  made only of V and A terms , the 
cross-section is written as : 

h ve 1 + Vµ th t t 1 f th reacti' on b · d t w ere gV ,A  gV,A' e cons an or e vee eing ue o 
the ·charged current contribution. Thus , the number of expected events is 

N 
(gv• gA) 

a IIEe > 2 1 <Pvµ 
d��� + <Pve ��:e f f3(Ee) dEe dEv 

where f3 (Ee) is the electron detection function product of the different 
efficiencies defined above : 

f3 (Ee) = 0 . 90 ( scanning) x (0 . 92 - 0 . 037 Log Ee) (misclas) x 0 . 99 (ident . )  

Fig. 4 shows the limits at 90% CL of the domain in the gV' gA plane allowed 

by the signal of 10 events ,  using the Poisson distribution. 

Depending on the gvfgA ratio , the value of the slope 

s 
0 tot 

is always found in the range 
( 0 . 73 �� : ;�) lo-

41 cm2 /GeV � +0 . 3 7  -41 2 S � (0 . 82 _0• 28) 10 cm /GeV. 

It must be remarked that the signal is higher than what was foreseen 

from the results on the same reaction at PS energies 2 • 3) 
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In the framework of the standard SU(2) � U ( 1 )  model ,  at 90% CL 
sin28w is found to be greater than 0 . 74 .  

With the currently accepted value sin28w 0. 25 ,  1 . 7  ± 0 . 2  events 

are expected whereas 10 are observed . 
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ABSTRACT 
The report is oh v interactions in the FNAL 15 foot bubble chamber 

filled with heavy neon. Inclusive production of rr+, rr- , KO and A0 is 
shown. Limits are given on the production and hadronic decay of Ac . The 
rate of D0 production and decay to KOrr+rr- is reported . Events containing 
a µ- and e+ are observed and interpreted as leptonic decay of charm. 
Events with single e+ or e- are reported and found to be consistent with 
ve and Ve interactions.  

Le rapport traite des interactions v dans la chambre a bulle FNAL de 
15 pieds remplie de neon lourd . On y montre la production inclusive de 
rr+, rr- , KO et de A0 • Des limites sont attribuees a la production et a la 
desintegration hadronique de Ac . Le taux de production de D0 et de des­
integration en K0rr+rr- y est rapporte. On observe les e'venements comport­
ant un seul e+ ou un e- et on trouve qu ' ils sont coh�rents avec les inter­
actions Ve et Ve • 
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1. INTRODUCTION 
The following report is on our experiment done at FNAL in the 15 foot 

bubble chamber filled with 64% (atomic) neon and 36% (atomic) hydrogen . 
The chamber was run in the FNAL two horn "wide band" neutrino beam whose 
energy distribution is shown in Figure 1. With this combination a charged 
current rate of about one event per two pictures was obtained , much higher 
than that obtainable with the quadruple triplet beam (again see Figure 1) . 
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Figure 1 .  Energy distribution o f  flux times cros s  section, assuming 
cross  section proportional to energy . 



In addition, the use of neon provided good gamma and electron identif ica­
tion (the chamber is 3 . 6  meters diameter and the radiation length is 40 cm) 
and moderate hadron identification (the interaction length is 1 . 25 meter) . 

The following results were obtained from the analysis of 96 ,000 pic­
tures containing 46 , 400 charged current events .  All events containing a 
K0 , a A0 or an electron were measured (approximately 3 , 000 events) . In 
addition a smaller sample of charged current events was measured without 
the above requirements .  This report will cover data on inclusive produc­
tion of n ' s ,  K' s and A ' s  and the search for hadronic decays of charmed 
particles . Events containing an e+ or e will be analyzed in terms of con­
tributions from charm decay, ve and ve interactions and possible contri­
butions from heavy leptons . 
2 .  NON CHARMED HADRON PRODUCTION 

For charged current events , Figure 2 shows the corrected K0 + R0 and 
A + E0 product.ion as a function of Wvis (the visible center of mass energy 
of all hadrons) . The mean value of Wvis for this experiment was 3 . 3  GeV 
and the mean fractions of events with K0 ' s  and A ' s/ E ' s  were 13 . 6  ± 1 . 5  
and 5 ± . 5% ,  respectively. 

Figure 3, again for charged current events, shows the multiplicities 
of n+, n- , K0 and A/E0 as a function of Z, where Z is the corrected 
fraction of hadronic momentum carried by the particle in question. The 
correction is given by the formula: 

z 
P .  l 

Eother x 1 • 4 + pi 
(1) 

where Pi is the momentum of the particle in question and Eother ' the total 
hadronic energy excluding Pi . This correction is not exact and will some­
what distort the resulting distributions shown in Figure 3 .  Nevertheless , 
one may note the general feature that as Z + 1 the production of n- , K0 ' s  
and A ' s  are all similar and all a factor of about 10 below that for n+' s .  
This may reflect the fact that the n+(ud) can b e  formed with one ocean 
quark, the other coming from the fast valence quark leaving the initial 
interaction (v + d + µ + u) . For the n- , K0 and A two quarks have to 
come from ocean in each case. It should be noted, however , that these 
characteristics may arise simply from mass and charge conservation con­
siderations and do not of themselves prove anyt_hing about leaving quarks . 
3 .  HADRONIC DECAYS OF CHARM 

A search was made for hadronic decays of the D and Ac charmed hadrons. 
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The modes studied were 

l (2250) c 

l c 

D+ 

Do 

A + + - (2) .... 11 11 11 

..,. A + (3) 11 

+ K011+ (4) 

0 + -+ K 11 11 (5) 

Plots of the observed effective mass distributions are shown in Figures 
4 through 7 .  No signal is observed in reactions (2) and (4) . A small 
signal is apparent in channel (3) but is not observed if a cut is made 

* 
of helicity angle (Cos6H > -0. 6) . This cut was chosen to remove the 
large background from events with a slow A and fast pion, and should have 
enhanced the signal to background ratio. The fact that this does not 
occur suggests that the observed enhancement is a fluctuation. From 
these results we obtain the following 90% confidence level limits for 
branching ratios times fraction of charged current production: 

A ..,. A + + - < . 2% (6) 11 11 11 c 

A ..,. A + . 1% 11 < c 

D+ + K011+ < . 2% 

In reaction (5) D+ + K011+11- (Figures 7a and 7b) a clear signal is 
observed at the expected mass value . A fit using a gaussian on a poly­
nomial background gave a signal of 64 ± 15 events, a mass of 1850 ± 15 
MeV . The width was 23 MeV which is consistent with our resolution. This 
signal corresponds to a branching ratio times fraction of charged current 
events of 0 . 7  ± . 2% .  

Comparing this with the limit on D+ producti�n and using the SLAC 
branching ratios of 4 ± 1 . 3% for D0 + K011+11 and 1 . 5  ± . 6% for K011+ we 
obtain the ratio 

o (D+ production) 
o (D0 production) 

. 5  ± .4 < . 76 (90% CL) (7 )  

Using this sample of n° ' s  we have looked for evidence of n"' • s  by 
plotting D011+ and D011+11- masses . No evidence of n"' • s  were seen but an 
enhancement in the n°11+11- mass spectrum at 4 . 9  GeV is present (see Figure 
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8) . This might be considered evidence for a meson containing a quark of 
the type present in the T (9 . 5) . llowever, if the enhancement were of this 
origin then its branching ratio times fraction of charged current events 
is 2 . 5% .  A branching ratio greater than 10% seems unlikely thus implying 
that the production of the state occurs in 25% of all charged current 
events : a very unlikely situation. We conclude that the effect is 
probably a statistical fluctuation. 
4 . LEPTONIC DECAY OF CHARM 

Charm is expected to be produced only in charged current events and 
the 6C = 6Q rule requires that with neutrinos only positive charm can be 
made and the leptonic decay will then give a positive lepton (e+ or µ+) 
and a neutrino . Thus production and leptonic decay of charm will appear 
as events with a µ and µ+, or µ and e+. The µ identification in the 
chamber is not sufficient to identify the former but the latter can be 
identified with high efficiency ( 85% ) and low background (2_ 14%) .  164 
events with µ- and e+ were found . When corrections are made for scanning 
efficiency and identification we obtain a ratio of µ-e+ events to all 

\) Le charged current events of 0 . 5  ± . 15%.  The y (Ev
) and x <2Mv) distribu-

tions for these events are shown in Figures 9 and 10. 0The y distributions 
can be seen to be consistent with a normal V-A interaction and inconsis­
tent with V + A. The x distribution may be compared with that expected 
(continuous line) for production from a valence quark: 

v + d _,. µ- + c  (8) 

The agreement is reasonable, but one does note a slight enhancement at 
low x which when fitted (broken line) indicates a 25 ± 25% contribution 
from the strange quarks in the sea reaction : 

\) s .... µ c (9) 

We now consider the strange particle content. 33 of the 164 eyents 
also contain a v0 i . e .  20 ± 4% .  This may be compared to the ,fraction of 
other charged current events with a v0 which is 6% . The excess is ex­
plained if the events come from charm decay by the expected dominance 
of charm decay to strangeness .  If reaction 8 dominates then the expected 
excess (after correction for decay modes , efficiencies , and assuming 
equal charged and neutral strange particles would to 15% . At higher 
energies reaction 9 should eventually become dominant , two strange 
particles would be made p/'r event and the visible excess would be 
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about 30% . In Figure 11 and Table I the fraction of v0 • s  observed by 

different experiments are plotted against an estimate of the mean neutrino 
energy in each case. The lowest dotted line indicates the expected con­
tribution from associated strange particle production (unrelated to the 
charm) ; the second dotted l ine includes the contribution from reaction l ;  
and the dashed line i s  an arbitrary guess a s  to how the ratio might vary 
if production becomes dominated by reaction 2 above 60 GeV neutrino 
energy. This line is not the result of a calculation but shows that a 
higher ratio in the BEBC narrow band beam experiment (point 6) is con­
sistent with what should be expected . 

TABLE I 
Fraction of v0 • s  Found in Dilepton Events from Different Experiments 

Average t Total Total 
II Experiment Beam E Dileptons v0 • s  v 

1 Gargamelle , - + Freon/propane WB Ps 3 14 µ e 3 
2 CERN BEBC , - + Heavy Neon WB SPS 20 21 µ e 6 
3 NAL 15 ' ,  - + Light Neon WB NAL 25 17 µ e 11 
4 NAL 15 ' ,  

Heavy Neon - + (E 172) WB NAL 25 6 µ e 1 
5 NAL 15 ' ,  - + Heavy Neon QT NAL 40 9 µ µ 1 
6 CERN BEBC , NB SPS 75 7 - + : f µ µ 

Heavy Neon - + 5 µ e 
THIS 

- + EXPERIMENT WB NAL 25 164 µ e 33 

Abbreviations : WB Wide band horn focus 
QT Wide band quadruple triplet 
NB Narrow band 

NAL FNAL (Fermilab) 
* Errors given are statistical only. 

t These values are approximate only. 

* 
Fraction 
With v0 • s  

. 21 ± . 11 

. 29 ± . 10 

. 65 ± . 12 

. 13 ± . 12 

. 11 ± . 10 

. 5  ± . 14 

. 2  ± . 03 

Of the 33 events with strange particles 23 ± 3 are K0 ' s  and 10 ± 3 
and A ' s  or E0 ' s .  The errors arise because of ambiguities . The expected 
numbers from associated production are 5 and 4 ,  respectively from which 
we obtain a ratio of charm decay to K0 over that to A/E0 of 6 ± 4 . 7 .  The 

374 



.... ....J Ul 

3 
0. 6 

l . GARGAMEL LE 
2. CERN BC W. B. 
3.  NAL BC L IGH T, 
4. NAL E l72 
5. N�L 460 µ. + µ. -
6 . C E R N  BC N B  
@ THIS E X P. 

6 -

0 -1::1 > c::t 

----

- - }ocEAN 
-
a:: 

0.4 ,,..,.... 
/ 

2 
/ 

/ 
/ 

•• • •• • • •• ••• •• • 
.. ... . .... 

.
..

........... .  }VALENCE 

0. 2 
. .... . .... . -fr

. 

• • • • • 
5 

.
.. . . ..... . . 

•• •• • • •• ••• 

� . . . . . . }Assoc. 
P ROD. 

• • • • • • • • • • • • 

20 40 60 
Figure 11.  For events with two final charged leptons , the fractions 

(R) that have a visible v0 is plotted against the mean 
neutrino energies for seven experiments .  

80 
< E " > 



errors are large but suggest relatively small charmed baryon production 
relative to meson production, a result also suggested by the limits on 
hadronic decays (equations 6 ) . 

Assuming that the events with a K0 do come from D decay, we can plot 
the effective mass of the K0e+ system and compare the distribution with 
that expected for different decay modes . For this purpose only unambig­
uous K0 ' s  are used (Figure 12b) . If the decay were 

(10) 

then the distribution should be as shown by the dashed line" (the curve 
is 3 body phase space but calculations including guessed form factors 
give very similar curves) . Alternatively if the decay were 

(11) 

or 
(12) 

the distribution should be as given by the continuous line (four body 
phase space) . The distribution strongly favors this latter hypothesis . 
One explanation would be that there are far more D0 1 s  than D+' s  as 
suggested by the hadronic decays (equation 7) . If this were the case 
then decay (12) is dominant and one should be able to find the rr- by 
requiring the rr-Koe+ mass to be less than the D mass .  Of  the 16 events 
with unambiguous K0 ' s ,  12 have only one candidate rr- and 4 have two such · 
candidates. The rr-Ko mass for these events is plotted in Figure 12a . 
the distribution observed is consistent with the phase space curve in­
dicated. There is little evidence for the rr-K0 ' s  being from the K* (890) . 

Finally we can compare the hadronic and leptonic decays branching 
ratios . We obtain 

D0 + K0rr+rr­

o0 
_,. ve+ etc 

> 1 . 4 ± . 7 

where the limit is reached when there is no D+ production. The above 
limit may be compared with the SLAC observed ratio 
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D0 + K0rr+rr- (4 ± 1 . 3%) 
;D+/o ( + ev • • • 7 .  2 ± 2 .  8) 

0 . 56 ± 0 . 28 

(13) 

(14) 
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The apparent discrepancy between equations (13) and (14)  could be 
explained if the semileptonic decay rate of the o0 were much less than 
that for the D+. One notes however that the errors are large. 
5 .  ELECTRON NEUTRINO EVENTS 

Events were selected with an e+ or e but no µ candidate. 28 such 
events were seen with an e+ and 187 with an e- . Such events can come 
from ve and ve respectively but could also come from the decay of heavy 
muon type leptons . In order to set a limit on this latter hypothesis 
the expected numbers of ve and ve events were calculated and thus any 
excess calculated. We obtained : 

excess e 187 ± 1 4  (observed) -215 ± 60 (calculated) -28 ± 60 

+ 28 ± 6 (observed) -23 ± 8 (calculated) = 5 ± 1 0  excess e 

Clearly there is no significant excess .  An independent test as to 
whether these events are indeed due to ve and ve is provided by the 
distributions of the events in Yviz ' where Yviz 

= (Eviz -Ee) /Eviz · 

( 15) 

These distributions are given in Figures 13 and 1 4  where the continuous 
lines indicate the expectation for ve and ve interactions and the broken 
lines indicate that expected if the e ' s  were coming from the decay of a 
T meson (eg . , T + e-vevT ) ,  where the T is assumed to have the same 
distribution as a µ in a normal charged current event . The events 
appear to be due to ve and ve with no evidence of heavy leptons.  

Quantitatively, these results give the following limits : 

No . of e± from heavy leptons 
all charged current events 

+ 
Mass of heavy lepton L- (if gLv µ 

3 1 0-3 for e 

1 1 0-3 for e+ 

> 7 . 5  GeV for L-

{ > 9 GeV for L+ 

{ < • 025 for T 

< . 0 1  for T+ 

The last result may be considered as a limit on a possible mixing 
angle eM between the vT and vµ , in which case the limits apply to 
tan2eM. 
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6. OTHER EXOTIC STATES 
Finally we can report two non observations : We have seen no tri­

lepton events of the type µ-e+e- . From this we obtain: 

Total charged current rate (19) 

where < Ev > �20 GeV and Me+e- > 500 MeV . Such events would be made 
if there were neutral current charmed particle production. Thus we can 
obtain the limit:  

Neutral current charmed particle production < 2% 
Charged current charmed particle production 

The second non observation concerns long lived neutral particles 

(20) 

of the type reported by the Serpukov bubble chamber group . 1) We have 
searched for neutral particles decaying in an e and µ with flight path 
greater than 5 nnn . We have found no such event in 40 , 000 charged current 
events.  Our scanning efficiency for such an event is greater than 50% . 

This research was supported by the U . S .  Department of Energy 
under Broo�haven National Laboratory Contract No . EY 76-C-02-0016 .  
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NEUTRINOS AND COSMOLOGY 

Gary Steigman 
Astronomy Department , Yale University 

New Haven , Connecti cut 06520 

ABSTRACT 

In the early Universe weakly interacting particles were in thermodynamic 
equilibrium and neutrino-antineutrino pairs were copiously produced . These 
pairs subsequently annihilate in the course of the expansion but , some relic 
neutrinos survive to play a role in the evolution of the Universe . The 
confrontation of weak interaction theory and cosmology with astronomical 
data can lead to constraints of value to both disciplines . 

The basic processes underlying the production and survival of relic 
neutrinos are outlined in this lecture ; some specific cosmological conse­
quences of such neutrinos are also discussed . It is shown that massive , 
stable neutrinos (neutral leptons) cannot have masses in the range 100 eV 
- 2 GeV . It is also shown , in some detail , how considerations of primordial 
nucleosynthesis and observations of the abundance of 4He can constrain the 
number of neutrino flavors (including the e- and µ- neutrinos , Nv � 7) . 
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INTRODUCTION 
Recent developments in weak interaction physics have not escaped the 

attention of those whose research interests are in astrophysics and cosmol­
ogy . To ignore these developments would be perilous since it is necessary 
to use as input in astrophysical calculations , the best available basic 
physics , The relation, however ,  between particle physics and astrophysics 
is not entirely unidirectional . Astrophysicists are not merely consumers 
of new developments in particle physics . There is , rather , a symbiotic 
relation in the sense that astronomical observations can provide a check on 
astrophysical predictions based , in part , on the latest innovations in 
particle physics . The distinction between particle physics and other 
branches of science is , to some extent artificial and , the Universe may , 
on occasion, provide an alternative to the accelerator as a laboratory in 
which to test new theories .  

Neutrino astrophysics provides a specific example o f  the symbiotic 
relationship between particle physics and astrophysics . The role of 
neutrinos in cosmology has received much recent attention and is the subj ect 
to be reviewed in this lecture . Cosmological neutrinos have been dealt 
with in many recent papersl)-lZ) ; here , the more limited goal is adopted 
of exposing and clarifying some of the details of this rapidly developing 
subject . Only a few specific results will be discussed ; the interested 
reader is encouraged to consult the references for further details and 
references . 

RELIC NEUTRINOS 
If neutrinos play an important role in the physics of the early 

Universe then, the study of cosmology may provide information of value 
to the study of weak interaction physics . There is at present , however ,  
no direct evidence for a universal background of  primordial neutrinos . 
This is due, entirely, to the extraordinary difficulty associated with 
detecting neutrinos , especially low energy neutrinos.  The neutrino 
counterparts to the relic photons of the well observed microwave background 
radiation, will elude detection in the forseeable future . Nevertheless,  
the glimpse of the early, hot ,  dense stages provided by the relic photons , 
strongly suggest that such neutrinos are present ; if the right places are 
searched carefully enough, traces of their "footprints" may be found . 

The bridge connecting particle physics and cosmology is provided by 
statistical mechanics , The crucial point is that,  in thermodynamic equili-
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brium, the physical state of a gas of elementary particles is described by 
macroscopic quantities (density, pressure, etc . )  which are independent of 
the details of the specific interactions among those particles . As long 
as the interactions are capable of establishing and maintaining equilibrium, 
their detailed nature is irrelevant . This is a great simplification and it 
permits the analysis to be sufficiently general that the role of neutrinos 
in cosmology may be established with some confidence , 

The approach, then, is to consider the early evolution of the Universe 
and to show that weakly interacting particles were once in thermodynamic 
equilibrium. Statistical mechanics provides us with the means of calcul­
ating the density of such particles during such equilibrium stages , The 
expansion of the Universe and the evolution of neutrino densities is 
followed until the weak interaction is too slow to maintain equilibrium; 
neutrino survival then depends on the competition between the expansion 
rate (t-l � the inverse of the age of the Universe) and the weak interaction 
rate (/\ � ncrv) . The observable effects , the "footprints" ,  depend on the 
abundance of surviving relic neutrinos (e .g . : on the ratio of relic neutrinos 
to relic photons) . 

EARLY EVOLUTION 
A useful analog of the early expansion of the Universe is the free fall 

collapse of a homogeneous gas of noninteracting (except via gravity) particles . 
A gas in free fall with uniform density p at t = O, will collapse to a 
singularity (p � 00) at t = t (p )  where t (p )  � p-l/Z Similarly , the age of 
the Universe (the time from the singularity) and the density are related 
by pt2 = constant .  The basis of this simple result will now be reviewed in 
some detail . 

On sufficiently large scales , the Universe is remarkably homogeneous 
and is expanding isotropically . These observational facts have led to the 
general adoption of the "Cosmological Principle" :  To a good approximation 
the Universe is and always was homogeneous and isotropic . It follows from 
the Cosmological Principle that the Universe is described by a unique 
metric , the Robertson-Walker metric (see , for example , the discussion in 
w'einberg13) ) .  Through the metric , the expansion of the Universe is 
described by one function of time , the scale factor a (t) . The distance 
between particles (e . g . : atoms , galaxies , etc , )  which are participating 
in the general expansion , changes in proportion to the scale factor (i . e . : 
R (t) � a(t) ) .  The (observable) Hubble parameter is related to the (unob­
servable) scale factor through 
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H (t )  = !. (da) a dt ' (1) 

The present value of the Hubble parameter (often called the Hubble "constant") 
is uncertain . To reflect this uncertainty it is convenient to write : H=l00h0 
(Icms-\rpc�1) with, 1/2 � h � 1 (note that 1 Mpc � 3 x 1D24cm; it is 0 
conventional to indicate quantities measured at present by the subscript zero) . 

The Einstein equations (General Relativity) determine the time variation 
of the scale factor . Sub�tituting the Robertson-Walker metric into the 
Einstein equations yields two differential equations which may be cast in 
the following suggestive forms 

!. 
(da/ = GM + constant ; 2 dt a 

d (pc2V) + pdV = 0 

M 

In terms of the Hubble parameter , (2) may be rewritten as 

H2 = Brr Gp + constant 3 a2 

(2) 

(3) 

(2 ' )  

From (2 ' )  it follows that there is a critical density pc 3H2 (8rrG)-l such 
that for p = pc ' the constant term is zero ; for p � pc the Universe will 
expand forever , for p > pc the expansion will ultimately cease to be followed 
by recollapse. 

It is convenient to recast equation (3) as 

d (lnp ) + 3 (1  + P ) d (lna) = 0 
pC2 

(3 ' )  

Notice that there are three functions o f  time (a, p ,p) and two equations ; 
an equation of state p = p (p )  is needed to close the system. Two simple 
equations of state will suffice . 

For a noninteracting gas of nonrelativistic particles 

p = nkT ; p= mn £. 
pc2 

kT = �  < <  1.  (4) 

It follows from (3 ' )  and (4) that : PNR "' a -3 

For a noninteracting gas of relativistic particles 

p = 1 pc2 
3 P "' T4 , (5) 
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It follows from (3 ' )  and (5 ) that PR � a-4 and T � a-1 , 
Returning to (2 ' )  and (3 ' ) ,  for early times and high densities 

1/2 p � H = .!_ (da) � .!. (dp ) , (6) a dt p dt 

As advertised then, in the early Universe pt2= constant.  Furthermore , 
although the Universe is a mixture of nonrelativistic particles (e . g . : 
nucleons , galaxies , etc . )  and relativistic particles (e . g . : photons , 
neutrinos,  etc . ) , the early Universe is "Radiation Dominated" , Sufficiently 

3 -4 early on (a + 0) , PNR << pR(since PNR � a- and PR � a ) so that p % PR• 
Then, since t � p-1/2 and p � r4 , 

t (T) = A T2 A %  1 sec Mev2 . (7) 

Turning from the expansion rate to the weak interaction rate , consider 
as a prototype the following neutral-current weak interaction : e- + e+ ! 
v + v .  In the early Universe ,  for kT > m c2 , e± pairs are copiously produced 

14) � e 3 and are as connnon as photons : ne � ny � T , Neglecting any energy 
dependence in the cross section (the conclusions are strengthened if 
a �  E2 � r2 ) ,  the reaction rate is 

(8) 

Comparing the reaction rate with the expansion rate 

A (T)t (T) � r3 
• r-2 � T ,  (9)  

shows that , sufficiently early on (t + O,  T + �} , the weak interaction is 
"fast" (At + oo) and neutrinos will have been in equilibrium. 

In equilibrium at temperature T ,  the number density and mass density 
of massive neutrinos are 

nv (T ;m) gv (.!. ) (�T) 
3 r x2dx (10) 2�2 'fie Jo exp [ (xZ+z2)l/2 ]+1 ' 

v 

In the above , z = m c2/kT and g is the statistical weight (one for each v v v 
helicity state ; e . g . : for Ve and Ve ' gv = 2) . For photons (massless bosons 
with gy 2) , analogous expressions yield 

2� (3) kT 3 3 -3 n = -::r l::::_) % 20T (cm ) ; p % 2 .  7 (kT) (12) y � 'fie y c;z ny 
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It is convenient to compare neutrinos to photons . For massless neutrinos 
and/or low mass neutrinos in the high temperature limit (mvc2<< kT ; zv<<l) 

nv 
ny (13) 

In equilibrium, then , "light" neutrinos are as important as photons 
(n � n ; p � p ) .  v y v y 

For massive neutrinos in the low temperature limit (kT<< mvc2 z
v>>l) 

0 . 10 g zS /Ze-zv 
v v (14) 

"Heavy" neutrinos are always rare (nv << ny ; pv<< p
y

) .  In collisions 
when the average ava,ilable energy is small compared to the rest mas s ,  few 
pairs are produced . 

The cosmological role played by neutrinos depends on the numbers 
surviving the early stages . Neutrino survival depends on the details of 
the departure from equilibrium, Though the basic physics is the same , 
there are quantitative as well as qualitative differences in the survival 
of "heavy" (m cz :'.' 1 MeV) and "light" (m cz < 1 MeV) neutrinos . v -v v � 

For zv � 1 ,  neutrinos are as abundant as photons and , in this case , 
the reaction rate and expansion rate become comparable for kT � 1-10 MeV , 
The considerations here apply , then , to neutrinos with mvcz � lMeV , For 
later t imes (kT < 1 MeV; t > 1 sec) the Universe expands too rapidly for 
the neutrinos to remain in equilibrium. Subsequently, then, the neutrinos 
are decoupled , they are neither created nor annihilated . If  not for one 
complication , the "frozen-out" ratio of neutrinos to photons would be 
that given by equation (13) . The reason that the present ratio of relic 
neutrinos to photons differs from (13) is that for kT � l /Z MeV , electron­
positron pairs annihilate and the associated energy is thermalized . In 
the process of thermalization , "extra" relic photons are created ; the 
neutrinos , recall ,  have decoupled and cannot share this energy , By 
considering entropy conservation , the ratio of "new" to "old" photons may 
be found (see , for example,  ref , 14) . 

11 n (now) = (-4 )  n (then) , (15) y y 
z Thus , the present ratio of light (mvc � 1 MeV) neutrinos to photons is 

(16) 
now 
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If T0 � 2 . 7  °K then , ny % 400 cm-3 and the present mass density in light 
neutrinos is 

( 1 7 )  

In  contrast , "heavy" neutrinos (m c2 > 1 MeV) are not very abundant v "' 
(for zv � 1 )  and, since their density is low, they decouple earlier at a 
higher "freeze-out" temperature which depends on the neutrino mass (and , 
on the strength of the weak interaction) . For masses in 
few GeV , Lee and Weinberg4) and Discus et alS )  find : kTf 
present ratio of heavy neutrinos (plus antineutrinos) to 
to be 4 )  

-7 -3 :t 2 x 1 0  mGeV ' 

The present mass density in heavy neutrinos is 

-29 -2 -3 pv (now) � 8 x 10 mGeV (gem ) 

the range of a 
:\; m c2/20 . The v 
photons is found 

(18)  

(19) 

Although rare compared to their light counterparts , heavy neutrinos may, 
nevertheless , dominate the present mass density . 

LIMITS TO THE NEUTRINO MASS 
The present total mass density may receive a significant contribution 

from massive relic photons . Limits , then , to the total density will 
constrain the mass of such neutrinos . 2 ) , 4) , S )  

As  a benchmark, consider the present critical density 

3H2 
_o 
811G (20) 

The dimensionless density parameter no= po/pco separates those models 
which expand forever (n0 � 1 )  from those which will ultimately recollapse 
(n0 > l) .  To assess the importance of relic neutrinos , define nv= pv/pco ' 
Then, for light neutrinos 

m c2 < 1 MeV. v "' (21) 

In (21) , mv is in eV and gvmv is summed over all neutrino flavors . For 
heavy neutrinos 

m c2 � 1 MeV . v (22) 

Since nv < n0 , upper limits to 00 provide constraints to nv and, through 
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equations (21) and (22) , to mv . The absence of observable deceleration in 
the expansion of the Universe suggests that p0 � 2 x l0-29gcm-3 (g0h� � 1) . 
The neutrino mass is restricted thereby to 

Light neutrinos : gvmv � 200 eV, 
> (23) 

Heavy neutrinos: m v "' 2 GeV . 

It has been assumed in this analysis that massive neutrinos are stable4) . 
If , however ,  the neutrino decays in a time short compared to the present age 
of the Universe (t0 � 1-2 x lo10yr , ) , the restrictions on the neutrino mass 
are inapplicable , 5) , 7) The cosmological consequences of unstable neutrinos 
have been studied by Dicus et alS ) and by Gunn et al7) who relate the 
limiting masses to the assumed lifetime; the interested reader is 
encouraged to consult those references for specific results . 

Neutrino degeneracy is another complication which has been swept under 
the rug in the foregoing analysis . The choice of a vanishing chemical 
potential in equation (10) guaranteed equal numbers of neutrinos and anti­
neutrinos , It is not known, however , whether or not the Universe is 
symmetric between neutrinos and antineutrinos . In contrast ,  it is well 
known that the Universe is not baryon symmetric:4) Although , by analogy , 
neutrino asymmetry is not unreasonable , such an asymmetry would have 
associated with it an arbitrary free parameter for each neutrino flavor . 
For simplicity , the "standard" assumption is to choose zero for those 
parameters (equal numbers of neutrinos and antineutrinos) ; any other 
choice complicates the connection between particle physics and cosmology . 
If , however , there were a degenerate sea of relic , massive , stable neutrinos 
then , the limits to the mass would be even more restrictive than those 
given in (23) . 

A related question concerns the present momentum space distribution 
of the relic neutrinos ;  is it that of a degenerate Fermi gas? The answer 
is no for the following reason , The neutrino distribution in phase space 
was established early on when the neutrinos were hot ; a Maxwellian 
distribution was set up . Afterwards , the neutrinos decouple and , as a 
collisionless gas , their distribution evolves remaining nondegenerate . 

There is no observationally determined lower limit to the present mass 
density in neutrinos , Truly massless neutrinos play a negligible 
dynamical role at present (p � p << p ) , For the nucleon contribution v y 0

) 2 > -31 to the total density , it seems likelylS that : gNh0 � 0 . 01 ;  pN "' 2 x 10 
gcm-3 If neutrinos are to be dynamically important at present (there is 
no evidence which compells this assumption) then Pv � PN which leads to the 
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restrictions 
Light neutrinos :  gvmv � 10 eV 

Heavy neutrinos : mv � 20 GeV . 
(24) 

To play a dynamically interesting role at present,  massive , stable , 
relic neutrinos must have masses in either of the two narrow ranges : 10 � 
gvmv � 200 eV , 2 � mv� 20 GeV. 

PRIMORDIAL NUCLEOSYNTHESIS 
During the early , radiation dominated epochs , light neutrinos contri­

bute significantly to the total density (pv � py) ,  The quantitative effects 
of such neutrinos on the early evolution depend on the number of lepton 
flavors through the neutrino multiplicity gv (for 2-component neutrinos ,  
gv = 2 for each lepton flavor) . The impact of these neutrinos is greatest 
on the abundances of the light nuclei produced in primordial nucleosynthesis 
3) , 6 ) , 10) 

To better appreciate the influence of "new" neutrinos ,  it will be of 
value to briefly review the basics of primordial nucleosynthesis in the 
"standard" model in which only e- and µ-neutrinos are considered (gv = 4) , 
For details , the reader is referred to the review article by Schramm and 
Wagoner16� 

Photons , electrons and neutrinos are in equilibrium (Ty = Te Tv) 
for kT � 1 MeV. The neutron-to-proton ratio is maintained at its 
equilibrium value 

-tiMc2 � = exp (  kT ) 
by the reactions 

p + e- :t. n + ve , + v e 

(25) 

(26) 

For kT � 1 MeV, the reactions (26) can no longer maintain equilibrium and 
the neutron-to-proton ratio " freezes-out" at a value n/p � 0 . 22 corres-
ponding to a neutron abundance by mas s :  X n (n + p)-l � 0 . 18 . n 

All the while, neutrons and protons have been colliding and , 
occasionally, forming deuterons which are quickly photodissociated (n + p 
:t. D + y) . The deuterium abundance is kept low for kT � 0 . 2  MeV by the 
presence of large numbers of photons capable of destroying the deuteron , 
As a result,  there is a bottleneck to the buildup of heavier nuclei .  Only 
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Consider , now , the effect of "new" neutrinos (e . g . : the neutrino accompany­
ing the T-lepton; see Perl , this conference) . The density differs from 
that in (28) due to the extra neutrinos .  

i;:2 = 1 + _]_ tig 72 \) (29) 

The expansion rate changes in the sense that the age versus temperature 
relation is changed from t (T) to t ' (T) where 

t ' (T) = [
p (t) ] 1/2 = s-1 . t (T) p ' (t) (30) 

The speed-up in the expansion rate ( t ' (T) < t (T) ) leads to an earlier 
freeze-out at a higher temperature (Tf > Tf) and , therefore , to a larger 
neutron-to-proton ratio . 3) , lO) 

2 
.!!. + .!!.'.._ "' exp [-1;1/3 (tiMc ) ] p p '  "' kTf 

n > -p (31) 

A higher helium abundance results from enhanced neutron survival . The 
helium abundance by mass (Y) depends strongly on tigv and weakly on the 

-29 2 -3 nucleon density (PN � 2 x 10 QNho gem ) .  The detailed calculations 
of Yang et allO) may be fit by the relatively simple formula 

For two component neutrinos ,  the number of neutrino flavors is : N = g /2 
10) \) \) 

= 2 + tig /2 . In Table 1 (following Yang et al ) the minimum abundance \) 4 2 of primordial He is presented for several values of QNho and NV . The 
present cosmic abundance of helium is Y � 0 . 29 but , there is strong evidence 
(reviewed by Yang et al lO) ) that the primordial abundance was Y � 0 .  � 5 . 

Several interesting conclusions may be drawn from the data in Table 1 .  
( i )  If , indeed, 

forever (QNh
2 < 0 . 1 ;  0 "' 

leptons (Nv � 3) .  

Y � 0 . 25 then , the Universe is open and will expand 
� �0 . 4) .  The e- , µ- and T-leptons may be the only 

(ii) Even for the more conservative limit Y � 0 . 29 ,  the number of 
lepton flavors is limited to Nv � 7 since Q h2 � 10-2 • N o 
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for kT � 0 . 1  MeV will photodissociation become unimportant permitting an 
increase in the deuterium abundance . The formation of the other light 
nuclei can then proceed via reactions such as 

P + n + P + y, --- , D + D + 4He + y ,  --- . (27) 

The gap at mass-5 where there is no stable nucleus provides a bottleneck 
to the formation of heavier nuclei . As a result , virtually all the 
neutrons present at freeze-out are incorporated into 4He nuclei.  As the 
Universe expands and the temperature and density decrease , further nuclear 
reactions are rapidly suppressed by the low density and high coulomb 
barrier . The gap at mass-5 cannot be bridged and most of the action is 
over by t � 103 sec . 

With the exception of 4He , the abundances of the light nuclei are 
determined by the competition between the expansion rate (�t-1) and the 
two-body reaction rates (�) . The abundances of nuclei such as D and 3He , 
therefore , are very sensitive to the nucleon density at the time of 
nucleosynthesis . The higher the density the fewer D and 3He survive and 
the more 4He produced . In contrast ,  since virtually all neutrons available 
at freeze-out are incorporated into 4He , the helium abundance is only 
weakly dependent on two-body reaction rates (and , hence , on the nucleon 
density) and is most strongly a function of the frozen-out neutron-to­
proton ratio . 

Observations , then , of the D-abundance constrain the nucleon density 
(since nucleons are conserved , the present nucleon density may be related 
to the nucleon density at the time of nucleosynthesis ) .  In contrast ,  since 
the 4He abundance is relatively independent of pN' observations of 4He 
can provide useful constraints on the physics of th� early Universe . The 
point is that the 4He abundance constrains the neutron abundance at freeze­
out which , in turn, depends on the competition between the weak interaction 
reaction rates (known from beta decay ; see equation (26 ) )  and the expansion 
rate .  During the radiation dominated era , the expansion rate depends on 
the number of different relativistic particles present (e . g . :  the number 
of light neutrinos) . The helium abundance , then, constrains the frozen­
out neutron abundance which constrains the expansion rate which depends on 
the number of neutrino flavors . 3) , lO)  

With only e- and µ-neutrinos (gv 
times is 

p 

4 ) , the total density at early 

(28)  
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�: The minimum 4He abundance as a function of the present nucleon 
density (pN = 2 x lo-29 n h2) N o  and the number of neutrino flavors 
(Nv : 2 + !!.g/2) . 

2 log (�h
0

) l!.g N YMIN -"- \) 

-2 0 2 0 . 24 
2 3 0 . 25 
4 4 0 . 26 
6 5 0 . 27 
8 6 0 . 28 

10 7 0 . 29 

-1 0 2 0 . 26 
2 3 0 . 27 
4 4 0 . 28 
6 5 0 . 29 

0 0 2 0 . 28 
2 3 0 . 29 

FURTHER ASTROPHYSICAL CONSEQUENCES 
It has not been the purpose of this lecture to present a complete 

survey of neutrino astrophysics . Two of the most important consequences 
of the symbiotic relationship between weak interaction physics and 
cosmology have been considered in some detail and limits were derived 
to the mass of stable neutrinos and to the number of neutrino flavors . In 
this concluding section, brief mention is made of some of the other 
interesting results which have emerged in this active field of research . 

The dynamical consequences of a background of stable massive neutinos 
have been studied by Gunn et al7 )  and by Steigman et al . 9 )  If heavy 
neutrinos dominate the universal mass density at present , they may contri­
bute to the so-called "missing mass" .  Such neutrinos would participate in 
those stages of collapse of galaxies and clusters of galaxies which are 
dissipationless .  Since, however, such neutrinos constitute a noninteracting 
(except for gravity) gas , they are left behind during any fragmentation 
and collapse involving dissipation (the neutrinos are unable to radiate 
away or transfer to other components their internal energy) . This 
inflated gas of heavy neutrinos may , therefore , form halos around galaxies 
and may dominate the mass in clusters of galaxies . If our own Galaxy is 
surrounded by a halo of heavy vv pairs , occasional annihilation may produce 
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an observable flux of gauuna rays . 7) ,8) 

It is fortunate that in the dissipative collapse of gas clouds to 
form stars , heavy neutrinos are left behind?) The reason is that neutrinos 
could transport energy so efficiently that stellar structure and evolution 
would be altered by the presence of a neutrino component some ten orders 
of magnitude smaller than the nucleon component?) 

Finally, it is interesting to note the important work of Dicus et alS) 

on the consequences of unstable neutrinos (see , also , Gunn et a17> ) .  If 
neutrino decay results in photons then the mass and lifetime are restricted 
to : m � 10 keV; T � 1 year . Weaker constraints apply if the heavy v v 
neutrino decay channels produce no photons . 
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Abstract : 

DEEP INELASTIC PROCESSES IN QUANTUM CHROMODYNAMICS 

G. ALTARELLI 
. Istituto di Fisica - Universita di Roma 

Istituto Nazionale di Fisica Nuclear� 
Sezione di Roma. 

An introduction is presented to the results of QCD concerning 
deep inelastic processes . We consider the predictions for the scaling 
violations, the longitudinal cross section and the transverse momentum 
of j ets in leptoproduction. We also review the status of the Drell-Yan 
formula in QCD and the analysis of the transverse momentum distributions 
in lepton pair production from hadronic collisions . 
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1 .  INTRODUCTION 
The quark parton model (l) provides us with a very useful and simple 

description of the physics of deep inelastic phenomena. On the other hand 
non abelian gauge theories are unique among renormalisable field theories 
to predict approximate Bjorken scaling . Thus the modern foundation for the 
parton model is the gauge theory of strong interactions based on the color 
degrees of freedom (Quantum Chromodynamics : QCD (2� . Indeed in QCD scaling 
is predicted to be broken by logarithms (a fact well consistent with present 
experiments) , and these deviations from scaling are computable . The results 
can again be phrased in the parton language , by assigning a specified Q2 

dependence to the parton densities . Thus although the naive parton model, 
strictly speaking , fails in QCD, a suitably modified parton language remains 
the most effective and physically transparent way of phrasing the content 
of the theory. 

The first part of the present lectures is devoted to a euristhic 
but quantitative derivation of the QCD predictions for scaling violations 
in leptoproduction in terms of parton concepts .  For this part, I shall 
closely follow my lectures in the last of ref. 5 that the reader may find 
useful for further details and applications . 

The standard approach to this problem(Z) is somewhat more abstract 
and formal being founded on renormalization groups equations applied to the 
coefficient functions of the local operators which appear in the light cone 
expansion of the product of the two currents. Although less rigorous and 
general the method I shall follow here is more transparent and has the 
further advantage that it can provide useful insights to problems that 
cannot be solved by the operator method . 

In the second part of these lectures I shall deal with some of the 
most recent developments in the direction of enlarging the set of predic­
tions of QCD for deep inelastic processes . Precisely I shall consider the 
transverse momentum distributions of jets in leptoproduction, and the 
effect of gluon corrections to Drell-Yan processes .  

2 .  BASIC VERTICES OF QCD 
QCD (Z) is a gauge theory, with gauge group SU (3 ) color (unbroken) 

of colored quarks and gluons . There are eight colored (spin one) gluons, 
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the gauge fields, one· for each generator of SU(3 )  color (they transform as 
the regular representation �) . There are f flavors (p , n, A ,  p' . • •  ) of 
quarks (the matter fields ) .  For each flavor we have a triplet of colored 
quarks , belonging to a 3 of SU(3 )  color , and of course the antiquarks 
belong to 3. 

All vertices in the theory are specified in terms of a single 
coupling constant. The quark-gluon vertex is given by 

( 1 )  

where Aa is the gluon field and sums over a and i are understood a = 1 ,  µ 
• • . •  , 8  is the color index of gluons ; i = l ,  • • •  f is the flavor index 
for quarks , q is the quark field , Aa are SU(3 )  color matrices with the 
normalization : 

They obey the cotmllutation relations 

with fabc the structure constants of SU(3 )  color. 

In analogy with electrodynamics (QED) we define 

a s 

(2) 

(3 ) 

(4 )  

and the true expansion parameter of  perturbation theory is as/TI . 

The quark gluon vertex, but for the A matrices of color , is 
completely analogous to the QED vertex. However , in QCD we also have three 
gluon and four gluon vertices, typical of non abelian gauge theories .  The 
difference is that in QED the photon is coupled to all charged particles 
while it does not carry charge . In QCD the gluons couple to all colored 
particles but they also carry color and therefore are self coupled . The 
three gluon vertex, of order g ,  is linear in the structure constants fabc , 
which shows its relation to the CODDllUtator . On the other hand the four 
gluon vertex is of order g2 and bil inear in the structure constants .  

397 



3. THE NAIVE PARTON MODEL AND QCD 

In this sect ion I shall review the physical content of the naive 

parton model and make clear why it fails in QCD and how it must be modified 

in this theory . 

Consider the total cross sect ion of a virtual photon of mass -Q2 

on a proton targe t .  Since the virtual photon is spacel ike we can choose a 

reference frame where its four momentum has the simple form : 

q - (0 -q, a) (5 ) 

The first entry is the energy, the second the z component of the 

three momentum, the third the b idimensional vector of transverse momentum. 

The proton four momentum can be parametrized as follows 

p ( Q • Q 
2X ' 2X a) ( 6) 

where Q is as sumed large enough that the proton mass M can be neglected . 

Note that : 

(P . q )  

Therefore X in eq . (6)  is the famil iar scal ing variable 

- Q2 
X - 2Mv (O ( X ( 1 )  

( 7 )  

(8 ) 

We now summarize the assumptions in the naive parton model .  The 

naive parton model contains two crucial s teps in its derivation that 

require for their validity a high degree of convergence in the underlying 

theory. 

First the dominant contributions in the l imit q2 >> M2 , X fixed , 

are identified with the class of d i agrams in fig.  1 .  What is special about 

this class of diagrams is that no interaction takes place be tween the f inal 

parton k '  and the lower b lob . In the l ight cone l anguage it corresponds to 

picking up the operators of minimum twis t ,  i . e .  those with mos t  singular 

coefficients . In a sufficiently regular theory all other terms are suppressed 

by integral powers of m2 /q2 , where m2 is  some typical mass .  
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k' 

k 

p 

As a second step one focus on the intermediate virtual parton K .  
We assume the rest mass o f  K a s  negligible .  Then i t s  four momentum has 
the general form : 

where K2 is the virtual mass of the off-mass shell parton . Kz is a given 
fraction y of the proton longitudinal momentum ( see eq . ( 6) )  : 

Q y 2X ( 10)  

In the naive parton model one assumes the distributions of vi1 cual 
masses and transverse moments for partons inside the proton to be enough 

2 2 2 2 damped that terms of order K /Q and/or pJ./Q can be safely neglected, i . e .  
they lead to corrections o f  order m2/Q2 after integration over the final 

2 2 state . When K and P..L can be neglected K acts as a real on mass shell quark 
and its momentum is proportional to the proton momentum 

K ( 11 )  

Being K quasi real the diagram factorizes into two parts (before 
integrating over y) . One factor is a function of y , q (y) which depends on 
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the lower blob in Fig . 1 and describes the probability of finding inside 
the proton that kind of parton with a fraction y of the proton momentum. 
The second factor is proportional to the point like total cross section 
for the scattering of the parton on the virtual photon and corresponds 
to the upper part of the diagram in Fig . 1 .  For the structure functions 
one thus obtains : 

J �y q (y) 0point (K + q) (12) 

Moreover opoint is proportional to a a-function. This is because 
(K + q) 2 must be equal to the squared rest mass of the final parton. Taking 
this rest mass as negligible, we have 

0 (13) 

This means that only partons with a fraction X of momentum can 
interact with the photon in the reference frame of eq. (5 ) .  Taking all 
factors into account we get 

0point (K + q) e2 o (Z - 1 )  x (14) 

where e is the parton charge (in units of the proton charge) . We thus 
obtain from �q .  (12)  : 

e2 q (X) 

which is the well-known result (we are dropping for simplicity the sum 
over all kinds of possible partons) .  

We now consider the parton model in the context of QCD . 

( 15)  



About the dominance of diagrams in Fig . 1 in QCD one observation is 
crucial . The struck quark carries color and the same is true for the state 
emerging from the lower blob . But colored states are confined through a 
mechanism that we du not know precisely. Therefore some kind of final state 
interaction is indeed necessary to reshuffle the quantum numbers of the 
quark jet and of the proton fr�entation jet .  Lacking a theory of confine­
ment we must � that this ·process of color neutralisation (presumably 
a long wavelenght phenomen>n) does not alter the structure of singularities 
on the light cone . 

The next question is whether QCD does indeed provide enough 
convergence in K2 and pi to allow the neglect of terms of order pI/Q2 

and K2/Q2 • We cannot directly compute the � distribution of quarks and 
gluons inside the proton because this task is beyond perturbation theory. 
But we can make a simple consistency check on the parton model assumptions . 
Consider the diagram in Fig. 2 .  

k GLUON 

p 

FI G . 2 
This contribution is a particular case of Fig. 1 with a gluon 

being extracted from the blob and analyzed separately. We can compute this 
diagram assuming an initial parton k with negligible � and check whether 
the parton r that interacts with the photon has a p...L distribution 
sufficiently damped .  More in general we can go back to eq. (12)  and add 
to cr

point' which is of order zero in as , the next order contribution 
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Gorder as 
computed from all possible diagrams for y + parton + all of which 

Fig . 2 is an example (we shall later list these diagrams) . If the parton 
model works , these corrections should only add terms that are either non 
leading ( i . e .  of order m2/Q2 ) or that can be recast in the form of eq . (15) .  
We therefore consider the �odified equation : 

As indicated Gorder a s 
is a function of y and in general of Q2 • x 

In fact the total parton - y cross section can only depend. on the photon 
mass -Q2 and the total center of mass energy squared (k + q)2 

• -Q2 (1 - f) . 
We do not need at this stage the explicit form for Gorder as 
point is that in QCD Gorder has the following form. 

with 

Gorder a s 

as 

where µ2 is a convenient but arbitrary normalization mas s .  

The essential 

(17) 

(18) 

The function P (X/y) is uniquely defined as the coefficient of lnQ2 , 
while the definition of the scaling term f (X/y) depends on µ2 • Changing µ2 

into µ • 2 adds to f a term lnµ1 2/µ2P .  Note that terms of order l/Q2 can be 
directly dropped, being of the same order as the already neglected non 
leading singularities on the light cone . Finally the factors of as and e2 

are obvious while l/2TI is inserted for convenience.  Clearly the essential 
feature of eq. ( 17 )  for G d is the presence of the factor of t .  This or er as 
term violates scaling and indicates the failure of the naive parton model 
in QCD . We can easily reconstruct its origin. It is the same as the term 
proportional to lnE/me in the total cross section for Compton scattering in 
QED , that one finds in books . For example consider the upper part of the 
diagram in Fig. 2 .  Let u s  parametrize the momenta of the initial quark and 
of the final gluon in the form ( see eq. (11 ) )  : 
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P2 
.L (ZP + 2ZP ZP , - P_L) 

(19) 



Note that by momentum conservation at the gluon vertex1 PJ_ is the trans­
verse momentum of the virtual quark r .  Also, the energy of p '  has been 
expanded up to the first order term in P_i.;P2 which is sufficient for our 
discussion. We can compute the virtual square mass of the intermediate 
quark r : 

2 r (k - p ' )2 
-2 (Kp ' ) (20) 

The virtual mass and the i:f. distributions are thus related for the 
quark r .  When the absolute value squared of the amplitude is ta�n, a 
factor l/ (r2 )2 arises from the propagator of the virtual quark (of negligible 
rest mass) .  By eq. (21) this is a factor of l/ (P1)2 • However this singularity 
in Pl is pardally removed in that the numerator vanishes as Pl. This is 
because helicity conservation at the lower vertex forbids the forward 
emission of the gluon. In fact the quark gluon vertex is of vector nature . 
It is a simple property of this coupling that a fast fermion conserves its 
helicity while emitting a gluon (or a photon) when terms of order m2/P2 

are neglected . In the forward direction helicity and spin components in the 
Z direction coincide and the spin component (helicity) of the forward 
emitted gluon should be zero, which is impossible for a massless vector 
particle. Thus the total singularity in Pf of the diagram is reduced to 
l/Pl,. On the other hand the upper limit of the integration over dp.1. is of 
order q2 , being Q2 the order of the total energy squared in the ·center of 
mass.  The effect of the upper limit is thus to induce a log . Q2 dependence 
of the integral : 

R.n Q2 + • • •  (21) 

Note that the divergence at the lower limit of integration can 
be cured by restoring the physical mass for the quark, or by working with 
off mass shell quarks of zero rest mass (indeed the quark inside the 
nucleon is a virtual particle ) .  All of these complicacies can be lumped 
inside f (X/y) by introducing the normalization mass µ2 that appears in 
eq. (18 ) . Thus while the function P (z)  in eq . (18) is well defined even 
in the massless theory, the function f (z) depends on the regularisation 
of the infrared singularities of the massless theory. Since the precise 
regularization mechanism has to do with the nucleon wave function we 
shall always limit to properties of f(z)  that are independent on that. 
For the moment we concentrate on the terms i n  log Q2 • 
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The moral of this discussion , which of course can be fully demons­
trated by a totally explici t calculation, is that the Pl. distribution of 
the quark r is not sufficiently damped to suppress the effect of the upper 
limit of the Pl integration which is of order Q2 • For the naive parton 
model to work a decrease in Pl faster than l/Pl is necessary and this is 
not the case in QCD . 

How to cure this problem ? Let ' s  start by trying to absorb the 
anomalous term into a modified parton density. We rewrite eq. (16) in more 
explicit form : 

(22) 
x 

Note that the lower limit of integration is set equal to X .  This 
is because in general ( k+ + q)2 � 0 ( see eq. ( 13 ) ) .  Precisely it is larger 
than zero when the final state is not simply a quark, but there is also a 
gluon. 

We want to cast eq . (22 ) into the form 
1 

2 F1 (X) " f 
x 

a 

Y
dy q(y) e2 r6 (Y - 1) + __.! t P (!) + • •  :1 - x 211 y '.-1 

1 I � {q (y) + llq (y, t)] e2 o (Z - 1 )  
x y x 

e2 [g (X) + liq (X, t )] 

This is certainly possible provided that 

liq (X, t) 
a 
__.! t 211 

1 f dy q(y) P (!) 
x y y + � • •  

where the dots stand for the neglected terms with no factor of t in 

(23) 

(24) 

eq. ( 17 ) .  We see that lowest order perturbation theory suggests to replace 
the density of partons inside the proton by an effective density as seen 
by the photon which depends on t : 

q (X) � q (X, t) (25 ) 
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We understand the t dependence as due to the fact that a photon 
with larger Q2 explores a wider range of Pl. inside the proton. Furthermore 
the variation of q(X, t)  for an increase dt,  which is due to probing a new 
infinitesimal interval of Pl. is given by 

dq (X, t)  _ as J � q(y, t) P (!) _d_t __ - 2lT x y y (26) 

Note that this equation 
exact up to terms of order a2 

• s 
will play a central role in what 

is insensitive to f(!) in eq . ( 1 7 )  and i s  y 
Eq .  (26)  with suitable generalizat ions 
fol lows . An equation of this type for the 

dens i ties is in fact the end result of the more conventional approach and 
was originally derived in ref .  (3 ) .  

An important property of the integro-differential eq . (26) is that 
it implies a simple differential equation for the moments of the dens ities . 
Defining the moments as : 

1 
Mn(t)  = f dX Xn-l q(X, t) 

0 
(27 )  

We can multiply both sides of  eq.  ( 26 )  by  xn-l and integrate from 
zero to one : 

1 1 d x dX xn- f � q(y, t) P (-) 
x y y 

By inverting the order of integration on the right hand s ide, 
we obtain 

dMn (t) a 1 �y q(y, t)  
y 

dX xn-l P (!) s f f � = 2lT J y 
0 0 

By the change of the variable z = X/y in the second integral we get 

where 

dy yn-1 q(y,t)  
1 
f dZ zn-l P(Z) 
0 

Recall ing the definition of moments in eq . (27 ) we finally obtain 

dMn (t)  a (28)  s An Mn(t)  � 2lT 
1 

A - I dZ zn-l P (Z )  (29) n 0 
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We thus see that the moments satisfy a simpler differential equation. 
For each n a constant A n appears and the function P (Z)  is the generating 
function for the entire set of A • As we shall see this is the origin of n 
the known resul t that the predictions of QCD on scaling violations are 
much simpler for moments .  

4 .  IMPROVING PERTURBATION THEORY 
The reader may wonder at this stage why I am so much interested 

in resul ts, like eqs . (26,  28) which are only true in first order pertur­
bation theory . Even for as small ,  terms of order a;t for large enough t 
become eventually larger than terms of order as . Thus lowest order pertur­
bation theory cannot be directly relevant .  The reason is that eqs . (26 , 28 ,  
2 9 )  become exact asymptotic results by  the simple replacement o f  as with 
as (t) , i . e .  the running coupling constant of QCD .as (t)  is the effective 
coupling constant for any quantity that obeys the renormalization group 
equations for the massless theory . In turn the massless theory is the 
relevant asymptotic limit of the actual theory in the deep Euclidean 
region <4 ) . 

The precise definition of as (t )  is given by 

t 
a ( t )  s da' f 13(ci') 
a s 

( t  

where the function S (a)  is computable in  perturbation theory 

S (a) 

and 

b 

- ba2 (1 + 0 cS!r ) �. 7f 

33 - 2 f 
127f 

(30) 

(31) 

(32) 

The negative sign in front of b is crucial and implies that the 
theory is asymptotically free . In fact from eq. (30) it follows that : 
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For as (t) small enough S is negative by eq. (31) and so is the 
derivative . Then increasing t makes as (t) still smaller . Note that the 
lower limit a in the integral eq. (30) is the value of as(t) for t =  0 

2 s 2 2 i . e .  at Q • µ By choosing µ large enough so that as/rr is small , we 
can explicitly perform the integration in eq .  (30) and obtain 

t 

and therefore 

a (t) j da
2 a -ba s 

a s 
1 + ba t s 

1 1 
a (t) - a ) 

s s 

We thus see that as (t) decreases asymptotically as l/t .  

(32) 

An alternative form for as(t)  which is much used in the literature 
is the following : 

1 
(33) 

By comparison with eq.  (32 ) we see that A2 is in fact independent 
of Q2 

(34 ) 

We anticipate that the observed pattern of scaling violations 
implies for A the range of values : 

or equivalently 

A (0 . 2 • 0 . 6) GeV 

a (1 GeV) 2 
s 0 . 5  1 . 5  

(35) 

(36) 

Note that as/rr is already small in the few GeV range (precocious 
scaling) . 

By replacing a8 with a8 (t)  the basic equations for the densities 
and their moments become : 
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as (t) 1 
dq (X, t) J �y q(y, t) P (!) (37)  
_d_t __ = z:rr- 0 y 

dMn(t)  as ( t )  (38) 
� = 27[" An Mn(t)  

with Mn(t)  defined in eq . (27 ) and An determined from the function P (Z )  
b y  eq . (29 ) . 

By taking as (t )  from eq.  (32) we can easily solve eqs . (38) for 
the moments . The soluti-0n is 

Mn(t)  (39)  

(). 
Note that by eq .  (33) the ratio �-s can be written as as (t )  

as ln  Q2 /µ2 (40) 
as (t)  ln µ2/A2 

The moments behave as powers of logari thms of Q2 and the exponents 
are generated by P (Z )  which is determined by lowest order perturbation 
theory . The initial value Mn(O) must  however be fixed empirical ly. It 
corresponds to our ignorance of the matrix elements between protons of the 
local operators in the l ight cone expansion. 

5 . PHYSICAL INTERPRETATION OF P(Z)  
Going back to the integro differential equation for the densities 

eq.  (37)  we point out an illuminating physical interpretation of the functions 
P(Z)  (5 ) . This intuit ive picture will be very useful in the following and 
in particular can serve as a bas is for a very direct calculation of the P 
function and of other similar quant ities that will be introduced shortly. 

The results of first order perturbation theory in eq . (24) can be 
cast in a sl ightly different form as follows 

q(X, t) + llq(X , t) 

The quantity 
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1 j. J dy fdz o (Zy - X) q(y,t) [o (Z-1) + �� t P (Z ) 1 
0 0 

(41 ) 

(). 
P (Z ,  t )  o (Z - 1 )  + 2; t P (Z )  + • • • (42.) 



can be interpreted as an expansion of the probability density of finding 
a quark inside a quark with fraction Z of the parent quark momentum. 
Consequently �� P (Z ) appears as the lowest order variation of the probabi­
lity density for unit t .  The variation of q (X ,t )  is given by the number of 
quarks of momentum y larger than X times the variation of the probability 
of finding a quark inside a quark with momentum lower by a fraction X/y .  

We point out that with our definition of  P (Z) , i t  also contains 
terms proportional to o (Z - 1 ) . The coefficient of o (Z - 1) in eq . (42 ) 
is in fact modified by terms of order as because the probability for a 
quark to remain a quark with the same energy is lowered by the interaction. 
These terms are included in P (Z ) . In our gedanken derivation of P (Z )  from 

a d , the o (Z - 1) contributions aris·e from the interference of the or er as point like diagram with the radiatively corrected (to order as) amplitude 
for a final state with a single quark and no gluons (see fig . 3a where 
gluons are marked by a G) .  If therefore follows that P (Z )  is directly 
proportional to a probability ( in particular is positive definite) only 
at Z < 1 ; while at Z = 1, o (Z - 1 )  contributions are present which 
spoil the positive definiteness . At all Z the real probability density 
is P (Z , t) and not P (Z ) . 

6 .  THE GENERAL MASTER EQUATIONS 
In this sectfon we start from our prototype eq . (37 )  for the 

densities and generalize it to the actual level of complication of QCD 
by taking into account the effects of the gluons and of the presence 
of several flavors.  

First of all it is iDDnediate to realize that there must also be 
a gluon term in dq/dt . The effective number of quarks inside the proton. 
as seen by the photon may take a contribution from a gluon in the proton 
that makes a quark-antiquark pair and one of them interacts with the 
photon. This is seen by observing that both the diagrams in fig .  3b and 
3c are contributions of the same order to a d • Correspondingly in or er a s 
dq/dt we shall find two terms . One is proportional to the number of 
quarks times the probability for finding a quark in a quark . The second 
is proportional to the number of gluons in the proton times the probability 
of finding a quark in a gluon 

409 



410 

1 
dq(x, t> = (\ < t> I � r;; <y , t )  P c!> + G (y, t )  PqG c!y>l 

dt 2iT x y L: qq y '.J (43 ) 

2 

( a )  

2 

( b )  ( c )  
FI G. 3 

We have thus introduced a new P function, which is non diagonal . 
With no interaction there would be no chance of finding a quark in a 
gluon. Therefore the corresponding probab il ity density PqG (Z , t) starts 
with PqG(Z) (with no o(Z  - 1) term) : 

a s - t  21! (44 ) 

We observe that eq. (43) by itself cannot be solved because the 
variation of the quark density also involves the gluon density .  An equation 
for �the variation of the latter is also needed in order for the system to 
be closed. An equation for the gluon density is readily obtained by 
following the same logic as above. Only we must imagine a different probe 
because the photon is not coupled to color . But we can imagine a virtual 
spacelike gluon of mass -Q2 probing the proton structure.  It is than 
straight forward to write down the master equation for the variation of 
the effective gluon density : (45) 

dG��, t) 
= 

a;�t) l� � Eq(y, t) + q (y, t) )  PGq (�) + G (y, t)  PGG (�) J 

2 



The first term is proportional to the total number of quarks and 
antiquarks times the probability of f inding a gluon in a quark or in an 
antiquark . 

The two probabil ities are the same by charge conjugation 

(46) 

The second term is proportional to the number of gluons times the 
probability of finding a gluon inside a gluon. 

Up to now we made no reference to the variety of flavors that 
exists . There is no difficulty in taking it into account . Let us label 
by qi (i = 1, • • •  , 2f) any quark or antiquark of all flavors .  In full 
generality we should write 

dqi (X, t )  
dt  

a s 
= 211 

dG (X, t) as _d_t __ = 211 

p qj qi + GP qi� 
I � I qj PG . + GPGG 

1 tif � 
x y j qi 

(47)  

(48) 

However a great s implification is introduced by the facts that 
color and flavor connnute and that a sufficiently large Q2 , masses can be 
neglected . Thus Pqj qi is really diagonal because the emission of gluons 
can neither change the flavor of the quark, nor transform a quark into an 
ant iquark . Furthermore in presence of no mass effects the diagonal terms 
are independent of i : 

Similarly the probabil ity of find ing a quark in a gluon is 
independent of the flavor of the quark (or antiquark) : 

independent of i 

(49) 

(SO) 

The same applies to the probability of finding a gluon in a quark 

PG (Z)  qi 
independent of i (51)  
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When eqs .  (49 , 50 , 5 1 )  are taken into account the master equations 
eqs . (47 ) and (48) take the simpler form : 

dqi (X, t) 
dt 

dG (X, t) as (t )  f dy 
_d_t__ = ----z:rr- y x 

(Si) 

(53 ) 

All the information on scaling violations in QCD is contained in 
the above equations , when the functions P(Z) are explicitly evaluated 
(from first order perturbation theory) . 

It is convenient to write down separate equations for singlet and 
non singlet quark components .  A non singlet component (under the flavor 
group) is any difference qi - qj for whatever i and j ( i , j  = 1 , • • •  , 2f) 
or any linear combination of differences.  

Denoting by p ,  n, A,  p '  the densities of up , down, strange and 
charmed quarks in the proton ( sumed over colors) , examples of non singlet 
components are the "valence" quark densities : 

p (X, t) - p(X, t) (54) 

°v(X, t )  n(X, t )  - n(X, t )  (55) 

Let qij = qi - qj . By substracting the equation (52) for qj from 
the equation for qi we remark the cancellation of the gluon contribution 
and obtain the diagonal equation 

dqij (X, t )  
dt 

1 
f dy 

x y 
(56)  

The simplest equation discussed in the previous sections is thus 
obtained as appropriate for all non singlet densities . Note that Pqq (Z) 
is a single function that determines the same scaling violations for all 
non singlet densities. In particular all moments of any non singlet 
density are of the form in eq. (3 9) with exponents An determined by Pqq (Z ) ,  
through eq.  (29) . 
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To extract the remaining content of eqs . (52 , 53) , it is sufficient 

to sum the equations for dq/dt over all i .  Denoting the sum of all quarks 
and antiquarks by l: : 

2f I (X, t) I qi (X, t) (57) 
i 

We obtain a closed system of two equations 

� (y, t) Pqq (�) + 2f G(y ,t )  PqG(�)1 
(58) 

Correspondingly for the moments of l: (X , t) and G (X, t) one obtains a 
system of two linear differential equations 

with 

as in eq . (29 ) . 

1 
< l: (t )  > - J dX xn-l l:(X, t) n 0 

1 
dX xn-l G (X , t) < G(t)  > - J n 0 

A_ Q l: (t) >� = 
as (t) GA�q 

dt <G (t)>;/ 2TI A� 
/ q 

1 
J dZ zn-l P (Z) 
0 

( 60 )  

(61) 

( 62 )  

( 63)  

It is straight forward to derive the expressions of a given parton 
density in terms of singlet and non singlet components .  Assume for example 
SU (3) symmetry for the sea and define : 
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Py (X, t)  - p (X, t )  - p (X,  t )  

1\r (X , t)  - n(X, t)  - n(X,  t) 

S (X,  t) - p(X, t) "' n(X, t) A (X, t )  ::: 1 (X , t )  

C (X,  t )  - p ' (X , t) "' p' (X, t) ( 64 )  

The evolution o f  the sea and charm densities is easily obtained in 
terms of that of L and of non s inglet components .  Defining : 

V(X, t )  P y(X, t) + 1\r (X, t) ( 65 )  

fr(X, t)  S (X, t) - C (X , t) ( 66) 

We innnediately have 

L (X,  t) V (X, t) + 6S(X , t )  + 2C (X, t) ( 67 ) 

and 

S(X , t) i !}: (X, t)  - V (X , t )  + 21\;(X , t)] ( 68 )  

C (X, tj i [L (X, t) - V(X, t) - 61\;(X, t)] (69) 

The t behavior of Pv , 1\r• V and fr is obtained by the diagonal 
equations (56) while for L the system eqs . (58 , 59 )  has to be solved . F inal ly 
from the evolution of the parton dens ities the t behavior of structure 
functions is obtained by the famil iar parton expressions for them. 

7 .  CONSTRAINTS ON THE P FUNCTIONS 
In this section we shall introduce a number of s imple constraints (S ) 

on the P functions which are important in themselves and can be used to 
simplify their computation. 

The parton densities are positive definite func tions of X for all t 

414 



that are only bound a priori to satisfy the sum rules of conservation for 
the proton quantum numbers and of momentum. These sum rules read ( see 
eqs . (S4 ) (SS ) 

1 f ax Pv <X , t) 
0 

1 

2 
1 f ax °v (X, t )  

0 

1 

1 (70) 

f dX(A (X , t) - � (X , t ) )  
0 

0 f dX(p ' (X, t) - p' (X , t ) )  = 0 

and 
1 
f dX .X (L(X , t) + G(X, t) ) 

0 

0 (71)  

1 (72) 

where r is defined in eq. (S7 ) .  Conservation of charges and of momentum at 
the basic vertices of QCD preserves these sum rules from being spoilt by 
changes of q2 so that they provide constraints on the P functions that 
determine the Q2 dependence of the densities and their moments .  The sum 
rules for the conservation of charges involve the moments with n = 1 of 
non singlet densities . The exponent An with n = 1 given by eq .  ( 63 )  in qq 
terms of P (Z) must vanish in order for the charges to be q2 independent . . qq 
We thus derive the resul t : 

0 

Recalling that for a diagonal P function the relation with a 
probability density involves a o (Z - 1 )  term ( see eq . (42 ) )  : 

a 
oAB o (Z-1) + � t PAB(Z) + • • • 

(73) 

(74)  

We explicitly see from eq.  (73) that the terms proportional to 
o (Z - 1) of order as in Pqq(Z) make this function not definite positive . 
Pqq (Z) is made up of a regular definite positive term and a o function at 
Z = 1 with negative coefficient. Eq .  (73) can be used to fix this 
coefficient with no need of diagrannnatic calculations, which however can 
well be done as a useful exercise . 

From the above discussion we also obtain the following set of 
inequalities for n > 1 . : 
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0 > 
1 
J dZ zn-l 

c 

1 
f dZ Zn P (Z) 0 qq (75)  

In fact the regular term at Z < 1 gives a positive contribution to 
the integral which is smaller when n is larger, while the negative term 
from the o (Z - 1 )  contribution is independent of n. Therefore from the 
vanishing of the n =  1 moment of Pqq (Z) the whole set of eqs . (75) is 
obtained . This fact implies through eqs . (32) (39) and (63) that all non 
singlet moments with n > 1 go to zero at t + oo (faster for larger n) . 

We now consider the momentum conservation sum rule in eq.  (72) . 
The corresponding contraint is obtained by going to eqs .  (62 ) .  Taking the 

n = 2 moment , sUllJllling the equations for d <l: (t)> 2 
dt d d <G(t)> 2 d an dt an 

imposing the separate vanishing of the coefficients of <l: ( t ) >2 and <G (t) >z 
on the right hand side leads to 

0 (76) 

(77)  

Eq .  ( 77 )  can be used to fix the coefficient of the o (Z - 1)  term 
in PGG(Z) . 

8 .  AN ALTERNATIVE CALCULATION OF THE P FUNCTIONS 
We have seen in the previous sections that as a matter of principle 

the functions Pqq and PqG can be obtained from a calculation of the diagrams 
in Fig. 3a, b ,  c that contribute to a d • This method can also be or er as 
extended to the calculation of PGq and PGG . On the other hand we have given 
a physical interpretation of �� t .  PBA(Z ) i n  terms o f  probabilities of 
finding the parton B in the parton A with a fraction Z of the A momentum. 
This interpretation suggests that it should be possible to extract �� t PBA(Z) 
directly from the lowest order basic vertex of QCD involving the fields A 
and B .  This is in fact necessary for the consistency of this interpretation 
which asserts the independence of PBA from the probe that interacts with the 
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with the given parton B, which only determines the value of t .  In other 

words we stated that the effect of the P terms can be taken into account 
by a redefinition of parton densities that thus acquire a Q2 dependence . 
But parton densities are useful if we can relate different structure 
funct ions for the same process or the same structure functions for 
different processes , say electroproduction and V or \! scattering . It is 
thus important to show that the P functions and consequently the effective 
Q2 dependent parton densities, only depend on the target and for each 
fixed q2 are insensitive to whether the probe is a photon with one or 
another polarization, or a weak current with any mixture of vector and 
axial vector couplings .  This fact was explicitely demonstrated in the 
second article of ref . (5) where the whole set of P functions was derived 
from the basic vertices of QCD and the constraints introduced in Sect .  7 .  
The method is a generalization in QCD of the well-known Weiz sacker-Williams 
calculation of the equivalent number of photons in an electron in QED . 

The strategy is to compute the regular part of PBA(Z) at Z < 1 .  
The o (Z - 1 )  singularities that are present for the diagonal cases (A B )  
can then be  fixed by the constraints derived in the previous section. 
The d iagrams in Fig . 3a and b contribute to Pqq (Z) . Those in Fig. 3a can 
only contribute O (Z - 1) terms and we can avoid to compute them. As for 
the d iagrams in Fig. 3b , the one with the gluon emitted by the final quark 
(after interaction with the photon) , seems superficially to contradict our 
philosophy for the P functions , while the other one is directly of parton 
type in that the emitted gluon could be considered as part of the proton 
blob . Actually both diagrams are necessary in a general gauge to ensure 
gauge invariance of the amplitude . But looking more closely one discovers 
that the second diagram is only necessary to cancel the contribution of the 
unphysical longitudinal and scalar gluons in the parton like diagram which 
are present in a general gauge . In other words if we only sum over trans­
verse gluons the contribution of the parton diagram is the only relevant 
one for the terms which contain t i . e .  are logarithmically dominant . 
Moreover the parton diagram factorizes into a contribution from the current 
vertex and one from the gluon vertex and the latter is the one relevant 
for Pqq (Z) . A similar discussion applies for all PBA(Z) . 

More recently the universality of the P functions and the possibility 
of factorizing their effect by a redefinition of parton densities has been 
further elucidated in ref• . 6 and 7 .  
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9 .  TRANSVERSE AND LONGITUDINAL STRUCTURE FUNCTIONS 
We now pause for a moment in order to summarize the main points 

in the long argument in the previous sect ions . 

( the 
then 

2 

We started from the lowest order result (naive parton model) 

f dy q(y) e2 o (! - 1) y y 

non singlet structure function is considered for simplicity) . We 
added the correction of order as to the point l ike cross section 

1 [o <� - Cl. Cl. (�)] F1 (X, t) f dy q(y) 2 1 )  s P (!) + � f e + -
x y 21T y 21T 

( 7 8 )  

( 7 9 )  

The necessity of including the t dependent term in q (y , t )  arises 
because a.st cannot be considered as a small parameter (even if we could 
replace as with as (t) ) .  On the other hand , the independence of the P 
functions from the detailed structure of the probe leads to effective 
parton densities that only depend on t and on the target.  In turn the t 
derivatives of the effective parton densities start with as and are small 
when as is replaced by as (t) . By replacing q(y) by q (y , t ) ,  one obtains 
from eq . ( 7 9 )  

l d 2 [ as (t)  f � q(y, t)  e o (!y - 1 )  + � f 
x y (80) 

The possib il ity of implementing the above factorization to all 
orders is the key result of the renormalization group approach . 

In most cases ,  for Q2 large , we can neglect the f term and the 
naive parton model form of the structure function is restored in terms 
of t dependent effective parton densities satisfying the integro-differential 
equations (52 , 53 ) .  However, in some cases the f terms are important and 
we shall now discuss this matter . 

First one may ask why we do not absorb the f terms in the 
definition of q (X, t) as well .  The answer is that the f functions contrary 
to the P functions are not independent on the detailed properties of the 
current. Thus if we were to compute F2/x instead of 2F1 we would have 
found the same P func tions but a different f term. In fact the complete 
resul t for the two structure functions would be (we restored the non 
singlet components as well )  : 
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(81)  

F2 (X , t ) 1 
= J x x 

dy {i: y i 
2 qi (y , t )  e .  i 

a ( t )  J as ( t )  G x1 � (! - l ) + �11 ti (�) + l 2 G (y , t ) e .  2iT" £2 <y-l y i i 

= / dy {I 2 � x a ( t)  x J I 2 as ( t )  G XJ 2F1 (X, t )  e .  q/y, t) cS <y- - l) + �11 t{<y-) + e .  G(y , t )  2iT" fl <y-l 
x y i i i i 

(82) 

where the index i runs over both quarks and antiquarks of all flavors . 
The importance of the f terms becomes manifest  if we are interes ted 
in the longitudinal s tructure function : 

�2 (x , t )  - 2 x F1 (x, t::)} (83) 

In fact FL is zero to lowest order , while to order as ( t ) , by 
subtracting eqs (81 , 82) , we find : 

where 

(84 ) 

(85 ) 

Thi s  is a very important result that shows that the longitudinal 
structure funct ion in QCD is only expected to vanish logarithmically at 
Q2 + oo • Thi s  is to be confronted with the prediction of the naive parton 
model of a power behavior at large Q2 : FL � m2;q2 • 

We alreday mentioned in Seer . 3 that the f functions are not well 
defined in that they depend on the regulator mas s  that makes the integral 
over Pi in eq. ( 21 ) finite near Pi � 0 .  But this dependence on the regulator 

q G mass cancels in the differences in eq . (85 ) . In fact fL and f L can be 
d irectly related to the longitudinal s tructure functions for parton-virtual 
photon scattering and computed from the diagrams in Fig . ( 3 )  (referred to 
a longitudinal photon) . The independence on the infrared cut off manifests  
itself in that the parton longitudinal s tructure functions are well 
defined even in the massless theory and one finds (8)  : 

� z  3 (86) 

2Z (l - Z ) 
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For an arbitrary process (e-P or v, v scattering) we then obtain 
the results ( 9) (a part from terms of higher order in as (t) ) 

F1 (X , t )  
as {t)  

x2 J
l dy ( 8 X ,( 21f X y3 t.._3 Fz {X , t ) + 2A (1 - y) y G {y , t )j (87 ) 

1 1 1 
_ 

as (t) � 8 A ]. = f dZ F1 (Z , t) = � l9 f dX F2 (X, t) + 6 f dX G (X , t2J 
0 0 0 (88) 

where A is the sum of all coefficients of quarks and antiquarks in the 
naive parton model expression for F2/X . For example, with four flavors 
beyond charm threshold, A = 20/9 in electroproduction, and A = 8 for 
v or v scattering on matter . 

We can easily understand why QCD leads to cr1 � as (t)  and why the 
infrared singularities cancel in this case. In the naive parton model , 
( i . e .  for as set to zero ) ,  the point like longitudinal cross-section is 
zero in the limit of zero Pl. for the quark in the nucleon. In fact in the 
frame where the spacelike current carries no energy ( see eq. (5 ) ) ,  the hit 
parton reverses its momentum and since the helicity is conserved (vector 
and axial vector interactions for mass less fermions ) the spin is also 
reversed . Thus ,  being the process collinear the current must carry a unit 
of spin component in order to conserve angular momentum and the longitudinal 
cross section is zero . If Pl (or m2) is not exactly zero , but the Pl 
distribution is sufficiently damped, as one assumes in the naive parton 
model,  then one obtains by a precise calculation 

< i:b + m2 
4 -----

Q2 
(Naive parton model) (89) 

If we now allow for correction of order a as in the diagrams of s 
Figs . 3 ,  then the intermediate quark that actually interacts with the 
current has a Pl, distribution that only -2 drops as Pl. (recall the discussion 
in Sect .  3 and especially eq . (2 1 ) ) .  We then have schematically in QCD 

Q2 dpi J �2� � 1 + as in Q2 
p 

2 dp..L 2 -2- � as Q + constant 
pl 

(90) 

(91)  



"' a  s (92 ) 

We thus expect in QCD crL/crT "' < Pi. > /Q2 'V as (t) . We also understand 

why crL is regular in the massless theory for partons : the singularity at 

p..L • O is cancelled by the vanishing of the numerator for a collinear 
proces s .  

We stress that the verification o f  this QCD prediction is o f  the 
utmos t  importance . Unfortunately, the present experimental situation on 

FL and crL is confuse. A precise experimental determination of these 

quantities is also a most direct way of measuring the gluon content of 
the nucleon. 

io . JETS IN LEPTOPRODUCTION AND THEIR P+ DISTRIBUTIONS 
A strictly related set of consequences following from the above 

discussion is about the � distribution of jets in electroproduction. Here 
we deal with the first example of more recent problems attacked in QCD , 
which were not solved by the renormalization group method . As we shall see 
the relevant QCD predictions are quite naturally derived by the present 

approach. 

In the naive parton model , neglecting the P.L spread of quarks in 
the nucleon, which is damped by the wave function and does not increase 
with q2 , we expect two hadronic j ets opposite in rapidity, arising from the 
fragmentation of the quark parton on one side (current region) and from the 
debri s  of the nucleon on the other side (target fragmentation) . This is a 

two j et process with small � · The P.1. of hadrons in the jets arises from 
two effects : the � of the quark parton and the P.L with respect to 

the parton axis from the fragmentation of the quark into hadrons . 

But we have seen that in QCD the possibility of gluon interactions 
provides the intermediate quark (and therefore the final quark because the 
current carries no �) with a hard tail in its Pl. distribution. This tail 
is small (because it arises from a fraction of events of order as (t) ) but 
extends up to P_i. "' Q2 • The leading term of < Pl > in eq . (91)  is due to this 
effect and can be predicted perturbatively, while the constant term depends 
on the wave function effects and cannot be evaluated. One thus expects a 
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fraction of events of order as (t )  with the topology of three j et events 
the target fragmentation j et with small Pi and two j ets with large and 
almost opposite Pl. from the quark and gluon fragments or from quark and 
antiquark fragments for parton processes started by a gluon in the nucleon) . 

F . . d . . ( 9 ' 10 ) or a quantitative iscussion , suppose we want to compute 
a moment of the P1 distribution for the parton j ets for three j et events - 2 2 in electroproduction, for example <P.i_> as a function of Q , X and y .  y 
is defined by : 

y v/E9., (93)  

where E9., is the laboratory energy for the incoming electron. As well-known 
Y enters because it rules the proportion of longitudinal and transverse 
photons according to : 

( 94 ) 

with F1 defined in eq. (83 ) .  From the previous discussion, it follows 
that we can compute the leading term at large Q2 of < Pj > ( i . e .  the one 
proportional to Q2) .  We saw that the physical origin of o1 and of < Pl_ > 
are related. Their computation is also very similar .  Just as o1 is obtained 
by computing o1 for partons in lowest non vanishing order, i . e .  order as , 
then convoluting the result with t dependent parton densities and finally 
replac ing as with as (t) , the same strategy is followed in evaluating 
< 2 > / 2 . . . do P.J.. Q · We evaluate the angular distributions �d 2 off transverse 

P..1.. 
and 

longitudinal photons for both an initial quark (antiquark) or a gluon. We 
then obtain the relevant moment .  In particular for < Pl > we define : 

J (95 ) 

with the integration from zero to the maximum allowed Pl of order Q2 • We 
finally convolute with t dependent effective parton densities and replace 
a s with a s ( t) . The final result has the form 

2 < PJ.l' � - as(t) g(X,y , t) 

+ (f ef l (u G(u , t>) T� (�J 
' 
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1-y J du [ 

+ 2 2 F2 (u, t) 
1 -y+y /2 x u 



The T functions are explicitely evaluated in ref . ( 9 ) .  As is clear 
from eqs . (21 ,  95 ) ,  they are well defined even in the massless theory and 
consequently no infrared cut off dependence affects them. Note that the t 
dependence of the function g in the previous equation only arises from the 
effective parton densitie s .  The main results of the detailed computation 
can be read from Fig.  (4 , 5 ) . There we neglected the t dependence of parton 
densities and inserted standard parton fits in the present range of Q2 • 
One finds that the result is fortunately not very sensitive to the badly 
known gluon density in the nucleon (this is not the case for oL/oT) .  The 
naive parton model prediction in eq. (89) (with m = O) is found not to 
be true quantitatively, but only as an order of magnitude relation. As for 
the properties of g(X,Y) in eq . (96) the y dependence is generally negligible , 
while the X dependence is very important but can almost completely be taken 
. . p2 . . 1 2 b h into account by saying that < l. > is not proportiona to Q ut rat er 
to w2 , the total hadronic invariant mass squared 

with P the nucleon momentum. For almost all X, we roughly obtain 

a: ( t) W2/32 s 

(97)  

(98)  

Recall that to this linearly rising (in w2) component, one should 
add a constant contribution (a part from logs) originating from the 
intrinsic PJ. of partons in the nucleon. At small w2 the constant component 
is expected to be dominant while at sufficiently large w2 the first term 
takes over . Note however that the slope in w2 of the linearly rising term 
is small ,  as apparent from eq .  (98 ) .  Thus it is not a surprise that at 
present energies cw2 � 200 GeV2) the presence of the hard component is 
still not visible . 

(11 ) 2 Note also that the available data refer to < Pl > of one given 
hadron in the jet ,  while the QCD result in eqs . (96 , 98 )  concerns the 

2 < PJ. > of the parton that produces the j e t .  The Pl.. distribution of the 
hadrons in the j et is also dependent on the fragmentation properties of 
the par ton into hadrons which cannot be calculated in perturbation theory. 
By summing the P of the hadrons in the j e t ,  one can in principle reconstruct 

... l 
the 11_ of the parton and be freed from the dependence on the fragmentation 
functions (l2 ) 



Fig . 4 
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1 1 . DRELL-YAN PROCESSES 
In this section we consider lepton pair production in hadron-hadron 

collisions . The usefulness of the QCD improved parton language is best seen 
in this case which is outside the range of application of renormalization 
group methods .  

In the naive parton model lepton pair production in hadron-hadron 
collisions is described by the famous Drell-Yan formula (l3 ) . A quark in one 
hadron annihilates with an antiquark in the other hadron and produces a 
lepton pair with point like cross-section : 

_ 4 rra.2 f dXl dX2 �-f 2 l -2  � T 
- 9S XX l e ; q . (X1) q . (X2) + l <-) 2  o ( l  - "j{j{) 

1 2 j =l " J J 1 2 

where Q2 > 0 is the invariant mass squared of the lepton pair , S the 

(99) 

invariant mass squared of the incoming hadrons , T = Q2/ S ,  x1 , 2  are the 
£ractions of longitudinal momentum carried by the parton quark or antiquark 
in hadron or 2 ,  the labels 1 and 2 on the parton symbols refer to the 
hadron they belong and the sum over j runs on quark flavors ( i . e . j = 1 ,  4 ) .  
Starting from the Drell-Yan formula, we can compute the effects induced by 
gluon corrections in QCD , just as we did in leptoproduction where we also 
started from the naive parton model approximation. In particular , two 
problems can be considered . The first deals with the relation of the 
parton densities that appear in the Drell-Yan formula with those measured 
in leptoproduction. The result (l4 )  is that in the Drell-Yan case also t 
dependent effective parton dens ities are induced by gluon corrections 
which turn out to be the same , in the leading logarithmic approximation, 
as in leptoproduction at the same / q2 / ( i . e .  there is no influence of the 
current being spacelike in one case and timel ike in the other) .  The second 
problem is the study of the � distribution of the produced lepton pair . 
In this case the P.1. of the pair is directly related to the transverse 
momentum of the incoming partons with no hadronic fragmentation function 
obscuring the result .  The problem is solved by computing the angular 
distributions for the parton processes and then convoluting with the 
effective parton densities and replacing as with as (t) (lO , lS , l 6) . 
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Gluon corrections are evaluated from the basic processes 

q + q -:i> G + y1: 

q (q) + G -;>q (q) + y
1: 

( 100) 



where y� is the virtual photon of mass ;!Q2. One must also take into account 
virtual corrections of order as to the lowest order process q + q + y� . As 
we did for electroproduction we add to the point like cross-section 
appearing in the Drell-Yan formula the result for a d • Ignoring or er as 2 2 povers of m /Q , aorder as 

for both processes in eqs . ( 100) has a term 
that increases logarithmically with q2 and a finite term. By omitting all 
obvious factors and sums the result for the corrected Drell-Yan formula 
is of the form 

a 
+ � t 2 PDY(Z ) 21T qq 1 2 

where 

a s 
+ -211 

( 101) 

(102) 

with s = x1x2s the invariant mass squared of the incoming partons . It is 
clear that the total cross sections for the parton processes in eqs . ( 100) 
can only depend on Q2 and s, and thus when an appropriate dimensional 
factor is extracted they are just functions of z12 • 

An explicit calculation(l4 ) shows the identities 

PDY (Z) qq 
pDY (Z) qG 

(103 ) 

where on the right hand side we have the familiar functions introduced for 
leptoproduction. If we neglect for a moment fDY in eq . (101) it is a q,G 
simple matter to show that we can reabsorb the terms in a8t into effective 
parton densities , as we did for leptoproduction 

�(q1 (xl ) + nq1 (xl , t) ) (q2 (x2) + nq2 (x2 , t) )6 (1-Zl2� 
(104) 
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with 

liq (X, t) t f � t:i (y) P (!) + G(y) P (!y
)l' 

x y L qq y qG � (105 ) 

We thus obtained the quoted result that the same effective 
parton densities describe both leptoproduction and Drell-Yan processes 
when the same Q2 = l q2 1 is considered . By taking the fDYG terms also into q ,  
account and replacing as with as ( t) we then end up with the modified 
Drell-Yan formula : 

Q � = �� I x  I x  . l  e . q . (Xl , t) q . (X2 , t) +- l t'.-> 2 o(l-Z12) 
2 d DY 4 2 1 dXl dX2 lLf 2 1 2 � t dQ T 1 T 2 J=l J J J 

. x1 
as (t) DY 1 I. 1 2 J as (t) DY J + zn fq (z12� + l_2Fl (X1 , t) G (X2 , t) + 1�)2 z:rr- fG (Z12) ( 106) 

where Fi is the electroproduction structure function, F1 for hadron 1 
(that originates from L e� ( q .  + q. )  in eq . ( 10) ) . 

j J J J 

While the f corrective terms proportional to o<'s (t) are certainly 
negligible for"P'-Nucleus collisions they may be important (l7) for P-Nucleus collisions , 
where the leading term is small b�ing proportional to the sea densities . The precise 
determination of these corrections depends somewhat on the definition of parton densities 
beyond the leading order, as a consequence of the infrared subtelies connected 
with the f terms . After this meeting this matter has been discussed in 
Ref . ( 18) . 

We finally consider the problem of tn� � distributions of muon 
pairs. As for the 1:L_ of j ets in leptoproduction, one obtains from QCD 
a detailed prediction for the hard component of the � spectrum. That is 
to say that for example we can predict the coefficient of S in the 

2 expression of < P.L > .  This is of order as ( t) and is a function of T 

( 107) 

A part for terms of order a2 (t) , the dots stand for terms with s 
no factor of S, which cannot be predicted because they contain the 
information about the intrinsic component of PJ.. from the nucleon wave 
function . At sufficiently large S the first term dominates, but the 
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magnitude of the terms in the dots at present energies is still non 
negl igible,  because the l inearly rising term has a small derivative of 
order as (t)· 

One starts by computing(lS ) the angular distributions for the 
parton processes in eqs .  ( 100) . From these one obtains the moments of the 
PJ. distribution : 

f lJ_ n daDY 
(-) -­

s dQ2d 2 PJ. 
2 dp.l 

that are well defined and convergent even in the massless theory (for n > 1 ) .  
Convoluting with the effective parton densities and replacing as with as (t) , 

2 (15 ) one ends up with the result (for PJ. for example) : 

2 Q2 dODY < p ,  > ... dQ2 

( 108) 

I shall not go here in the details of a comparison of the above 
formula with the data because this subject is discussed in full in the 
lecture by PETRONZIO at this Meeting that can be found in the companion 
volume of the Proceedings .  The conclusion is that the component due to the 
intrinsic P.1 of partons in the nucleon is still substantial at present 
energies , but evidence already exists for an hard component that increases 
with S at fixed T .  
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QUARK JETS 

U . P .  Sukhatme 

Laborato ire de Physique Theorique et Particules Elementaires 

Universite de Par i s  - Sud , Orsay , France 

Abstract : We discuss various aspects of j ets result ing from quark 

fragmentation in the framework of the cascade model ,  in which the 

j et is formed by a success ion of breakups ( quark + meson+quark) . 

Among the topics discussed are j et multiplicitie s , inclusive mo­

mentum di stributions , the leading particle ef fect in j ets , the 

behavior of fragmentation functions as x + 1 ,  a compar ison of va­

rious methods for f inding the j et axi s ,  and how the j et angular 

distribution in e
+

e- col l i s ions can be used to discover new quark 

or lepton thresholds . 

Re sume : Nous discutons les divers aspects des, ets produits par 

la fragmentation des quarks . Dans le cadre du modele de cascade , 

le j et est forme par des "breakups" ( quark + meson + quark) suc­

c e s s i f s . Les sujets traites sont les suivants : les multiplicites 

des j ets , les distributions inc lusives , la presence d ' une parti­

cule dominante , le comportement des fonctions de fragmentation 

quand x + 1 ,  la comparai son de diverses methodes pour trouver l '  

axe d ' un j et ,  et comment peut-on decouvr ir des nouveaux seuils de 

quarks ou de leptons en observant la distribution angulaire des 

j ets dans les col l i s ions e+e
-

. 

433 



I - INTRODUCTION . 

This article deal s with several aspects concerning j ets of par­

ticles ari s ing from quark fragmentation . First , we provide a theore­

tical framework for the discuss ion by briefly describ ing the popular 

cascade model for j ets ( Sec . I I ) , and formulating it in terms of 

integral equations .  ( l-4 )  This enables the calculation o f  all quan­

tities of physical interest . In particular , one obtains logarithmic 

multiplicities with a universal slope and the inclusive momentum 

di stribution for mesons ( Sec . I I I ) . From this , it is easy to compute 

how o ften the leading particle in a j et contains the j et-initiating 

quark ( Sec . IV) . < 2 > Thi s  question is of experimental importance , 

s ince one would l ike to be able to identify the flavor o f  the quark 

which produced the j et .  Sec . V contains a derivation of " power coun­

ting rule s "  which give the behavior of various quark fragmentation 

functions as x + 1 .  C 4 > These rules are different from "dimensional 

counting " ,  ( S )  and are in good agreement with available experiments .  

In Sec . VI , we discuss various pos sible methods for f inding the j et 

axis in a given j et-l ike event . ( G , 7 )  The inherent uncertainty in 

such determinations is estimated . Finally , in Sec . VII , we show 

that the observation of structure in the eccentricity of j et angular 

distributions is probably the quickest way of establ i shing the exis­

tence and pos ition o f  new physics at PETRA and PEP . ( S )  

I I  - CASCADE MODEL FOR JETS . 

Let us first give a qualitative description of j et format ion . 

Quarks and antiquarks in a hadron can be regarded as relatively 

free to move around in a region whose spatial extent is the hadronic 

size . Suppose that for some reasor ( typically a high energy col l i ­

sion) a quark acquires a large momentum and t r i e s  t o  escape from 

the system . A complete escape would result in the observation of 

fractional quark-like quantum numbers . S ince they are not seen , it 

follows that the confinement forces must be responsible for sorting 

out quantum numbers - the final result being the transformation (or 

fragmentation) of the escaping quark into a j et o f  part icle s .  Thus , 

j ets are a consequence of confinement . 

More spec ificall y ,  j et formation is assumed to proceed via a 

succession of fundamental " breakups " of the form quark + "meson " + 
quark . For example , the first breakup is 
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( 1 )  

Here , the initial quark qi with flavor i and momentum P undergoes 

a breakup into a "meson " M 1 -
qiq1 ,  with momentum xP and a left­

over quark q i , with flavor i '  and momentum ( 1  - x ) P  ( see Fig . 1 ) . 
At each breakup , the quark momentum decreases . When it falls below 

a critical value µ [ presumably of O (m� ) J , the quark remains comfor­

tably in a hadronic system , without any tendency to escape . At this 

stage , j et formation i s  complete . 

It i s  important to note that in principle , all properties of a 

j e t  should be derivable , i f  one knows the fundamental breakup· pro­

ces s .  We now demonstrate how this is done quantitatively . 

Figure 1 

q .  ( P )  

The fragmentation o f  a quark qi ( P )  into a j et o f  mesons 

M1 ,M2 ,M3 ,  • • .  in a standard cascade model . The mesons 

are formed in success ive breakups of the form 

quark ..,. "meson" + leftover quark . 
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For s implicity , let us first consider the case of one quark 

flavor only . Furthermore , for now , we ignore the complications due 

to quark mas'ses and spins , the production o f  resonances and baryons , 

and the transverse momenta of particles in the j et .  These compli­

cations can all be satis factorily handled . ( 3 , 4 l For our s impli fied , 

one-dimensional j e t ,  the breakup process is fully described by a 

s ingle function f ( x ) , for which we have as sumed scal ing . Note that 

f ( x) dx is the probabil ity that a breakup yields a "meson " M with 

momentum fraction in the interval ( x , x  + dx) . Since f ( x)  describes 

how the incident quark momentum i s  shared between the meson and 

leftover quark , we shall henceforth call it the "momentum sharing 

function " .  Clearly 

f 1 f (x ) dx 
0 

1 , 

s ince each breakup gives one meson . 

I I I  - JET MULTIPLICITY , MOMENTUM DISTRIBUTIONS . 

( 2 )  

Since the cascade model i s  a recurs ive process , i t  i s  reason­

able to expect that all quantities of phys ical interest satisfy 

appropr iate integral equations . This is in fact the case . The meson 

multiplicity n ( P }  in a j et initiated by a quark with momentum 

P � µ satisfies the integral equation 

n ( P )  1 + f
1 

dx ' f ( l -x ' ) n (x ' P ) . 
µ /P 

( 3 )  

The term unit.y on the right hand s ide corresponds to the meson pro­

duced in the first breakup , and the integral corresponds to the mul­

tiplicity coming from the leftover quark , which has momentum x ' P .  

Similarly , i f  we denote the inclus ive s ingle-meson momentum 

distribution dn/dx by F ( x ) , then for P � µ , we have 

F ( x)  f ( x )  + f
1 dx ' 

f ( l -x ' } F ( x/x ' ) .  
x x '  

( 4 )  

Again,  the two terms in eq . ( 4 )  have a s imple phys ical interpretation . 

The term f ( x)  corresponds to the pos s ibility that a meson with mo­

mentum fraction x is formed in the first breakup . The integral cor­

responds to the pos sibil ity that the first breakup produces a 
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quark with momentum fraction x '  � x ,  and thi s  quark yields a meson 

at x in a subsequent breakup . Note that integrating eq . ( 4 ) over 

x yields the multiplicity integral eq . ( 3 ) . 

Similarly , the two-meson inclusive momentum distribution 

dn/dx 1dx2 - G ( x 1 , x2 J satisfies the integral equation 

G ( x. , x2 ) :::: ) f \J + '. ':':
, 

F� :'

x
;] 

1 dx ' [x l x2� + f --
2
- f ( l -x ' ) G  - ,-

x 1 +x2 x '  x '  x '  
( 5 )  

We now present the salient features o f  the solutions t o  inte­

gral eqs . ( 3 )  - ( 5 ) . The general solut ion to the mul tiplicity inte­

gral equation ( 3 )  i s  

n ( P )  a = - 1 

J 1dx ' f ( l -x ' ) inx ' 
0 

( 6 )  

Note the very general result that one always obtains logarithmic 

multiplicities at large energies for any choice of the momentum 

sharing function f ( x ) . The s lope a depends on f (x ) , and one can 

see that i f  f ( x )  is such that the meson tends to take a larger 

share of momentum in a breakup , then a smaller s lope a results . 

Since inx ' is large near x '  = 0 ,  the s lope a is sensitive to the 

behavior of f ( x )  near x = 1 .  

Nex t ,  we solve integral eq . ( 4 )  for the meson distr ibution F (x ) . 

It is a linear Volterra equation of the second kind and a conver­

gent solution is obtained by successive iteration . 

F ( x)  = E F ( j )  ( x )  
j = l  

where , 

F 
( l ) 

( x )  

F ( j + ) ( x )  

f ( x ) , 

/dy f ( l - x/y ) F ( j ) ( y) ; ( j = l , 2 , • . •  ) 
x y 

( 7 )  

( 8 )  
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The index j in eq . ( 7 )  labels the breakup , in the sense that F ( j )(x)  
is the contribution of  the j th breakup . Similarly , eq . ( 5 )  can also 
be solved iteratively to give G (x1 , x2 l .  

The j et-initiating q'.lark is of  course a part of the "meson" 
M

1 produced in the first breakup . Let us note that if the contribu­
tion of the first breakup F ( l ) (x) behaves like ( 1 -x) B as x + 1 ,  
then it is  easy to see that the contribution of the second breakup 
F ( 2 ) (x )  � ( 1-x) S+ l , and in general F ( j + l ) (x) � ( l -x) S+j . Thus , 
one gets an extra factor of ( 1-x) at each breakup . We will  make use 
of this simple rule later [ in Sec . V J  , when we examine the behavior 
of fragmentation functions as x + 1 .  

In order to get a feel for the behavior of the inclusive dis­
tribution , let us consider the following simple but realistic choice 
for the momentum sharing function 

are 

f (x) = ( l+ S ) ( 1-x) S ( S � 0 ) . ( 9 )  

For this example , the multiplicity and momentum distributions 

n (P)  = ( l+S ) 2nP + constant ( 1 0 )  
dn/dx = F (x )  = ( l +S ) ( 1-x ) S/x ( 1 1 )  
dn/dx1dx2 - G (x 1 , x2 ) = ( l+ S ) 2 ( 1 -x1 -x2 ) S/x1x2 ( 1 2 )  

For concreteness , take the case S = 1 [which is roughly i n  agree­
ment with e+e- inclusive meson distributions ] .  Fig . 2 shows how 
the full meson distribution F (x )  = 2 ( 1-x) /x is built up from the 
contributions of successive breakups : F ( l ) (x )  = f ( x) = 2 ( 1 -x)  , 
F ( 2 )  (x )  = 4 ( 1 -x+ x2nx) , etc . Note that for x p • S ,  truncation of the 
series solution [ e q . ( 8 ) ] after 2 breakups is adequate . 

In the discussion above , we have solved integral eq . ( 4 )  by 
successive iteration , since each iteration corresponded physically 
to an additional breakup . An alternative mathematical procedure is 
to take Me l l in transforms and treat the resulting algebraic equa­
tions . ( l ) This procedure can be profitably used in obtaining eqs . 
( 1 0 ) - ( 1 2 ) . 
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Figure 2 A plot of the meson distribution for the momentum sharing 
function f (x )  = 2 ( 1-x) . The graph illustrates how succes­
sive breakups build up the full distribution F (x )  = 2 ( 1 -x) /x .  
The first breakup gives curve 1 ,  the first two breakups 
g ive curve 2 ,  etc . 

IV - LEADING PARTICLE EFFECT . 

For this article , a leading particle is defined to be that 
having x � ! . Consider those j ets which contain a leading particle , 
and let us �sk for the probability that the leading particle came 
from the first breakup and hence contains the j et-initiating quark . 
This probability r i s  given by ( 2 )  

1 �l r = f f (x ) dx f 
1/2 1/2 

F (x ) dx .  ( 1 3 )  

For the real istic choice f (x )  = 2 ( 1 -x)  o f  the previous section , 
r = • 6 . Therefore , in 4 events out of 1 0 ,  the x � � particle came 
from the second or subsequent breakup , and does not contain the 
quark which initiated the j et . By a similar calculation , it i s  
easy to check that there is  a high probability c �  8 5  % )  that the 
\ 
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j et-initiating quark is contained in the fastest particle only if 
it has x � . 7 5 .  This is  a useful , practical cciterion which expe­
rimentalists can use for identifying the quark origin of a j et by 
looking at the fastest meson . 

V - QUARK FRAGMENTATION FUNCTIONS AS x + 1 .  

We now make the cascade model more realistic by allowing the 
quarks to have several possible flavors . [ The treatment g iven below 
is for an arbitrary number N of quark flavor s ] . The momentum sha­
ring function fii ' (x )  acquires flavor indices [ see eq . ( l ) ] , and 
this leads to matrix integral equations for quantities of phys ical 
interest . A detailed discussion -can be found in Ref-. ( 4 ) . 

It can be shown that the multiplicity of "mesons " qjqk pro­
duced from an initial quark qi with momentum P is 

where , 

a = 
N 
.... 1 - 1  - N[ L, f dx fii 1 (x ) 2n ( l-x) 1 

i , i ' =l 0 

The quantity �j k  is the probabil ity of having a 

( 1 4 ) 

( 1 5 )  

( 1 6 )  

(qj + qk+ "qjqk " )  breakup , which corresponds to a connection bet­
ween flavors j and k .  Eq . ( 1 4 )  for the multiplicity is a genera­
lization of eq . ( 6 )  to an arbitrary number of flavors . Note that 
the multiplicity is logarithmic and has a universal slope inde­
pendent of the initial quark flavor i ,  This is a reasonable result 
when the multiplicity is large , since information about the initial 
flavor i gets diluted with each successive < 9 J breakup . 

The momentum distributions ( fragmentation functions)  Fj k ; i (x)  
for various "mesons " qj qk can be found C 4 l by successive iteration . 
This gives a generalization of eqs . ( 7 )  and ( 8 ) . Here , we wish to 
point out a simple general result as x + 1 .  The point is more 
clearly made with an example . Consider the fragmentation functions 
of a d  quark into rr+ and rr - . A rr  = (ud) can be produced in the 
first breakup , but in order to form a rr+ = (ud ) , at least two 
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breakups are necessary . As we have seen in Sec . I I I , one gets an 
extra factor of ( 1-x )  with each breakup . Therefore , as x � 1 ,  we 
have the simple rule 

Pud ( l-x )  ( 17 )  

More generally,  one can say that " unfavored " mesons have one 
power of ( 1-x )  more than " favored " mesons - where "unfavored" refers 
to a meson which cannot be produced in the first breakup . This 
result is not affected by the presence of resonances in the j et ( 4 ) . 
Eq . ( 1 7 )  is very different from dimensional power counting , ( S )  
where a ratio ( l -x ) 4 would be expected in the absence o f  resonances . 
However , phenomenological determinations of fragmentation func­
tions ( l O ) are consistent with the power of unity in eq . ( 1 7 ) . 

VI - FINDING THE JET AXIS . 

Given a multiparticle event ( for concreteness , we cons ider 
an e+e- collision ) , one would like to f ind the j et axis . The cus­
tomary procedure ( G , l l ) has been to compute the sphericity = 

3 E p2 . /2 E p �  and define the j et axis to be that which mini-. J.1. . 1 ( 7 )  mi2es the 1 sphericity . Another recent proposal has been 
to find the j et axis by minimiz ing the sphero city = 

[ 4  t I p� i i �TI r p
i

J 2 • So , it is very relevant to ask whether 
both methods give the same results , and to re-examine the criteria 
for finding the j et axis . 

The sphericity method minimizes a quadratic expression 
E h 2 , whereas the spherocity method minimizes a l inear combina­
i ,... �i - t ion � I p I .  In principle , an expression of any power 
E h n can b� � i minimized . However , note that i f  a particle with 
i ,... � i 
momentum P fragments into a j et ,  conservation of momentum implies 
that the particles in the j et have no net transverse momentum . In 
other words , the physics criterion for determining the j et axis 
is to require conservation of  transverse momentum - the j et axis 
being the one such that E p . = 0 .  This is the correct procedure 

i � 1 
if one knows all the particles in a j et .  
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Figure 3 A two-dimensional , four-particle j et with total momen­
tum P = 1 0  GeV/c at 0 ° ,  and < pL > = . 5  GeV/c . The com­
ponents of momentum parallel and perpendicular to the 
0 °  l ine are ( 1 , 0 ) , ( 2 , . 5 ) , ( 3 ,  . 5 ) and ( 4 , - 1 ) . The axes 
obtained by minimiz ing sphericity and spherocity are 
marked . 

As an illustrative example ,  consider the four-particle j et 
shown in Fig . 3 .  It has a total momentum P = 1 0  GeV/c and 
< �L > = . 5GeV/c . Note the discrepancy between the true j et axi s 
( 0 ° )  and the axes determined by minimiz ing sphericity ( - 3 ° )  and 
spherocity (+7 ° ) . Although we have not made a detailed study of 
j et s  generated via Monte Carlo methods , it seems from numerous 
simple examples of j ets with P = 1 0  GeV/c that the axis from 
minimiz ing sphericity is usually not too far from the true axis 
( � 8  3 ° ) , whereas spherocity minimization gives poor results 
( � 8  � 8 ° ) . This is presumably related to the fact that sphero­
city is not an analytic function of �L i " 

In principle ,  requiring r PL i = 0 is the proper way of 
finding the j et axis if all the particles in a j et are known . In 
practice , in an e+e- event , one would need to cut each event into 
two hemispheres by a plane perpendicular to a trial j et axi s ,  and 
take all particles in the hemisphere on the side of the axis as 
belonging to the j e t .  The true axis would be that trial axis which 
has E p = O .  In such a procedure , there will often be an ambi­

i L i  - guity about whether a particle in the middle (near 
the flat boundary between the two hemispheres )  belongs to the j et 
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or not . This wil l  always be the case in an e+e- col lision , since 
a quark (or antiquark) j et must have a connection with the other 
hemisphere in order to conserve quantum numbers . This intrinsic 
uncertainty wil l  give rise to a typical angular error given by 

< l>.1. > 
I P I  

( 1 8 )  

and this could be present in most events . For < /:>.1. > = . 3GeV /c and 
a SPEAR energy .{S = 7 . 6  GeV , 6 8 SPEAR � 4 . 5 ° whereas at a PETRA 
energy .[S = 20 GeV, 6 8PETRA � 2 ° . This estimate indicates that , 
in practice , transverse momentum conservation and sphericity give 
reasonable determinations of the jet axis , but spherocity is not 
good . One must also keep in mind , that event by event there is an 
uncertainty in the j et axis g iven by eq . ( 1 8 ) . 

VII - FINDING NEW THRESHOLDS . 

In thi s  section , we di scuss how the angular distribution of 
j ets in e+e- collisions can be used to locate new thresholds at 
PETRA and PEP . ( B ) Assuming one photon exchange,  the angular distri­
bution of j ets is given by ( l 2 )  

dcr l 
an JETS 

i: [ A .  ( s )  + cos28JB '  ( s )  J 
i ]. • 

where , for spin 1 quarks , I 2 
2 [ 2 J [ 4m � ]a'." :� 1 ± 

4:i 1 ---;-
( 1 9 ) 

( 2 0 )  

i s  the angle between the j et ( i . e .  quark) direction and the 
e+e- beams . The index i runs over all active flavors at energy 

.[S. Note that when the energy is just above a new threshold at 
s = 4m2 , the contribution of the new quarks is spherically sym­
metric , whereas when s > >  4m2 , the contribution is 1 + cos 2eJ . In 
general , 

dcr l 
an JETS 

( 2 1 )  

where aJ ( s )  i s  the eccentricity o'f the j et angular distribution . 
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Figure 4 
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PEP 
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b t 

9 3 0  
ECM (GeV) 

A plot of the eccentricity aJ of the j et angular distri­
bution ( from quarks only) as a function of CM energy 
(on a logarithmic scale ) . Note that aJ takes a downward 
j ump whenever a new threshold is crossed . 

A reasonable choice for the masses of the strange , charm , and 
bottom quarks is ms = • 5GeV , me = 1 .  9 GeV ., mb = 4 . 5 GeV . This 
gives an eccentricity aJ ( s )  as shown in Fig . 4 .  The figure also 
shows the expected behavior of aJ ( s )  assuming the existence of  a 

2 "top " quark of mass  mt = 1 5  GeV and charge + j • Note that when-
ever a new flavor threshold is passed , the angular distribution 
becomes more spherically symmetric and aJ takes a noticeable down­
ward j ump baJ . This j ump is not a local effect - the dashed l ines 
in Fig . 4 show how aJ would have behaved if a new threshold had 
not appeared . The effect of a decrease in aJ due to a new thres­
hold persists over a large energy range [ the scale is set by 
4m� - see eq . ( 2 0 )  J .  l. . 

The sawteeth in aJ ( s )- correspond to the steps seen in the more 
conventional quantity R = cr (e+e- + hadrons) /cr (e+e- + µ+µ - ) .  
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From eqs . ( 1 9 )  to ( 2 1 ) , it follows that 

ll R 
R 

( 22 )  

Thus , detecting llaJ i s  not a more sensitive method of  finding 
new flavors than R, but as we shall see , it is an alternative 
method with numerous advantages . 

+ -How can aJ be determined from e e data ? The procedure used 
at SPEAR consists of an event-by-event sphericity analysis to 
find the j et axis . ( G ) This is tedious and not very accurate , but 
the value aJ = 0 . 9 7 � 0 . 1 4 at [S = 7 . 4  GeV is consistent with 
Fig . 4 .  At higher energies , one expects j et structure to become 
more obvious and it should be possible to have a precise deter­
mination of aJ . However , we will now show that a considerably 
simpler method of finding aJ can also be used at high energies . 

Consider the eccentricity aM of the meson angular distribution 
1 + aM ( s ) cos2e in e+e- collisions , and let us study how it is  
related to  aJ ( s ) . To  do  this , we  take a simple factorized model 
for quark fragmentation into a meson j et . 

Dq +M
(x , pl. l = F (x )  exp [-TI �� 2

] ( 2 3 )  
4 < pl. > 

For the one-dimensional case , < p
l.

> =  0 ,  the mesons are aligned 
along the j et axis , and aM equal s  aJ . This simple result is  
slightly altered in  the realistic situation where < p

l
. >  is  finite . 

One f inds that the eccentricity of mesons with momentum � > > < p
l.

> 
is essentially equal to aJ . Physically , this result is qualita­
tively evident , and corresponds to saying that the fast particles 
in a j et are approximately on the j et axi s .  More quantitatively , 
if < pl. > = . 3GeV/c , then aM ( p )  > . 9 8 aJ for mesons with momenta 
p � 3 GeV/c . This provides an easy method of determining aJ . 

I f  two identical hadronic detectors are placed at angles 
8 = TI/2 and 8 ,  and mesons with p �  3 GeV/c are counted , then the 
meson eccentricity is determined 

N ( 8 )  - N (TI/2)  
N ( TI/2) cos 2e 

( 2 4 )  
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It will show a drop in value with the appearance of each new thres­
hold . Qualitatively,  this remark is independent of all detailed 
assumptions going into our analysis . It simply says that the con­
tribution of a specific particle-antiparticle pair j ust above its 
threshold is isotropic , but at higher energies becomes (1 + cos 28 ) . 
Quantitatively , the magnitude of the drop in aM (p � 3 )  is essen­
tially given by eq . ( 2 2 ) , but it also depends to some extent on 
our assumptions about quark fragmentation and j et multiplicities . 
This is , of course , a disadvantage compared to the traditional 
quantity R .  However , there are numerous advantages too . In parti­
cular ( i )  one does not need 4rr detection and no extrapolation 
into the blind regfons of the detector (as is required for R) . 
The angle 8 can be chosen sl ightly .away from the forward direction 
so as to avoid troublesome background problems , which are a major 
source of error in R ; ( ii )  one does not need to detect all the 
produced hadrons , and in fact the type of trigger mesons can be 
chosen at the experimenter ' s  convenience (it is probably most 
easy to detect either all  charged hadrons or only rr 0 ' s) ; ( i i i )  since 
one only takes the ratio of  hadronic quantities in eq . ( 2 4 )  to 
obtain aM ( p  � 3 ) , normali zation errors will be small .  In particular , 
we will not have energy-dependent systematic effects (which cause 
considerable uncertainty in the determination of  R) . 

The observation of structure in aM ( p � 3 )  will correctly in­
dicate the location in energy where interesting new physics lies . 
However , the interpretation of this structure ( in terms of new 
quark flavors , new heavy leptons , resonances , etc . )  wil l  need 
further work . ( B )  S ince aM measurements have l ess  energy-dependent 
systematic errors than R and can be carried out with available 
detection equipment , they are sepecially suitable for an initial 
energy scan at a new accelerator l ike PETRA or PEP in order to 
establish the existence of new physical effects . 

I have profited from numerous discussions with my colleagues 
at Cambridge University and at Orsay . In particular , it is a plea­
sure to thank Prof . P . V .  Landsho f f ,  Prof . J . C .  Polkinghorne and 
Prof . J .  Tran Thanh Van for collaboration and helpful discussions 
on several topics treated in this article . 
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MECHA.�ISMS FOR TETRALEPTON PRODUCTION 

R, J. N .  Phillips 

RL-78-030 

T , 2 1 6  

Rutherford Laboratory, Chil ton , Didcot ,  Oxon , England. 

Abs tract :  Mechanisms that might explain the reported tetralepton events in 
neutrino scattering are evaluated and compared.  The CDHS vN + µ-µ-µ+µ+X event 
looks like normal charm production plus an electromagnetic µ+µ- pair.  The 
BHFSW vN + µ+e+e-e-X event may also be charm production plus vector meson decay 
to e+e- . 

Resu� : Quelques mecanismes qui pourraient expliquer les evenements 
tetraleptoniques sont evalues e t  confrontes aux resul tats experimentaux. 
L ' evenement vN + µ-µ-µ+µ+X du groupe CDHS , ainsi que l ' evenement vN + µ+e+e-e-x 
du groupe BHFSW, peut �tre interprete connne production du charme plus une paire 
i+i- d ' o�igine electromagnetique OU hadronique, 
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Several tetralepton events have been reported; two vN + µ
-µ-µ

+
µ

+
X from 

the CDHS and FHPRW groups and one vN + µ
+

e
+

e-e-X from the BHFSW group , l ) -3) 
Al l so far have lepton charge signature --++ , The rate i s  

a (v + 4µ) /o (v + µ) � 1 0-6 ( I )  

within a factor 1 0  anyway , since CDHS see one 4 µ  to seventy 3µ events 4 )  and 

quote a rate � 5 x 1 0-S for the latter, for E > 30 , Let us look at mechanisms 

that could give this signature and rate , concentrating mos tly on the v + 4µ 

case . (The results presented come from a collaboration with Vernon Barger and 

Tom Gottschalk at UW Madison, 5 )
) 

Note that the 4 µ  mechanism does not have to explain the 3µ events too 

( the l atter are pretty we ll understood already 4) ) but it must not predict 3µ 

too copiously or with wrong properties , 

Quark Cascade (QC) 

Suppose we have a third quark doublet 

(2)  

where 4 . 8  GeV (so that T-resonances are bb composi tes)  and mt � 8 GeV 

say .  Mixing of d ,.s ,b  is unders tood .  Then neutrino p roduction o f  t followed by 

cascade decay t + b + c + s can give 4-lepton events as shown in Fig . I ;  there 

is a similar story for antineutrino production of t. Other quark cascade 

possib i l i ties exi s t  6) but seem much less promising , 

Some remark s .  

i )  Cascade decay is not inevi table ; there are short-cuts like t + s or t + d 

{the couplings that manufactured t in the first place) . Model-builders 

must take care with mixing angles and masses , to keep the cascade 

competitive . 

ii)  Tetralep ton production is suppressed at low E by many things : by threshold 

kinematics ( t is massive) , by the slow-rescaling variable l) 
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x'  = x + m2 / ( 2MEy) that puts small-x'  regions out of reach, and by lepton t 
acceptance cuts E i > E . • Averaging over the CDHS or FHPRW spectra with min -6 E > J OO GeV, the QC mechanism can give a v + 4µ rate of order 1 0  (the 
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Figure I :  Mechanisms for v � 4µ production . 
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asymptotic rate would be much more , the v + 4µ rate would be less ) .  

iii) Wrong-sign trimuons . Because one of the decay steps could be hadronic 
iris tead of semileptonic, QC predicts 

- + + cr (v  + µ µ µ ) /o (v + 4µ) 5 - J O  (3) 

CDHS sees essentially no wrong-sign trimuons (4 events wi th an expected 
contribution of 5 from dimuons plus rr ,  K decays) compared to one tetramuon, 
which is bad news for QC. 

iv) QC has a_ high threshold. For mt = 8 it requires E > 40, W > 8 and cannot 
eas ily accommodate the BHFSW event 3> with E vis 32 , Wvis 4 .  (If 
mt < 8 Lederman should have found toponium; if mt = � the cascade would 
not go . )  

v) Calculated invariant mass distributions are shown in Fig. 2 .  The arrows 
correspond to the CDHS 4µ event : QC has difficulty explaining the lower 
of the m(µ_µ_µ+) values .  

In short QC i s  not very happy , either with wrong-sign trimuons o r  with 
the two tetralepton events for which we have numbers . 

Lepton Cascade (LC) 

Given two new heavy leptons M-, M° in the muon sector, we can get 4t and 
St events from vN + M-X followed by M- + M0µ-M° , � + µ-X+ , M0 + µ+X- (where X± 

+ + can be µ-v , e-v , or hadronic) as in Fig. I .  

Some remarks • 

i)  This can give a substantial v + 4µ rate , as high as  I 0-5 , but  only in a 
fancy scheme B) with an extra lepton and right-handed couplings 

with mixing of the two L and two R doublets understood. 

ii) Pentamuons :  LC predicts 

cr (v + 5µ) /cr (v + 4µ) � 0. 1 - 0 . 2  

(4) 

(5) 

iii) "Wrong-sign" tetramuons : none have been reported but the statistics are 
smal l !  LC predicts 

- - - + cr (v + µ µ µ µ ) (6)  
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iv) Since the scheme above does not allow M" + e+X- it does not give 
v + µ-e-e+e+ nor v + µ+e+e-e- like the BHFSW event, (We should have to 
introduce an extra E0 with M- + M°e-E0 and Eo + e+X-) .  

v) High threshold: with m(M-) > 5 GeV as suggested by the CDHS event (where 
m(4µ) = 4 , 1 GeV) , the BHFSW event cannot be far above threshold with 
E . = 3 2 .  V l S  

vi) Invariant mass distributions are shown in Fig. 2, for m(M-) = 8, 
m(M0) = 1 . 5 . The lower m(µ_µ_µ+) value of the CDHS event looks incom­
patible with LC, but would look better with a lighter M- . 

Thus LC has theoretical and experimental drawbacks;  i t  needs a lot of 
new leptons plus unfashionable right-handed couplings , and has threshold 
problems with the BHFSW event ,  The predicted 5µ and wrong-sign 4µ events are 
unique and characteristic , but remain to be seen. 

Radiative Charm (ye) 

Normal charm dimuon production vd(s) + µ c ,  c + d(s )µ+v becomes 4µ produc­
tion when accompanied by a radiative µ+µ- pair. 

i)  For gauge invariance , the calculation must include radiation from the 
initial and final interacting quarks as well as the direct µ- , as shown 
in Fig , 1 :  these are the results reported here. This calculation 5) gives 
a rate 

(7)  

averaged over the CDHS or FHPRW spectrum with E > 1 00 GeV, 

ii) In azimuthal correlations with the fast µ- , which is usually the direct 
µ , ye gives a peak near 6� = 0 unlike QC or LC : see Fig ,  3 .  This peak 
can be thought of loosely as coming from radiation off the direct µ­

(though in fact all three diagrams and their interference crossterms 
contribute nontrivially to produce the effect) . 

iii) Another ye characteristic is a narrow low-mass peak in the lowest of the 
four :µ- invariant mass combinations , labelled m(µ+µ-)MIN in Fig, 2 ,  due 
to the photon propagator that holds down the electromagnetic pair mass .  

iv) The CDHS event accords quite well  with this ye calculation; see especially 
the invariant masses in Fig. 2 .  

v) In addition to the above calculation, we expect further electromagnetic 
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pair contributions from the hadron vertex - from spectator quarks,  from 
final-state enhancements ,  from vector meson production and decay v0 + µ+µ- , 
These have not yet been calculated. In azimuthal correlations with the 
direct µ- (Fig. 3) , the additional contributions should appear near 
lH!> = 1 80° . 

vi) ye has P low threshold ,  with or without hadron enhancement , 

vii) The BHFSW event does not match the minimal ye calculation in (i) above , 
since the two possible e+e- pairings each have invariant mass of order 
0 , 8  - 1 . 0 GeV . However it might be explained by charm plus hadronic pair 
enhancement as described in (v) with p ,  w or <jl + e+e- , 

viii) Interpretation of the BHFSW event as charm plus V ·-> e + e - is supported by 
+ + - -some happy coincidences among the visible particles µ e e e Ks + 6y : 

The six gannnas reconstruct 3n° 
One n° with Ks reconstructs K* 

(Now add e and missing v to make D + K*ev) 
One n° with D reconstructs o* 

A possible interpretation is then 
+-vs � µ c 

L. *­fragments to D + D-no 
I *o --L....+K e v 

L_...K n° s 
additional fragment v0 + e+e-

spectator sea quark s + fragments to A + nn° 
[This was worked out during the Meeting, with Henry Lubatti and 
Toby Burnett , ]  

xi) Adding in the missing v energy above , the BHFSW event can have E = 40, 
x = 0 , 1 4  which look healthier for charm production from the sea than the 
raw Evis = 32 ,  xvis = 0 , 2 1 . 

In short,  charm production plus an electromagnetic pair (either from 
internal bremsstrahlung as in Fig. I or from a hadronic enhancement) seems the 
most promising explanation so far . 

Triple-Charm 

Normal charm production , accompanied by associated charm pair production 
via a gluon, can lead to 4-lepton events as in Fig. I ,  However,  calculation S) 
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in lowes t-order QCD gives a very small  rate 

cr (v + 4µ) / cr (v + µ) (8)  

averaging over the CDHS or FHPRW spectrum with E + 1 00 GeV. We can ignore this 

mechanism.  

i)  Charm production plus a lepton pair (with or without hadronic enhancement) 

seems the most promising explanation. 

ii)  Both the 4-lepton events for which we have details seem compatible with 

the above interpretation, whereas they pose problems for QC and LC , 

iii)  Absence of wrong-sign trimuons i s  another bad sign for QC. 

iv) Absence of wrong-s ign tetramuons and pentarnuons (not yet es tablished) 

would be further bad signs for LC , 

v) LC needs numerous new leptons and V + A currents - an aesthetic bad sign? 

vi) Triple-charm gives a negligible 4-l epton rat e ,  at least with present 

methods of calculation. 
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THEORETICAL MODELS FOR MULTIMUON EVENTS 

J, Smith 
Institute for Theoretical Physics 
State Uni�ersity of New York at 

Stony Brook, N ,Y, 11794 

ABSTRACT : We discuss the consistency between the trimuon event rates 
reported by the CDHS and FHPRW groups.  Then we make some comments on 
models for the electromagnetic and hadronic production of trimuons, 

RESUME: Nous presentons une comparaison entre les resultats des 
groupes CDHS et FHPRW sur les mesures de la fraction o ('Sji.) / o (µ) , 
Ensuite nous ferons quelques remarques sur les models theorique pour 
la production des evenements avec trois µ par les mechanismes electro­
magnetiques et hadroniques ,  
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1. INTRODUCTION 

Multimuon events have been reported by several experimental groups , 

using both narrow- and wide-band neutrino and antineutrino beams. l'he 
first trimuon events were found in 1976 by the Caltech-Fermilab (CF) group . l) 

Then thirteen events were recorded by the Fermilab-Harvard-Pennsylvania­
Rutgers-Wisconsin (FHPRW) collaboration2) and three were detected by the 

CERN-Dortmund-Heidelberg-Saclay (CDHS) group . 3) This morning we heard a 

report from the CDHS group 4) on the analysis of the 76 eve,nts recorded using 
wide-band neutrino beams. Both the CF and FHPRW groups ha.ve substantially 
enlarged their original detectors and are purported to have considerably in­

creased their trimuon event samples. However, no results on rates or dis­

tributions are available yet. 
Opposite sign dimuon events have been detected in considerable numbers. 

The origin of these events is now well understood to be due to the production 
and subsequent decay of charmed particles5) so we will not discuss them 

further. The existence of a mechanism responsible for the production of 
like-sign dimuon events (µ µ in a v  beam and µ+µ+ in a v  beam) is not 
yet firmly established. Ling7) has presented evidence for a µ µ signal 
in the FHPRW experiment yielding cr (µ-µ-) /cr (µ-) = (6±4) x 10-4• More sta­
tistics are necessary to clarify the situation. This is an important question 

which, as we will see later, has direct bearing on the source of the trimuon 
events. 

Tetramuon events8) have also been seen. The rate for these events is 

very low and there are many possible production mechanisms . Further progress 
in understanding these events must await much higher statistics. Therefore 
in this talk I will discuss questions which are related primarily to the pro­
duction of trimuon events. I will begin by discussing the compatibility be­

tween the experimental rates from the CDHS and FHPRW groups,  then make some 

comments on the interpretation of the CDHS trimuon events presented this morn­

ing and finish by discussing the FHPRW super events .  

2 .  EXPERIMENTAL RATES FOR - - + µ µ µ EVENTS .  

This morning both Ling and Kleinknecht gave sufficient information to 
allow us to make a careful comparison between the rates for trimuon production 
at Fermilab and at CERN. I remind you that the original uncorrected rate from 

-4 the FHPRW group was cr ( 3µ) /cr (µ) = 5 x 10 for E > 100 GeV, with cuts of 4 GeV 
-4 on each muon energy while the CDHS result was much smaller (�l x 10 based 
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on 3 events) . The calculated single muon event rates (spectra multiplied 
by E) are shown in Fig. 1 for the FNAL quadrupole-triplet (QT) beam with 400 
GeV protons and for the CERN wide-band beam (WBB) with 350 GeV protons, 

assuming 1013 protons on target. To normalize we scale the QT rate 

•• ....................... __ �----�--------.... --�----�----� 1 0 
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Single muon event rate for the CERN WBB (350 GeV protons) and the 
Fermilab QT beam (400 GeV protons) .  Curve A is normalized per 101 3  
incident protons for the same target mass. Curve B includes the 
ratio of fiducial volumes and the ratio of numbers of incident pro­
tons (see text) . The dashed curves include trimuon acceptance 
factors and give the relative numbers of trimuon events .  
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down by a factor of 5 , 3  to take into account the relative differences in 
fiducial volume (660 tons for CDHS versus 300 tons for FHPRW) and protons on 
target (1 , 7  x 1018 fc,r CDHS in the 350 GeV WBB run versus 0 , 7  x 101 8 for 
FHPRW in the 400 GeV QT run, ) Now to compare trimuon event rates ,  we still 
have to correct for the dcotection efficiency, This mo·ming Kleinknecht showed 
the ratio of the trimuon acceptance as compared with the single muon acceptance 
for the CDHS experiment,  The acceptance is essentially 100% at E =180 GeV 
and falls to 10% at E = 50 GeV, If we assume the same acceptance correction 
for the FHPRW experiment , which is a reasonable assumpl:ion because the energy 
cuts on the muons are similar, then the relative trimuon event rates can be 
plotted in Fig. 1 as a function of the neutrino energy,. These are shown by 
the dashed lines up to E = 180 GeV and the solid lines above that energy, 
The two curves intersect at E = 240 GeV. Above this energy the FHPRW experi­
ment can still see trimuon events in a small window out: to E = 280 GeV. 

1.0 

IO 

0 
0 

350 G •V W88 

If.DO GtV QT 

� 
- - - - - - - - -

1 00 E(GsV) 2.00 '300 
Fig. 2 , Trimuon event rates for the CERN WBB (350 GeV protons) and the Fermi­

lab QT beam (400 GeV protons) . 
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To compare the rates we convert the semilogarithmic scale to a linear 
scale and replot the final curves in Fig . 2 .  Using the result that the CDHS 
group found 63 events in their 350 GeV WBB run and scaling by the relative 
area under the curves (factor of 17) we find that the FHPRW group should have 
seen 4 events in their 400 GeV QT run. They actually found 6 events which 
is consistent considering the small nlllllber of events expected . The rates re­
ported in the previous talks are o (3µ) /o(µ) = (26 ± 15) x10-5 for FHPRW with 
E > 100 GeV which compares favorably with o (3µ) /o(µ) = (9 ± 2) x 10-5 for CDHS 
with the same energy cut . These ratios decrease when we lower the neutrino 
energy cut due to the denominator becoming larger. The FHPRW group reported 
that o (3µ) /o(µ) (9 ± 5) � 10-5 for all E while CDHS reported o(3µ ) /o (µ) = 
3 ,0  x 10-5 for E > 30 GeV. We therefore conclude that the initial difference 
between the uncorrected FHPRW trimuon event rate and the CDHS trimuon event 
rate has essentially disappeared. 

3 ,  THEORETICAL MODELS FOR THE TRIMUON EVENTS 
Many models have been proposed to explain the trimuon events and one can 

divide them into two broad classifications : namely, those that invoke new 
particles , leptons9) or quarkslO) or bothll) , and those that invoke more con­
ventional production mechanisms. 12 • 13 • 14) The associated production of pairs 
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4 M  

of eharmed particles13• 14) will b e  included in the latter category because 

charm is by now reasonably well understood and is really part of old physics 

rather than new physics. Fig. 3 shows some of the mechanisms proposed , 

The distributions presented by the CDHS group sE•em to rule out the 

necessity of invoking exotic explanations for the bulk of their events, We 

have seen that the transverse momenta of the muons with respect to the hadron 

shower direction are much smaller than one would expect from the decay of a 

heavy object (either lepton or quark) , Also, the azimuthal correlation in 

' = 'l, (2+3) between the leading µ and the vector sum of the other muon 

momenta, presented in FigT 4 ,  shows distinct forward and backward peaks 

(with respect to a z-axis along the direction of the neutrino) , The back­

ward peak agrees with the expectations from a hadroni.c source for the tri­

muon events because the slow dimuon Dair would tend to follow the hadron 
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> UJ 

�� 
Fig. 4. Plot of the � •  �l , (2+3) distributionfor the CDHS events. 



shower (W-boson) direction which is oppositely correlated to the fast µ 
direction. Such a mechanism is depicted in Fig. s. The forward peak is 

consistent with that expected from the electromagnetic radiation of a muon 

pair from the fast µ • However, in order to make the latter process satis­

fy the stringent requirement of electromagnetic gauge invariance one must 

calculate it12) from the �raphs shown in Fig. 6. Some radiation must be 

emitted by the accelerated hadrons (or quarks) so that there is a possibility 

of overcounting if one simply adds the cross sec�ions calculated from the 

processes depicted in Figs. 5 and 6 .  The theoretical models all assume a 

Fig. 5 .  Hadronic production of muon pairs in neutrino collisions . 

v_ I"/ ..., ,,.­� + I I' � x  
Fig, 6 .  Electromagnetic production o f  muon pairs in neutrino collisions. 

bremsstrahlung type radiation from the up and down quarks and work in the 

quark parton model framework. 

The CDHS group claim that the trimuon rates and distributions are con­

sistent with the sum of the two processes given above. In particular they 

use a theoretical calculation for the electromagnetic reaction to fit their 

events at low � and take over experimental data from hadronic dimuon pro­

duction (reference 15) to fit their events at large �. One needs an approxi­

mate event rate cr(3µ) /cr(µ)�o.sx10-S to fit the low � events (this checks 

with the fraction of the total electromagnetic trimuon production rate as 

calculated from Fig. 6) and cr(3µ ) /  cr (µ) � 2 . 5�10-S to fit the large � events 

(i.e. , the hadronic contribution. )  

Regarding the electromagnetic rate for Dalitz pairs , there is little one 

can say, The calculations include the emission of soft photons , because all 
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the authors have taken a bremsstrahlung type approximation, in which only 

radiation from external charged particles (muons or quarks) is included, 

giving rise to a typical "soft photon" peak in the mass of the slow µ
+

µ­

pair. The precise nature of the hard photon coupling to the quarks in the 

parton model (or to the physical hadrons) is left unanswered because these 

are contributions to the large 4> region where the hadranic rate is probably 

much larger. Here thel'e are some unanswered questions . B<>th the vector and 

axial vector couplings of the W-boson presumably contribute to the trimuon 

production rate as calculated from Fig. 5 ,  so, via vector dominance, one + -
needs information on the production of µ µ pairs by p ,  � and n mesons. 

Although the CDHS group has used data from n + p � µ- + µ+ + X to fit 

their distributions, it would be more satisfactory to construct a model which 

fits the pion production of low mass muon pairs and then use this model in 
the neutrino channel. If the trimuon rate can be fitted in such a model then 

we can rule out the need for other contributions such as the associated pro­

duction of 'charmed mesons . 

Let us examine the recent data on the production of llow mass muon pairs 

in np collisions by Bunnell et a1. 16) shown 1n Fig. 7 ,  (higher energy data 

are also available from Anderson, et a1.
15) , and have the same general features . )  

s 
0 L---L----'--...__ ..................... .__� 
200 400 1000 

(Mtl) 
1200 1400 

Fig . 7 .  The µ+µ- invariant mass distribution in np � µ+µ- X. 

It is clear that the region in dimuon mass above 0.6 GeV l�s dominated by the 

production and decay of p mesons , while there is another large enhancement 

at very low masses. The physics in the latter region is presumably rather 



complicated and must include contributions from the decays of w- and n­

mesons as well as direct photons , The dimuon invariant mass spectrum in pp 

collisions is very similar to that in WP collisions, as is presumably the case 

in pp collisions , If we now assume chat the vector and axial vector currents 

are dominated by almost on-shell p , A1 and � mesons then the dimuon invariant 

mass spectrum in the trimuon events should possess similar features, This 

distribution is given in Fig, 8 for the CDHS events,  Although there is evi­

dence for an enhancement around the p mass,  the resolution is not good 

enough to make any conclusive statement , However,  a check on P-meson pro­

duction will clearly be available soon from bubble chamber experiments, For 

instance, suppose that O"(VN -+- µ-PX) /C1(vN -+-µ-X} = 15% then using r (p-+-µ+µ-)1/ 
r {p-+- all) = 7 x 10-5

, we would expect a trimuon event rate of cr(3µ} / cr (µ} � 
1 x 10-5 • 
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468 

linfortunately the only data on p i!lesons reported so far is on the diffrac-+ 17 )  tive production of p mesons at Fermilab , whereas we  need the cross section 

for the non-diffractive inclusive production of p0
-mesons. 

Nevertheless,  theoretical attempts should be made to calculate the 
excitation of dimuon pairs by the off-shell components of the vector and 
axial currents. The data can then be used to place restrictions on models 
and perhaps help us to check, via eve, the amount of hadronic µ+µ- production 
cross section expected in trimuon production by high energy muon and electron 
beams . The results for antineutrino production of µ+.µ+µ- events will also 
yield a check on the presence or absence of exotic mechanisms such as heavy 
quark or heavy lepton production. The hadronic plus e lectromagnetic expla­
nation of these events will lead to cr (µ+µ+µ-} /cr (µ+) � cr (µ_µ_µ+) /cr (µ-} . 

Now we turn to a discussion of whether there is any evidence for the 
associated production of charm in the trimuon events. This question has not 
been addressed by the CDHS group because QCD calculations by both Goldberg 
and by Young , et al . , 14) reported rather low rates which, if taken at full 
value, are too small to explain the signal. However , it could be that asso­
ciated production of charmed particles is larger than this QCD estimate .  
Remember that the associated production of  pairs of  strange particles has a 
relatively large rate in neutrino interactions . Nieh.13) , in particular, 
has advocated that the dif fractive production of pairs of charmed particles 
may account for the trimuon events .  Now that there is a substantial num­
ber of events available , it is possible to compare results from Monte Carlo 
calculations of associated charm production and decay to see if the models 
can be excluded. Such a comparison has not yet been made. 

Experimental results on the µ-µ- event rate will be decisive in 
answering this remaining question. If all the trimuon event rate were due 
to cc production then we expect cr (µ-µ-) / cr (µ_µ_µ+) � 10 because the branch­
ing ratio for a charmed meson to decay leptonically is approxiamtely 10% . 
This number is consistent with Ling 1 s  result that cr(µ_µ_µ+) /cr(µ-) = (9±5) 
x 10-5 and cr(�-µ-) /cr (µ-)= (6±4) x 10-4

• Further work is needed to either 
verify the latter number or reduce the limit on µ-µ- production. If all the 
trimuon events are explained by either electromagnetic or hadronic production 
processes then cr (µ-µ-) / cr (µ_µ_µ+) muS: be much lower than unity. 

Before finishing this talk I would like to comment on the possibility 
that there is another source for some trimuon events which have been labelled 
"super-evePts" in the literature . Two events were found by the FHPRW group 
where the observed muon energies are large (157 ,  32 and 47 GeV) and (96 , 73 
and 83 GeV) respectively, while the observed hadron energies are small 



CEbad = 13 GeV) and CEbad < 30 GeV) , respectively, The first event, namely 

event 119 , has a total ·visible energy of 249 GeV and the second event , let 
us call it 281, has Evis = 260 GeV, From Fig, 1 we see that 
flux is larger than the CERN WBB flux in this energy range , 

the QT neutrino 
Is there possibly 

signify the onset a new threshold at very large E so that events 119 and 281 
of some new physics? 

Unfortunately the CDHS 400 GeV WBB run was so limited in terms of the 
number of protons on target that it did not settle the issue, When the 
larger sample of FHPRW trimuons are analyzed we will see if there is evidence 
for more events of this type, At present one can only examine the other more 
conventional physics processes to see the probability with which they can 
explain these events , Neither the electromagnetic nor the hadronic 
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explanations are· very successful. Regarding event 119 , it is remarkable 

that the slow dimuon invariant mass is � 3 . 1  GeV, so it cannot be of electro­

magnetic origin, but it could be the hadronic production of the J/� followed 

by its decay in a dimuon pair, In the data of Anderson et a1, 15) the J/W 

peak in M + _ is approximately two orders of magnitude below the p peak, 
µ µ 

If this explanation is correct , then we expect a rate of roughly one trimuon 

event in one thousand. The event 281 has a dimuon mass of 1 . 2  GeV so it 

could be of either electromagnetic or hadronic origin, If we examine our 

Monte Carlo results to find the probability that event 281 is of electro­

magnetic origin, then again we find probabilities of around one in one 

thousand, To demonstrate this probability we show in Fig, 9 a scatter plot 

of E1 - �ad versus E2 + E3 , where E1 equals the energy of the leading µ
-

, 

to demonstrate that event 281 is on the edge of the allowed kinematic region 

for producing trimuon events,  

We conclude by summarizing the main points of this talk, 

1, The trimuon event rates reported by the FHPRW and CDHS experi­

ments are now consistent. 

2, The bulk of the events can be explained by el•actromagnetic and 

hadronic production mechanisms , More theoretical work is needed on hadronic 

models,  

3 ,  The associated production of  charm is  not necessary to  explain 

the trimuon events but it could also be present , More experimental work 

is needed on the µ µ event rate, 

4. Super events occur with a very low probability, If more are 

found then probably some new process is responsible for them, 
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TWO BODY DECAYS OF CHARMED PARTICLES 
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Abstract : 
Exclus i ve weak decays of charmed mesons and baryons i nto s impl e two body 
channel s are di scussed wi thi n the framework of the parton model . 

On di scute les  desi ntegrati ons fai bl es des mesons et des baryons charmes en 
etats fi na l s  simples a deux parti cules dans le cadre du modele des partons . 

+ On l eave of absence from Isti tuto di F i s i ca G .  Marconi , 
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INTRODUCT ION : 
A theory of weak non l eptoni c  decays must necessari ly overcome three 

di fferent probl ems : 
i )  the determi nation of the weak currents wh i ch take part i n  the trans i tion  
i i )  the constructi on of the  effecti ve Hami l tonian Heff ; 
i i i )  the computati on of the matri x  e l ements of Heff , i n  the presence of strong 
interacti ons . 
In a gauge theory of weak i nteracti ons , the weak currents are fi xed by the 
choi ce of the gauge group and by the assi gnment of the di fferent quark fiel ds 
to group mul ti plets . The structure of the weak currents thus obta i ned can be 
subjected to i ndependent tests in semi l eptoni c  processes , and it can thus 
be regarded as an i ndependent i nput . 

Furthermore , the effecti ve Hami l toni an Heff i s  a l so gi ven i n  terms of 
i ntermedi ate boson exchange l] : 

( 1 ) 

gw i s  the weak gauge coupl i ng constant,  gµvll (x2 , M2w
) the rel evant W 

propagation function ( eq .  ( 1 )  appl i es to fl avour chang i ng processes i n  the 
standard SU( 2 ) © U { l )  model , �here only the charged W contri butes ; i n  more 
comp l i cated cases , one might have to add further terms correspondi ng to the 
exchange of addi tional  W ' s  and pos s i bly of Hi ggs mesons ) .  

The non l ocal Hami l tonian eq . ( 1 )  reduces to a l ocal one i f  we are 
i nterested (as we are) only i n  the l eadi ng terms , i n  the l imi t Mw + 00 
It was poi nted out l ong ago by K. Wi l son 3Jthat the resu l t i ng Heff i s  determi ned 
by the short-distance behavi our of the strong i nteracti ons . Thi s i s  so because 
the propagation functi on ll { x2 , M2wl cuts off a l l  contri butions comi ng 
from di stances x2 > M-� . In an asymptoti ca l ly  free theory of the strong 
i nteracti ons , such as QCD ,  the short-di stance renorma l i zation effects can i n  
turn be control l ed 4J and therefore , one can compl ete step i i )  arri v i ng a t  a 
wel l defi ned , l oca l , effecti ve Hami l toni a n .  

Step i i i )  i s  at present the most di ffi cu lt  to accompl i s h .  For the decays 
of the parti c l es associ ated with a heavy fl avour ( such as charmed parti c l es ) , 
one can resort to the parton model . The parton pi cture has i ndeed been appl i ed 
to predi ct the i nc l u s i ve non l epton i c  and semi l eptoni c  rates 5-9� 

In th i s  l ecture , I wi l l  di scuss the predi cti ons one can obta i n  for the 
decay ampl i tudes of a charmed parti c l e  i nto some exc l u s i ve channel s .  The 
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channe l s  cons i dered are those wh ich  can be formed by a s imple  rearrangement i nto 
uncol oured hadrons of the quarks and antiquarks present after the poi nt- l i ke 
i nteraction i nduced by Heff has taken pl ace ( to a good approximation , the 
i nteraction wi l l  be just the poi nt- l i ke decay of the heavy quark) . 

The decays that can be treated i n  th i s  way i ncl ude : 
i )  the decay of a charmed pseudoscal ar ( D , F )  i nto two pseudosca lar mesons ( PP ) , 
i n to one pseudosca l ar and one vector meson ( PV )  and i nto two vector mesons (VV)  
i i )  the decay of a charmed baryon i nto one stabl e baryon and one pseudoscalar  
meson ( BP ) . 

I t  turns out that , wi th i n  the quark rearrangement model lO , l l , l2) 
the rat ios of the ampl i tudes i n  a channel of a gi ven type are determi ned i n  
terms o f  the structure o f  Heff and of a few phenomeno l og i cal  parameters . I n  
part icu l ar ,  n o  new parameter i s  needed for the PP channel s whi ch thus offer 
the cl eanest test of the model . Many predi cti ons resul t ,  wh i c h ,  hopeful ly wi l l  
be tested i n  the near future . At the moment,  the on ly test of the model i s  
gi ven by the rati o of B ( D

+ + R0 rr+) versus B {D0+ K-rr+) .  The experimental ratio 
agree s ,  wi thi n errors , wi th what i s  predi cted . 

If one i s  wi l l i ng to i ntroduce further more questionabl e assumpti ons , 
the rel at i ve norma l i zation of ( PV )  and ( VV )  with respect to ( PP )  ampl i tudes 
can be estimated . Eventua l ly ,  one mi ght be able to obta i n  an absol ute determin­
ation of the ( PP)  ampl i tudes , such  as  that g i ven in  ref . 10 , al though at 
present thi s i s  on a much less secure ground than the predi ctions of rel ative 
rati os wi thi n channel s of a gi ven type . 

I n  accompl i sh i ng both steps i i )  and i i i ) ,  a crucia l  rol e  i s  p l ayed by 
the energy scale  at whi ch the process takes pl ace ( i . e .  the mass m of the 
decaying quark ) .  The larger m i s, and provi ded m «Mw , al l the approximations we 
sha l l  make are better sati sfi ed . At the charm mass , one shou l d  al ready be 
safe , and th i s  i s  why a simp le  pi cture of 6C I O non l eptoni c decays can be 
achi eved .  Of course , the same p i cture shou l d  work even better for the heavi er 
flavour wh i ch i s  to be associ ated with the Y resonance. On the other si de of 
the energy sca l e ,  there are strange parti c l e  decays for wh i ch al l the approxi ­
mati ons become dubi ous . The si tuation i s  sti l l  somewhat controvers ia l  and i t  
wou l d  not be appropri ate to di scuss i t  here ( see nonethel ess ref .  1 3  for 
recent remarkabl e progress ) .  

1 .  The weak current : 
Without di scuss i o n ,  I wi l l  accept the standard SU (2 )  ® U ( l )  model 

Negl ecti ng any mi xi ng of the charmed quark wi th further heavier fl avours 
( t ,  t '  etc ) , and sett i ng to zer.o the Cabi bbo angl e ,  the rel evant charged 
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current i s  

where i = 1 , 2 , 3  i s  the col our i ndex . 

2 .  The effective Hami l tonian : 
I nserti ng eq . ( 2 )  i nto eq . ( 1 ) , one obta i ns 

( 2 )  

( 3 )  

The deri vati on of the MW +  oo behaviour of  eq . ( 3 )  i s  by now wel l  known 4] 
I sha l l  g i ve di rectly the fi nal resu lt  for two cases . 

a) No strong i nteractions : Eq . ( 3 )  yields the naive current-current i nteraction 

H (��f = � (cLyµsL) ( dLyµuL ) 

..§.. 
= 

g2
w 

/2 M2w ( 4) 
Eq . ( 4 )  can be al so rewri tten as (we drop from now on the Yµ ' s  and the 
subscript L )  

H ( o )  
= _§_ ( H+ + H_ ) ef f /2 

H± = -} [(c s )  ( d u ) ± (c u ) (d s )  J 
( 5) 

b) Quantum chromodynamics : The resu l t i ng Heff is aga i n  a superpos i tion  of H ± 

with f+ < 1 < L , as a resu l t  of strong i nteraction renorma l i zation . The 
coeffi c ients f ± are g i ven exp l i c i tly by the expressions : 
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y_ - 2y+ 12 
33 - 2F 

( 7 )  

a S { m 2 ) i s  the strong quark-gl uon fi ne structure constant eva l uated at the 
mass of the charmed quark ; F i s  the number of quark flavours with masses far 
bel ow Mw ·  Furthermore : 

33 - 2F 
1 + 

12 'IT (8 )  

We sha l l  use m "' 1 . 5  GeV , a 5 (m) "' 0 . 7  (as taken form the scal i ng departures 
i n  deep i nel asti c scattering 14] and F = 6. From eqs . ( 7 )  and (8 ) , and 
negl ecti ng 0( a S (m

2 ) )  corrections , we obtai n : 

f + " o. 68 f - 2 . 15 (9 )  

It  i s  necessary to stress that the above resul ts are rel iab le  provi ded 

M2 
i )  l n  _w_ > >  1 

m2 

i i )  2 as (m ) « 1 
'IT 

whi l e  condi tion i )  i s  obeyed for al l known fl avours , condi ti on i i )  starts 
bei ng reasonably sati sfi ed at about the charm mas s .  

The two components of Heff • namely H ±, behave di fferently under 
fl avour SU(4)  transformations 15] . H_ bel ongs to a 20-dimensi onal SU (4)  
representation ,  whi l e  H + bel ongs to a 84-dimensional one . At an  earl i er stage 
of the theory , a strong "20" domi nance was assumed 5 • 6 •7 •16] , i n  anal ogy 
wi th octet domi nance for /1 S = 1 decays . This  wou ld  correspond to L » f+ 
and i t  i s  not consi dered any more as a val id  approximatio n  both theoreticai ly 
( eq .  ( 9 )  g ives only a mi l d  20 domi nance) and experimenta l l y  ( see section 4) . 
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3 .  Parton model description of i nc l u s i ve rates : 

The decay of a hadron conta i ni ng a c-quark i s  descri bed i n  the parton 
model as a two step process : 
i )  a hard i nteraction ,  i nduced by Heff whereby the c-quark ei ther decays i nto 
a s u a state or i nteracts with another quark (antiquark) i n  the i nit ia l  hadron , 
to produce an uncharmed qq ( qq )  pa i r .  
i i )  a soft , dress i ng process ,  where the parton final state evol ves i nto normal 
hadrons . 

Incl us ive rates equal the total rate of step i ) .  Thi s  pi cture shou l d  
become i ncrea s i ngly more accurate , the larger the heavy quark mas s .  

Actua l ly ,  a s  m becomes l arge , one gets a further si mpl i fi cation i n  
that the quark-decay mechani sm becomes i ncreasi ngly more important than the 
q uark i nteraction .  Thi s can be seen as fol l ows . The rate for the quark-decay 
mechanism,  computed form eq . ( 6 )  i s  : 

( - ) ( 
me ) 5 ( 2f+

2 + f2_) r q-decay = r NL = r µ + e w --
m µ ( 10 )  

O n  the other hand , the rate for the quark-i nteraction  mechan i sm must 
be proporti onal to I * ( o ) J 2 , * (o) bei ng the wave functi on of the l i ght 
quark ( anti quark ) at the ori gi n ,  where the c-quark i s .  By dimensi onal arguments 
we see therefore that : 

l * ( o )  1 2 
rq- i nt 'V --3- rq-decay me ( 1 1 ) 

We do not expect charmed hadrons to have a much sma l l er radi us than uncharmed 
hadrons , so that 

and therefore 

l * (o ) J 2 "' 1/R�ucl eon "' m3rr (or perhaps m3
P 

rq- i nt << rq -decay 

The consequences of quark decay dominance are 
one fi nds l ?] i )  equal l i fetimes of a l l  weakly decayi ng parti c l es 

m µ  5 
TC = T (µ + e VV ) ( -- ) m e 

2 + 2 f} + f_2 
"' 5 . 10- 13sec ( 1 . 5  GeV f 

me 

i i )  the semi l epto n i c  i ncl usi ve branchi ng rati o can be computed to be 
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r (c + e + . . .  l 
rtot 

1 

2 + 2f2 + f 2 
+ -

'V 13 % 

( 12 ) 
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The numeri cal val ues have been obtai ned by using eq . ( 9 ) . Whi l e  eq . ( 1 2)  i s  as 
yet untested, the measured val ue of BsL ranges at present l8Jfrom 9% to 12% . 

I shal l assume i n  what fo l l ow that i )  i s  sati sfied . As a practi cal 
consequence , ratios of branchi ng rati os are equa l to ratios of absol ute rates , 
even for different decayi ng parti cles . 

4 . Two body decays of charmed mesons : 

We proceed now to study the decay of charmed partic les i nto those 
excl usi ve fi nal states whi ch have a "nomi nal " quark and antiquark composition 19} 
equal to that of the parton quark state wh ich resul ts after the charmed quark 
disi ntegration . The simpl est cases are those where a charmed meson decays i nto 
a pa i r  of uncharmed pseudoscal a r  ( P )  or vector ( V )  mesons . 

A computation of the absol ute decay ampl itudes woul d require a knowledge 
of the recombi nation ampl i tude of qq pai r  i nto a gi ven meson , in the presence 
of strong i nteracti ons both between the members of the qq pa i r  and wi th the 
other quarks . This i s  beyond present capabi l i ti es .  We obvi ously must fi nd some 
further simp l i fi cation.  
Let us prel imi nary rewri te eq . ( 6) as : 

Heff = _§__ [ ( f+ + f_ ) ( c s )  ( d u )  + 
2/2 

{f + - f _ )  ( c u )  { d  s ) ] = 

= 
2
� [{f+ + f_ )  H1 + (f+ - f_ ) H2] 

and cons i der the contri bution of H1 to a gi ven decay , say o0 � rr+K- . The 
parton process i s  g i ven in Fig . l {a ) .  

( 14) 

To form a rr +, the u and d quarks , whi ch are i n  a co l our s i ng l et state , 
must be emitted together , wi th a smal l rel ati ve momentum, whi l e  the s quark 
picks up the spectator u. The rel ati ve momentum between the two pa i rs is large 
(of order me) . It  may be reasonabl e ,  therefore , to neglect final  state i nter­
actions ( i . e .  g l uon exchange) between the ( ud) and the( u s ) pa irs .  We are actual ]y 
neg lecti ng soft g l uon exchange only . Hard gl uons (energy � me) have been taken 
i nto account in Heff· This  approximation does not gi ve yet a means to compute 
the absol ute ampl i tude , but, as we shal l see i n  a moment , i t  a l l ows us to compite 
the ratios of di fferent ampl i tudes (.negl ecti ng fl avour SU(3 )  breaki ng ) .  
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-� d + II 

u 
c 

( a )  u s 
K 

u 

s 
,,.. K° 

- -� 
d 

c 

( b )  u 
u 

.L 110 u rz 

Fi g .  1 
Diagrams representi ng the contri bution of H1 . Eq . ( 14 ) to D0 -> 1T  + K - (a )  
and  to D0 + K0  1T 0 ( b ) .  The quark pa i r  ori gi nati ng from the dotted l i ne i s  i n  
a col our s i ng l et state . 

Let us denote by 

(f+ + f_ ) A 
( 15 )  

the  contri bution of  ( f + + L )  H1 to  the  ampl i tude for D0 ..,. 1T + K , and consider 
Do _,. 1T o K 0  (Fi g .  l ( b )). The pai rs with l arge relative momentum are now (sd ) - 1 0 and (uu )  =� 1T . To fi nd the ampl i tude for th i s ,  we Fi erz rearrange H1 , /2 
accordi ng to : 

H1 = ( c s )  ( ct  u )  
8 

( c u )  (ct s )  + .Li: ( c lca u )  ( ct 1ca s ) 
3 2 a=l 

The second term in the r . h . s .  creates a ( d s) - pa ir  in a col our octet , and 
thi s  cannot be changed by fi nal state i nteracti ons between a and s only.  
This term i s  therefore i neffective.  The fi rst one on the other hand contri butes 
(apart from the col our factor 1/3) preci sely i n  the same way as the ful l H1 
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to D0 + 11 + K
- . We conc l ude that the contri bution of (f+ + f_ ) H1 to 

Do _.. n o R o i s  : 
l ( f+ + f- ) A 
312 

( 16) 

A bei ng the same as in eq . ( 15 )  ( i n  the l imi t of exact flavour SU ( 3 )  where we 
may negl ect the di fference between u and s quarks ) . 

Al ong the same l i ne ,  one can i ncl ude the contri bution of H2 ( see 
ref . 11 for more deta i l s )  wi th the final  resul t that a l l PP amp l i tudes of 
D+ , D0 a nd F+ can be gi ven i n  terms of the s i ng le  unknown amp l i tude A ,  the 
rati os dependi ng only on the coeffic ients f + and f - . The compl ete resu l ts 
are g i ven i n  Tab l e  1 where we al so have reported the predicted branchi ng rat ios 
us i ng B ( D0 + K- 11 +) as i nput,  and a l l owi ng for a SU ( 3 )  breaki ng phase space 
factor proporti onal to the decay momentum . For conveni ence , we have used i n  
Tab l e  1 the combi nations 

TABLE 1 : 

2' 1 
x+ 

= � f+ + �f 
3 3 

x 2 f 1-f_ = 3 + -
3 

'\, 1 . 2 

- 0 . 26 
( 17 )  

Amp l i tudes and branchi ng ratios for PP decay modes . The ampl i tudes are gi ven i n  
uni ts of  A ,  eq . ( 15 ) . Branch ing ratios are computed form the  va 1��s of Xt 
g i ven i n  eq . ( 17 )  and usi ng as an i nput the experimental val ue J 
B ( D0 + K- 11 + ) = ( 2 . 2  ± 0 . 6) %  . A phase space correction proporti onal to 
I PDecay I has been i ncl uded . The n meson has been taken to be a pure octet . 

Decay mode Ampl i tude Branchi ng ratio (%)  

D+ + R0 + 2 ( X+ + X_ ) 1 . 3  1T 

Do + K- + 2X+ 2 . 2  ( i nput) 1T 

0o + j(O 0 hx 0 . 054 1T -

Do + Ko n h73x 0 . 016 -

F+ + n 11+ -2/273x+ 1 . 6  
F+ + K+ Ro 2X 0 . 1 1  -
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Concerni ng the resul ts of Tabl e 1 ,  one may make the fol l owi ng observations : 

i )  the rat io  of o0 + K- TI + to o+ + R0 TI +  i s  uniquely predi cted lO , l tj to be : 

B ( D0+ K- TI +) 

B { D++ R0 TI +) 
1 
4 

f_ 2 1 1 + - ) 2 f + 
1 . 6  

to be compared with the experimental va l ue 22] :  1 . 5  ± 0 . 6 .  
( 18) 

The free Hami l ton ian ,  eq . ( 4 ) , woul d  l ead to a val ue of about 0 . 6 ,  
whi ch seems excl uded . Pure 1120" domi nance would  predi ct B ( D++ R0 TI+) "' 0 
whi ch i s  al so excl uded .  Eq . ( 18) l ends further support to the pi cture embodi ed 
i n  eqs .  ( 6 ) and ( 9 ) . 

i i )  g iven that X _ « X + , one predi cts a very pecul iar  pattern of suppressed 
trans i ti ons { the pattern woul d  be simi lar in the free case , eq . ( 4) ) .  I n  
parti cu lar ,  B ( 0° + R0  TIO ) shou l d  be  very smal l 20{ at  variance wi th what 
i s  expected in the scheme of ref .  ( 21 ) .  The observed decay Ft + ri TI + i s  
not suppressed . We turn now to PV decays . I f  one repeats the previ ous arguments , 
one di scovers that two ampl i tudes are needed . To see thi s consi der aga i n  
Fi g .  l ( a )  and ( b ) , as representi ng the contri buti ons of  { f  + + f _ ) H1 t o  the 

0 - + 0 -o 0 . 1 ( decays D + K p and D + K p , respecti vely.  Cal f+ + f_ ) B  
the ampl i tude from Fi g .  l {a ) . Go i ng aga i n  through the previous analys i s ,  one 
sees that the contri bution of Fi g .  l ( b )  i s  

-1- ( f  + f ) B '  
3/2 + -

where B '  di ffers from B i n  only one respect i n  B ,  the spectator u goes i nto 
the P-meson ,  whi l e  i n  B '  i t  goes i nto the V-meson.  Setti ng B '  = Z B ,  a l l  
ratios o f  P V  ampl i tudes are gi ven i n  terms of f± and Z (Table 2) . No PV 
decay has been cl early seen yet . We postpone a further di scuss i on of PV modes 
to the next sect ion . 
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TABLE 2 : 

Amp l i tudes and branching ratios for PV decay modes . The amp l i tudes are i n  uni ts 
of B as defi ned in the text.  Branchi ng ratios are computed from 
B (  D0 + K- 11 +) accordi ng to the norma 1 i za tj,on factor,  eq . ( 21 )  and wi th Z ; 1 .  
A phase space correcti on proport i onal to I PDecay l 3 has been i ncl uded . 

Decay mode 

D+ _,. 

D+ _,. 

Do _,. 

Do + 

Do + 

Do + 

Do + 

Do _,. 

F+ + 

F+ + 

F+ + 

F+ + 

+ -o P K 
- 'iO K 11 + 

K*- + 11 

+ K -p 
R'iO 0 11 

R•o 
T) 

0 Ro p 

w Ro 

If + 11 

+ p T) 

KM+ Ro 

R*O K+ 

Ampl i tude Branchi ng rati o (% )  

2 ( X+ + ZX_ ) 1 . 4 

2 (ZX+ + X_ ) 1. 7 

2ZX+ 2 . 7  

2X+ 2 . 3  

hx 0 . 067 - .. 

1273x 0 . 012 -

12.zx 0 . 058 -

/2zx 0 . 056 -

2ZX+ 3 . 2  
-2/2/3X+ 2 . 3  

2ZX 0 . 14 -

2X 0 . 14 -

I 

Fi� al ly ,  we cons i der VV decays . For each decay we have three hel i ci ty ampl i tudes 
correspondi ng to the two V mesons emi tted both with hel i ci ty +1 or -1 or O .  
U p  t o  a common factor (A+ , A_ , A0 ) the decay ampl i tudes for a gi ven 
hel i ci ty are gi ven i n  terms of f ± only ,  simi l arly to the PP case ( see 
Tab le  J ) . 
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TABLE 3 : 

VV decays of D and F . The fi rst col umn g i ves the rel ative ampl i tudes for each 
hal i ci ty state . Branchi ng rat ios , second col umn , are computed as i l l ustrated 
i n  the text . The l ast col umn g i ves the predi cted val ues for the ratio R ,  
defined i n  eq . ( 26) . 

Decay mode Ampl i tude Branchi ng ratio (%) R 

D+ + + -llO P K 2 ( X+ + X_ ) 2 . 1  2 . 3 .  

Do + + K-'-
p 

Do + 0 R*O p 

Do + w R*O 

F+ + p + 'f 
F+ + K111+ Rlfo 

5. Rel ati ve normal i zati ons : 

2X+ 3 . 3  2 . 3  

/2x 0 . 083 2 . 3  -

/2x 0 . 078 2 . 2  -

2\ 4 . 1  2 . 6  

2X 0 . 2 1  2 . 6  -

By maki ng further dynami cal assumptions , one may obta i n  an estimate of the 
rel ative magni tudes of PV and VV wi'fl respect to PP ampl i tudes . The assumpti ons 
I wi l l  make ll] cannot be eas i ly control led ,  and the consequences we shal l 
deri ve have to be taken wi th caution .  

Consi der the  case of  the  D0 meson . I t  is  an S-wave bound state, so 
that , in some approximate sense,  we may consi der the spectator u quark to 
be l oca l i zed at the pos i tion  of the c-quark . If this  makes sense , then the 
four fi nal partons ( after c-decay) can be cons i dered to be emi tted from the 
same space-time poi nt ,  as  if they were created by some l ocal 4-fermion operator 
(a Lorentz sca lar ,  si nce the i nit ia l  state has zero spi n ) . Given the chiral  
structure of the fields i nvol ved , there is  only one poss i b l e  operator ,  namely : 
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( 19 )  

Our approximation consi sts in  repl acing ( up to a normal i zation factor) the 
matr ix  el ements of Heff between a D+ and PP,  PV or VV state , by the matri x 
el ements of the operator eq . ( 19)  between the vacuum and the correspondi ng 
PP or PV or VV state . If we compute the latter matrix el ements under the same 
approx imation as i n  the previous sectio n ,  we fi nd e . g .  

+ < p 

M2 
c ( 2  X+) _D 

2 

M2 
C (2 X+ ) _D 

2 

M2 
C ( 2X+} --2. 

2 

f TT fK 

ff mp 
f [�] f K M P D 

/2 
mK* 

fJ 2 11\• I ] 
fK¥ MD 

M2 2mp mK• 2mp mK* ( e:P . e:K11<) 
C (2X+) --2. 

2 f P fK* M2 
D 

In the previous equati ons , we have used the defi n i ti ons 

< TT+ 1 (u Y Ys dJ l o  > = f ( PTT) µ TT µ 

o 
/2 m2 

P l ( uy d } I O > = /2 <p I Je . m  1 0  > = --
µ µ f p 

( 20} 

( 21}  

( 22 )  

( 23 )  

etc .  

485 



PP (PK� )  i s  the appropriate rest-frame decay momentum , and C i s  an unknown 
norma l i zation factor .  The factors i n  square brackets , i n  eqs .  ( 2 1 )  to ( 23 ) . would  
be equa l to  one , in  the l imit M0 + 00 , and  g i ve the dependence of the matrix ... e lement �pon Poecay· The rema i n i ng factors, in the exact SU ( 3 )  l imi t. are to 
be i denti fi ed wi th the ampl i tudes A,  8, Z8 ,  and A+ , _ ,0 previously i ntroduced . 

Compari ng eqs . ( 2 1 )  and (22) , i n  the SU (3 )  l imit to the ampl i tudes 
of Tabl e  2 ,  we see that Z = 1 and that ,  furthermore 

_]. 1 . 6  
A ( 24)  

The l ast col umn of Table  2 gi ves the predicted branch i ng rat ios for PV channel s ,  
computed from 8 (0° 

+ K- 11 +) us i ng both Z = 1 and the normal i zation factor , 
eq ._,)24) and a l l owi ng a phase space correction proportj onal to 1P i 3 

The contri bution of PV channel s to three-body D-decays( e . g .  
o+ + K- 11+ 11+) can be eas i l y  computed from the tabl es 1� The predictions 
thus obta i ned are compatib le  wi th the present l ack of experimental evidence23 • 24] 

for a PV s i gnal i n  D + K 11 11 

To compute the branching rati os for VV channel s ,  we need fK* . One 
poss i bi l i ty is to assume : 

mK• i 
( fK•) 2 ( f  P ) 2 

as suggested by the fact that the 1 eptoni c wi dths of p , w , 'f ( and 1Ji ) 
are i n  the SU (3 )  ( SU (4 )) rati os . Tak i ng fK rv 1 .  2 8  f11 from experiment , one 
can use eq . (23)  to compute the branchi ng rati o for o0 + p+ K•- . The 
result is g iven i n  Table  3. For the branch i ng ratios of the other channel s ,  we 
have a l l owed for a phase space correction proporti ona l to : 

From Tabl es 1 to 3 ,  we see that comparable branch i ng ratios are expected 
for simi l ar PP,  PV and VV channel s ( e . g .  F + If 11 and F + 'f p 

VV decays contri bute to D and F decays i nto four pseudosca lar  mesons . 
The only case where there is some experimental i nformati on i s  o0 -+ K- 11 + 11 + 11 -
where , essenti al ly,  no VV si gnal has been seen 23] . However , the only channel 
rel evant here i s  K'0 p 0 , which i s  suppressed . The predi cti on is therefore 
not i nconsi stent wi th the observed nul l resu l t .  
Fi na l ly ,  eq . (23)  can be used to estimate the ra.tio o f  the di fferent hel i ci ty 
ampl i tudes i n  VV decay . I ndeed , eq . (23)  impl i es that : 
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(M2 - mi - m� ) 2 

2 2 4m1 m2 ( 25 )  

Therefore , we  expect no parity viol ation ( the probabi l i ty for the two- V meson 
to be emi tted both with hel i c ity +l equa l s  that for hel i c i ty - 1 )  and a domi nance 
of the zero hel i c ity ampl itude . The l atter feature cou l d  be tested by studyi ng 
the angu lar  di stri bution of the V-meson decay products where the quantity : 

2 2 f A0 [ 
R = 

( 26 )  
can  be  determi ned . The val ues of R expected from eq . ( 25 )  are a l so gi ven i n  
l;eble 3 .  It  i s  amus i ng that a predomi nance o f  the zero hel i c ity ampl i tude 
resul ts a l so  from a di fferent argument, based more di rectly on the quark parton 
pi cture . Consi der F + 'f p • If we ignore the spectator s the hel i ci ty 
di stri bution of the ua pai r  which  recoi l s  agai nst the s-quark i n  the poi nt­
l i ke c-decay can be computed as a function of i ts i nvari ant mass ( µ ) . One fi nds: 

[ A_ f  2 = 0 

Setti ng µ = m P and m e "' 1 . 5  GeV , one obta i ns a larger but s imi l ar val ue 
of R ( R  "' 3 . 8 ) . 

6 .  Charmed baryon two body decays : 

Charmed baryon weak decays i nto a stable  baryon and a pseudosca l ar meson 
can al so be analyzed wi thi n the quark rearrangement scheme s ketched i n  section 
4 .  I wi l l  just present the resul ts l lJ . 

Stabl e charmed baryons are expected to form an SU ( 3 )  anti tri p let : 
A� (c u d) N� (c u s )  N� (c d s )  

For each decay channel , there are ,as usual , two parti al  waves ( S and P waves ) 
and for each parti al  wave , two i ndependent recombi nati on ampl i tudes . I ndeed 
the a emi tted i n c -decay must go i nto the meson , ei ther wi th one of the quarks 
emi tted in c-decay, or wi th one of the two spectator quarks . In the exact SU ( 3 )  
l imi t ,  each parti al wave amp l i tude i s  thus a combi nation of two unknown 
quanti ties .wi th coeffi ci ents gi ven i n  Tab le  4 .  
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TABLE 4 

Coeffic ients of the ampl i tudes for charmed baryon BP decays . The S and P wave 
ampl i tudes of each mode are g i ven by the combi nati on 

+ Ac 

A+ c 
11+ c 
A+ 
c 
+ NC 

N+ 
c 

No 
c 

No 
c 

No 
c 

No c 
No 
c 

c A s , P + c A s , P 
1 1 2 2 

Decay mode 

A TI + + 

+ i:;O 'IT + 

+ P Ro 

+ 
+ i: n 

+ 
i::

+ Ro 

+ =o TI + 

+ A R0 

_.. i:o Ro 

+ =- 'IT+ 

+ =O 'ITO 

+ =o n 

cl 

-2//6X+ 

0 

x -

0 

x+ 

x -

x 116 -

x ;If -

x+ 

0 

0 

Tabl e 4 must be completed by the rel ati ons : 
"' 

(ld  1 rul e)  

( Zwei g rul e)  

c2 

f 116 -

- f / /2  -

0 
f_ /6 

- f_ 

f_ 

- f_ //6 

f - I ll  

0 

- f_ ;h 

f - ;16 

Many tri angul ar rel ati ons can be obtai ned from Tabl e 4 .  One such rel ati on 
is i nteresti ng ,  namely : 
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r /.:'" + o + r3 A(/\C + /\rr ) + A(/\C + l: rr ) ] = 0 

( 29) 

( val i d  for both S and P waves ) .  Si nce X_ << X+ , eq . (29)  imp l i es that 
the PK0 mode of the /\� (whi ch is expected to be the l i ghtest charmed 
baryon )  cannot domi nate over the two-body decays i nvol v i ng a strange ( f\ or l: 
baryon) . This i s  the oppos ite of what has been seen i n  i ncl usive decays 241 
where the f\ or l: si gnal s are much smal l er than the P signal . Our model 
i nsi sts that, i n  spite of thi s ,  narrow two-body peaks shou ld  be more eas i ly 
found i n  /\ 11 or E rr  states , rather than i n  PK states . 
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In this talk we shall look at weak interactions from a phenomenological 
point of view. 1 Our aim is to describe the present situation concisely , using a 
minimal .number of theoretical hypotheses. We first discuss charged-current 
phenomenology, and then neutral-current phenomenology. This all can be described 
in terms of a global SU(2) symmetry plus an electromagnetic correction. We then 
introduce the intermediate-boson hypothesis and infer lower bounds on the range 
of the weak force . (This inference turns out to be more general than the inter­
mediate-boson hypothesis , but that is not discussed here in detail . )  

I t  happens that this phenomenology does not yet reconstruct all the predic­
tions of the conventional SU (2) xU (l) gauge theory . To do that requires an 
additional assumption of restoration of SU(2) symmetry at asymptotic energies . 
Finally we comment on the connection of this work to the usual point of view. 
I .  Charged Currents 

All data on charged-current weak processes can be summarized in terms of an 
effective Lagrangian 

+ 
where the charged current J� is given by 

+ - + 
r = }; �FY ( 1-ys ) T-�F µ F µ . 

and the fermion doublets �F include 

�F = C:) . c�) . c�) . (d cos6c� s sineJ (s cosec= d coseJ 

( 1 . 1) 

( 1 . 2) 

( 1 .  3) 

Not all of these terms are fully established, although there is good evidence in 
T-decay, as presented at this meeting, for the left-handed V minus A assignment . 
Likewise the existence of the (�) left-handed current , of approximately universal 
strength, follows from the combined evidence from e+e- annihilation into DD, 

followed by the semileptonic decay of the D, and from v and v production of 
opposite-sign dileptons , with accompanying K-mesons . We do not know the precise 
normalization of the ( ��) and (�) contributions ,  nor do we yet know whether the 
s and d have the proper Cabibbo mixture in the charm-changing charged current . 
Nevertheless it is reasonable to assume these currents are also of universal 
strength , and that the degree of freedom s '  coupled to c is orthogonal to the 
degree of freedom d' coupled to u. We do make these assumptions here . 
II Neutral Currents 

Given the above phenomenology for charged currents ,  two options for neutral 
current processes naturally present themselves .  The first ("YES") option 
"completes" the current-current structure exhibited in Eq . ( 1 . 1 ) by supposing a 
global SU(2) symmetry controls the form of the total effective Lagrangian . 4  
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That is , 

with 

Fig. 1 .  
(a) 

(b) 
(c) 

(d) 

(a) 

J'-........w' _!.../ q 

/g efvv� 
I q 

(d) 

Contributions to the weak interactions: 
"YES" : intrinsic SU(2)  invariant weak 
amplitude 
"NO" : electromagnetic contribution 
"YES" : intermediate boson hypothesis 
(pole dominance) 
"NO" : intermediate boson hypothesis 
(pole dominance) . 

SI? "YES" G 

412 
+ J lJ • 

JlJ 

Jµ : L�Fyµ ( 1-yS) � 1/JF 
F 

( 2 .  1) 

( 2 . 2) 

There appear no AS : 1 neutral currents , because the GIM mechanism3 applie s : only 

the comb ination sr s + <lr d occurs in the neutral current , and this is invariant lJ lJ 
with respect to s-d mixing. 

The second ("NO") option presumes no such intrinsic neutral current exists . 

In earlier times this option was prevalent because of the empirical absence of 

AS : 1 neutral currents as well as the absence ( in those times) of the GIM cancel­

lation mechanism. However ,  even in this "NO" option, neutral currents will exist 

if only because of photon exchange . 4 The neutrino should possess a charge radius, 

i . e .  i t s  electromagnetic vertex function should not be identically zero : 

em = - ( 1-ys) 
er A (q) - \IYA -

2
- \) ( 2 .  3) 

This leads to a contact interaction between neutrino and charged matter quite 

analogous to the low-energy neutron-electron interaction. We easily obtain IE'NO" - e 2 - A 
NC - - v y , ( 1-y5 ) v J  + . . .  ( 2 . 4 )  

2A2 A em 

em 
with JA the electromagnetic current-operator (at small momentum-transfer) for all 

charged matter , and the remaining terms (+ . . . ) describing similar contributions 

not involving neutrino s .  
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What is the right answer?. Neither the "YES" answer (pure left-handed quark 
couplings) nor the "NO" answer (pure vector quark couplings) agrees with deep­
inelastic neutrino-induced neutral-current data. Probably the right answer is 
the phenomenologically successful Weinberg-Salam effective Lagrangian . 5  For 
neutrino-induced neutral current processes it is given by 

( 2 . 5 )  

However,  inspection of Eqs . ( 2 . 1 )  and (2 . 4) shows that thfs is  simply the � of 
the "YES" and "NO" Lagrangians 

w-s !l? 
NC 

"YES" "NO" 
!I! + f,F (2. 6) 

provided one identifies the neutrino charge radius A- l with the Weinberg-angle 
ew as follows 

/..!./ =(�)� sine 
� sinSw 

z 10-2 Gev- 1 A rra/2 W 53GeV ( 2 . 7 )  

This is a rather large electromagnetic radius ; from this point o f  view one might 
have _!!. priori expected6 sin2ew - O (a) - a few % ,  not the observed 20-25% .  
III . Intermediate-boson Hypothesis 

Let us assume the intrinsic SU(2)-invariant weak interaction "YES" described 
+ by Eq . ( 2 . 1 )  is mediated by a triplet of intermediate bosons w ,  w3 , necessarily 

degenerate in mas s .  We define the (universal) Yukawa coupling constant g for the 
W such that 

G 
12 (3 .  1) 

Then, just  as we might imagine the neutron charge-radius to be dominated (in the 
dispersion-relation sense) by p 0  and w0 exchange , we may suppose the neutrino 
charge-radius to be dominated by exchange of the intermediate w3 boson. Defining 
ef to be the direct coupling of w3 to photon, the neutrino charge radius is then 
given by (c . f .  Fig. ld) 

g • __!_ • _:0 • f • � 
= 

ge2f 
= G "'2 2 

� � q2 � u sin ew ( 3 . 2) 

There is one additional effect of importance . The mixing of w3 and photon 
produces a charge-renormalization and also splits the mass of the neutral boson 
from the ii .  The photon propagator D (q2) ::: e2/q2 become s ,  after including all 
proper w3-insertions ( c . f .  Fig. 2) . 
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� - -.rvvv-

5-78 
ef ef 

3398A.2 

Fig . 2. Electromagnetic mixing 
of w3 with photon. 

This allows us to express the charge-renormalization as 

.!. Z3 1 f2 
e2 

-
e2 e2 mt 0 

Likewise ,  the nontrivial pole in D (q2) at q2 m2 z gives 
physical Z-boson 

e2f2 � = � + -;-mw 

( 3 . 4 )  

the mass � of  the 

( 3 . 5) 

Elimination of the coupling constants e0 , g ,  and f from Eqs .  (3 . 1) , ( � . 2) , ( 3 . 4 )  
and ( 3 . 5) leads to  the results 

However , z3 is not yet determined. 

IV . Range of the Weak Force 
Equation ( 3 . 6) shows that 

� S 37 GeV $ 150 GeV 
sin2ew 

(3 . 6) 

(3. 7) 

(4 . 1) 

Thus the range of the weak force must be large compared to the unitarity cutoff7 
G;� . The bound is in fact comparable to that expected for the unified gauge 
theories . This result is much more general8 than derived in Section III . Even 
if the single W-exchange is replaced by exchange of a general continuum (which 
need not even contain discrete quanta) , the same result ,  Fq . (4 . 1 ) ,  can be still 
obtained .  One writes dispersion r�lations for the intrin; ic weak amplitude, for 
the neutrino charge form-factor, and for the contribution of weak quanta to 
vacuum polarization . The result (Eqns . ( 3 . 6) and (4 . 1) )  then follows from appli­
cation of the Schwartz-inequality to the absorptive parts of the dispersion 
integrals .  The parameter � is now a general measure of the range of the weak 
force , and controls the dependence of GF on momentum transfer according to the 
definition 

(4 . 2) 
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We also see from Eq . ( 3 . 6) that as � increases ,  z3 decreases . The quantity 
z3 1 measures the yield of w�ak quanta produced in e+e- annihilation. This implies 
a connection, again obtained via dispersion-relations and Schwartz inequalities ,  
between the colliding-beam Rweak 

(4 . 3) 

and the parameters �· sin2ew, GF , etc. 
Fig. 3 and shows that the yield of weak 
Of course ,  given the intermediate boson 

The resulting inequality is plotted in 
quanta in e + e - annihilation is very large. 
hypothesis , this yield is dominated9 by 

the resonant production of z0 •  
1 0 5 �-�-�-�-��-�-� 

104 
-;;; Standard Model 10:: ( sin2 ew� i) �lt/J 

'-...._ 103 a:: 
2 
0 z ::J 0 1 02 00 
a:: w 
� 0 _J 

10' 

10° ��-�-�-�-�-�-� 20 40 60 80 100 120 140 160 
11-w (GeV) 

- Jds Figure 3: Lower bound for R =  - R(s) , which 
measures the production of weak �uanta by 
colliding e+e- beams . r Note : a similar plot 
given in Reference 1 is incorrect . ]  

We must caution the reader that although � i s  bounded above , implying that 
the threshold for the process e+v + weak quanta lies no higher than � s 150 GeV , e + -we have not succeeded in making such a statement for the threshold in e e anni-
hilation. Indeed, as Eq . ( 3 . 7) shows , we do not have a bound on mz , even given 
the intermediate-boson hypothesis . 
V. Asymptotic SU(2) Symmetry 

Despite the use of the intermediate-boson hypothesis , not all of the predic­
tions of the gauge theories , in particular those for � and �·  have been 
recovered . What is missing is the statement of symmetry at short distances , 
basic to gauge theories.  We may, in the phenomenological language , express this 
as requirements that the single-intermediate-boson-exchange dominate the weak 
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amplitude at all energies , and that as q2+ � , the SU(2) symmetry of the intrinsic 
weak force (broken in general by the electromagnetic contribution) is restored. 

For any charged elementary fermion of weak-isospin 1/ 2 ,  the electromagnetic 
vertex function analogous to Eq . (2 . 3) is written 

er (q) = uy [(l-Y5) j eQ + 4T3Lgef • ..t i + ( l+Y5 ) j eQ + 4
T3Rge

.

f 
• ..tl] u (5 . 1 ) A A r  2 1 (�- q2) � � 2 I (mi- q2) � I  

Writing Q = T3L + YL = T3R + YR, the condition of asymptotic symmetry is that the 
coefficients of T3L and T3R in the electromagnetic vertex operator vanish as q2+ � : 

= 
4gf 
m2w 

When this condition is combined with those already obtained, one finds 

and consequently 

37 GeV � = sin ew 

(5 . 2) 

(5 .  3) 

(5.4) 

The simple gauge-theory results are reconstructed . Assumption of pole­
dominance of these weak amplitudes at all energies may be tantamount to assuming 
the gauge theories in toto, 1 0 although this point is not completely clear to me . 
VI . Connnents and Conclusions 

1. The phenomenological picture of the weak effective Lagrangian as sum of 
an intrinsic SU(2 )-invariant interaction plus electromagnetic correction is com­
patible with the conventional description using the gauge theories. This is seen 
especially clearly in a generalization of the standard model to SU(2) x U(l )  x G as 
constructed by Georgi and Weinberg. 1 1  They show that if the spontaneous symmetry 
breakdown is produced by Higgs bosons which transform as ( 2 , 1) + ( l ,X) and if the 
neutrino is a singlet under G ,  the effective Lagrangian for neutrino-induced 
neutral currents is the same as in the standard model . In fact it can be shown8 
that the structure of this model is the same as the phenomenological picture : the 
weak amplitude decomposes into the two pieces, "intrinsic" and "electromagnetic", 
just in the way we have discussed. 

2 . If there does exist an alternative to the gauge theories , what might it 
mean? Such a question can be rephrased in terms of the analytic properties of 
the intrinsic weak interaction as function of squared momentum transfer q2 .  In 
gauge theories this amplitude is dominated by poles . Pole-dominance may in fact 
imply the gauge theories. Alternatives (which most likely are nonrenormalizable) 
probably contain strong cuts as well as poles. Such a possibility could corre­
spond to composite degrees of freedom, 1 2  either for intermediate bosons or for 
fermions , or both. But we have little of a concrete nature to offer here. 
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3. The general neutral-current coupling for charged as well as neutral 
fermions is not quite the same as for th� standard model . In momentum-space the 
generalized effective Lagrangian for neutral-currents is ,  at low energies : 

NC II! eff 4
� [ J�-4 sin2ew J�m] [ J�-4 sin2ew J�m J +tJ�m J�m l -�+ 4,\Gl2 sin4ew t (G

.l) 
The first term is the result for the standard model . Only the last term propor-
tional to ,\ differs : it is parity-conserving and vanishes ,  given the (single) 
intermediate-boson hypothesis . Under general circumstances ,\ is nonvanishing 
owing to an unknown contribution from vacuum-polarization via weak quanta . How­
ever, from Schwartz inequalities it is possible to show that ,\ _:: O .  

4 .  We have not written the most general SU(2)-invariant effective Lagran­
gian for the intrinsic weak force . There might also be contributions from IW O 
exchange as well as from 1w = 1 , especially were the W to be a composite of 
IW = 1/2 constituents .  At present,  probably the best test for such a component 
comes from the deep inelastic neutral-current data . If we write for this case 

Q'
Nc = 2� vµy,\ c 1-y5 ) vµ j [ uy,\ ( 1-y5 ) u-dy,\ ( 1-y5)d ] 

2' 1 2 - ,\ l - >, l -4 sin ew 3 uy u - 3  dy d 

+s [uy1, c 1-y5)u.+<ly1, c 1-y5) d ] � (6 . 2) 

then a crude estimate indicates that I s l  $ 0 . 2  is probably still allowed from 
experiment.  It is of interest to test in general for such weak-isoscalar terms . 

5 . At present , the situation with regard to the atomic parity-violation 
experiments in Bi is unclear . 1 4 But even were there to be a vanishing effect , 
this would not affect the considerations here in a very basic way . For example , 
reassignment of right-handed e from singlet to an SU(2) doublet is sufficient to 
remove the problem. 1 5  

6 .  Central to the phenomenological approach presented here is the global 
SU(2) symmetry of the intrinsic weak interaction at low energies . From the 
conventional gauge-theory point of view, this symmetry occurs as a consequence of 
the assumption of only Higgs-doublets contributing to the intermediate-boson 
mass ,  an assumption of not an especially basic character . Perhaps the global 
SU(2) symmetry at low energies is a property of more fundamental origin. In any 
event , it would appear that there still is considerable room for alternatives to 
the renormalizable gauge theories of weak and electromagnetic interactions . 
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ABSTRACT 

We cons ider which weak interaction e ffects might be 
experimenta lly observable at very high energies in pp or pp 
col l id ing beams , a nd whether any weak cross s ect ions get large 
at h igh energies . Apart from direc t  production o f  W ' s and Z ' s , 
the pos s ibil ity of obs ervab le weak e ffects depends on the 
properties of the Higgs bosons . Weak c ross s ections could get 
large at high energies only if the Higgs mass is much larger 
than the mas s  of the vector bosons . However, for fea s ible 
experiment s ,  s uch e f fects are s uppres sed in conventional gauge 
theories . Thus , we expect that observable weak cross sections 
will not get l arge at h igh energ ies . We a l so d iscuss a way to 
look for weak e f fects which has not been studied much : parity 
viola t ion e f fects in the production o f  hadron resonances . 
Numer ical results ind ic at e  th at s uch e f fects due to the prod­
uction of W ' s  and Z ' s  should be observable at Isabelle 
energies . We also cons ider the pos s ib i lity o f  observing 
unconvent iona l kinds of weak e ffects experimenta l ly ,  and 
their implications for the gauge theories . 
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At low energies , weak interaction total cross sections 
rise l inearly with lab energy ; it is commonly sta ted that 
weak cross sections will get large at very high energies . In 
the context of gauge theories the s ituation becomes more 
precise . It has been discussed mos t  thoroughly by Veltman1 ]  

i n  terms o f  two thresholds . In any c a s e  one expects mas s ive 
gauge vector boson s ,  charged W

±
' s  and neutra l Z 0 ' s .  Thes e 

will be produced directly, g iving large cross sections in 
e+e- collisions at the Z 0  mas s ,  and enhancements in vp+Z 0 +  . . .  , 
pp+Z 0 +  . . .  , etc . Their mass range constitutes the first 
threshold . 

But the theory is not renorma lizable with only the 
mas s ive vector bosons , a nd additional physic s  must enter . 1 1  

I n  the conventional vers ions this occurs through the Higgs 
bosons . To observe experimentally the d i f ferences between 
the bas ic theory with vector bosons and the renormalizable 

gauge theor ies ,  a nd to test the ga uge theories , one must 
observe effects due to the add itiona l physics . If the Higgs 
boson mas s  is large compared to � it gives the second 
threshold . 

Veltman1 • 2 l has stud ied the pos s ibility of test ing the 
gauge theories at low energ ies , and found that is is not easy . 
In the present paper we discuss whether some observable 
e f fects might be expected a t  high energies . Unfortunately, 
the answer is probably negative . 

We c a n  understand this as follows . In the convent ional 
gauge theories the new physics enters at high energies 
es sentially by replacing a factor of s, which would lead to a 
large ampl itude, by � ( � is the Higgs boson mas s ) .  
Veltman, 1 1  and Lee, Quigg , and Thacker , 3 1  have observed that 
there are two s ituat ions . If � is less than or comparable to 

�· mz , then a l l  weak a mpl itudes s tay rather sma l l  in a l l  
c i rcumstances and higher order e f fects which w i l l  test the 
structure of the theory are essentia lly und etectabl e .  However , 
if � is large, so that some weak amp l itudes are l arge, then 

higher order e ffects are large and perhaps some are 
observabl e .  
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Both from the requirements that radiative corrections 
were of order unity, 1 ] and from the unitarity l imit3 • 4 l , it 

was arg ued that perturbative arguments would break down and 
weak amplitudes would behave s trongly for � - 103 GeV . 
Unfortunately, when one wishes to observe s uch e f fects 

exper imentally at high e nergies one must b egin with fermion 
states , e . g .  in e+e- collis ions or in qq collis ions (where 
the quarks are in p or p beams ) . To get Higgs contributions 
one can see that in general the Higgs particles will couple 
to fermions . S ince Higgs particles with non-zero vacuum 
expectation values will contribute to the fermion mas s ,  

their coupling strength i s  proportional t o  the fermion mas s ,  
mf . In fact, the corrections due to higher order effects 

in observab l e  processes turn out to be at most of order 
g4 ( mf/ll\v) 2 011 �- This is numerically negligible s inc e 

mf/11\v � l o- 3 We conc lude that within the framework o f  
conventional gauge theories with scalar Higgs mesons and 
fermion mas s es determined in part by coupling to the Higgs 
part ic l es , no large weak interaction ampl itudes will b e  

ovserved, apart from those d irectly due t o  production o f  
W ' s  and Z ' s .  

Producing two intermed iate vector bosons from an ff 

pair is eas ily done kinematically with expected pp or pp 
collid ing beams, and g ives a cross s ection that grows with 
energy in a nonrenormalizab l e  theory . 5 1 6 ]  Might we expect 

a large rate experimentally? Aga in, unfortunately, the fer­
mion mass factor enters and makes the rate negligib l e .  This 
comes about a·s follows . 
At the tree level the 
d iagrams of figure 1 
contribut e .  As i s  
w e l l  known, the z o  
and photon contribu­
t ions , { b ) , provide 
a cancellation o f  

-c >-< >- -< 
( a ) ( b) ( c ) 

F IGURE 1 :  ff + w+w­
( a )  fermion exchange 
{b)  z o , �  exchanges 
{ c )  Higgs exchange 

the term growing l ike s in ( a ) . But ( a ) + (b )  still leave a 
piece of order �$, which is cancelled by the Higgs boson 
contribution, ( c ) . A factor of mf comes from the Higgs 
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coupling in ( c )  and from the propagator or use of the Dirac 

equation on the spinors in ( a )  and ( b ) . Thus the cross 
- + - I 2 s ect ion for ff+W W is proportiona l to ( mf rrw) ( a s  compared 

to s ingle W production) and is negligible . 
Next we discuss in genera l  how weak interactions can be 

stud ied at high energies . The usual methods involve the 

produc tion o f  W ' s  and Z ' s  and their d ecays into leptons or 
hadron j ets . These may well be the best method s ,  particularly 
to d etec t a zo by its µ +µ- d ecay, and they have been s tud ied 
in some deta i l .  7. S J  The method w e  want t o  emphas ize here i s  
the detec t ion o f  weak e f fects via the parity-violating 
prod uction of hadron resonanc es . 

One can see very s imply that s uch e ffects should occur . 

For example, a W decay into qq will g ive a left handed q in 
a V- A theory . When making a meson resonance by picking up 
a q from the vac uum it will form ( say) p ' s  only of hel ic i ty 
O and - 1 ,  while the strong interact ions give equal amounts 
of he l ic ity 1 and - 1 .  Thus comparison o f  the amounts of 
hel icity 1 and - 1 p ' s  can s igna l a weak e ffec t .  

To see what to expect we c 
use a mode19 • 10J as shown in 
Figure 2 ,  with the b a s ic p 
scatter ing a weak one, 

dominated by d ir ec t  production 
of a W. To estimate the P 
relative product ion of various FIGURE 2 :  Inc lus ive 
resonance s ,  we note some production of resonance 

c by d irect production 
c urrent opinions . The w+ of a w .  
should decay equally into ud and cs . When a quark fragments 

into a hadron, the probabi lity of getting an ss pair from the 
vacuum is thought to be 1/2 the probabil ity of gett ing uu or 

dd . l l ]  An SU ( 6 )  argument s uggests there will b e  three p ' s  
for each dir ectly produced v ,  from equal population o f  
helicity states . Thus , there should b e  ( approximately) equal 
production of p ' s  and K* ' s  of each helic ity and of v ' s . 12 1 

Perhaps , mos t  important, � · s  are expected with only a reduc­
tion of about 5 0% relative to K* ' s .  S ince the � background 
is quite sma l l ,  they may g ive a large s igna l- to-noise ratio . 
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In add ition, with a sma l l  Q value in the decay, they may b e  

easy to detect ( ass uming � ident ification) .  
Some o f  the results are shown in Figure 3 .  Thus , i f  

appropriate cuts a r e  made o n  the data t o  reduce the s trong 

interaction background ( say, by looking at pT � 10 GeV and 
ecm � 90 ° ) ,  a rise in the �/rr ratio, for example,  would 

s ignal something new. To prove the s ignal is a weak inter-

act ion e ffect , one needs to 
detect a parity violat ion . In 
the case of � decay , one needs 

14] to see a term Im ( p 10+p_ 10 l 
which is present i f  there is a 
non-zero angular correlation 
for ( s in2 e s in� ) .  

Par ity viola tion can be 

id entified in a s imilar manner 

by studying inclusive produc­
t ion of p , w , and K* . Perhaps 
even more fruit ful is to study 

, 1 . A d , 15 ] inc usive a pro uction 
where par ity violation in its 

production is s ignaled by 
either a (cos 9 )  or a (s in 9 cos�) 

E d o-
d Jii s = 800 GeV 

·. 0 C l'ft  • 90 O 
· .. pp -C+X,viaW 

· . . n•backg 

JJ.·- - - -/ 
4 8 11 2 1 6  2 0  

P T  ( GeV ) 

term in its decay . Our numer ical 

FIGURE 3 :  lncl�s ive 
production of rr (��-) 
p0 (- ·-· ) and µ+ (---- ) in 
pp collis ions due to 
d irect production of W. 
The strong interaction 
b ackground expected for 
rr+ ( . . . .  ) is es timated 
from Reference 13 . 

. 16 J d results are encouraging , an 
one can find s ituat ions where 
background e ffects and experi­
mental cons iderations appear to 
favor hadron resonance detection over other methods . Further, 
the method does s eem to have one unique and eventua lly 

potentialy power ful advantage :  by detecting resonances with 

d i f ferent charge, strangenes s ,  etc . one can study the flavor 
dependence of the W and z spectrum, and of high energy weak 
effects in genera l .  

Finally, we consider the implications o f  finding or not 
finding high energy weak e ffects not attributab le to W ' s  or 
Z ' s . For example,  suppose bound s tates of Higg s ,  W ' s  and Z ' s  

· d i · · · 1 71 h h f h exist an ie on Regge traJ ectories . T e exc ange o sue 
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objects could lead to unconventional weak interac tion e ffects 
at high energy . If such effects are obs ervable, one will 
have evidence tha t � is 
coupling exists which is 

1 1 ,  3] h . . arge and t at a Higgs- fermion 
not proportional to mf/�. 
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Gauge theory has acquired a central role in our understanding of 
elementary particles . We give an assessment of the achievements 
and prospects for future development . 

La theorie de jauge a acquis un role central dans notre comprehension 
des particules elementaires . Nous donnons un etat des realisations 
et des perspectives de developpement futur . 
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Recent developments ,  both experimental and theoretical , add new 
arguments for singling out gauge theories in the unique tool for understanding 
the interactions of elementary particles . From a philosophical point of view, 
the overwhelming merit of gauge theories is that they lead to unique interaction 
.schemes ,  approaching the ideal of a theory with a minimum of arbitrary ( i . e .  ex­
perimentally determined) parameters . The essential element for the wide accep­
tance of non-abelian gauge theories was given by the relatively recent proof of 
their renormalizability,  which opened the possibility that they can give models 
of elementary particle interactions which are not only aesthetically satisfac­
tory, but also mathematically meaningful . Renormalization theory remains in fact 
the main tool for giving mathematical sense to realistic ( i . e .  four dimensional) 
models .  

An exciting consequence of the advent of  gauge theories is the 
unification of interactions which were previously considered as independent . We 
have already a unification of weak and e.m.  interactions , and the process can 
continue. At each new level of unification we reduce the number of independent 
couplings , and we approach the ideal goal of a theory with no arbitrary para­
meters.  At present , we think in terms of three types of interactions , each asso­
ciated with a gauge group : i) Strong interaction,  arising from the colour gauge 

symmetry SU(3) c . 
ii) Weak and electromagnetic interactions , arising 

from a gauge group, G, which contains at least 
SU (2) i U ( l ) . 

iii) Gravitational interactions (which I will not dis­
cuss here) . 

According to the more widely accepted scheme, strong interactions 
and weak-electromagnetic ones are independent of each other , i . e .  they ari se 
from "gauging" two symmetry groups ,  SU (3) c and G, which commute among themselves . 
In simple terms , gluon carries neither electric charge nor weak isospin. The oppo­
site view, which can accomodate integrally charged quarks , is also being actively 
explored . 

The unification of i) and ii) in a single gauge group is an attrac· 
tive possibility, and a few interesting schemes have been proposed .  Gauge theo­
ries lead to an interpretation of bosonic dynamical variables as variables which 
are related to local symmetry properties . Fermion fields are added on , much in 
the same way as "matter fields" are added in Einstein ' s  theory of gravitation. 
This situation could be drastically changed by the emergence of supersymmetries , 
which involve transformations of boson into fermions and viceversa. Supersymmetry 
has not yet had an impact on our understanding of experimental data, but specta-
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cular developments are well possible in the near future . 
For weak interactions the advent of gauge theories has meant the 

passage from a phenomenological model - useful only at lowest order in the Fermi 
coupling constant - to a theory where any process  can be computed to any desirable 
order . The list of physical effects which can now be computed in finite terms 
contains three main headings : 

+ -
i) Second order weak processes , such as K0 + µ µ, and the 

� - KS mass difference. 
ii) Weak corrections to e .m.  effects ,  such as the (g - 2 )  of the 

muon. 
iii) E .m. (radiative) corrections to weak processes . 

We need not emphasize the importance of these achievements : as 
an example,  radiative corrections to beta decay play an essential role in the 
verification of the relation between the muon coupling constant , G 
decay vector coupling constant , G V : 

and the beta 

G 
I - cos 6 � 2 . 5  % 

G 

A second feature of gauge theories is asymptotic freedom. This has 
proved essential for the success of QCD . Renormalizability in fact guarantees the 
existence of a perturbative series , with finite coefficients ,  for any physical 
quantity, A : 

n " 

on the contrary , renormalizability does not guarantee that the above series can 
be the basis of an effective approximation scheme , one where a specified accuracy 
can be reached with a computation of manageable proportions . This was a serious 
problem with the old theories of strong interactions , such as that based on the 

n- N Yukawa coupling . 
The asymptotic freedom of QCD means that effective perturbative 

calculations can now be carried on for physical processes involving short distance, 
or high q2 , interactions . This possibility has an important fallout for weak and 
electromagnetic interactions of hadrons . Deep inelastic processes give an impor­
tant example which has been extensively discussed during the meeting. Another 
important instance of this new poss ibility is given by explicit calculations of 
non leptonic weak processes , especially those involving the decay of charmed par­
ticles ,  and particles containing new types of heavy quarks (see Maiani ' s  talk) , 

QCD - a unique theory of hadrons 
Quantum chromodynamics has emerged as the unique theory of hadrons . 
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This unicity follows from the requirement of saturation of quark-quark forces in 
the singlet qq and qqq states , as well as from the requirement of approximate 
scaling in deep inelastic phenomena . 

QCD is an asymptotically free theory : the effective fine 
structure constant o: decreases at short distances , ( i . e .  at large Q2) ,  accor­s 
ding to 

where F is the number of quark flavours .  
This expression is  valid for large Q2 , i . e .  Q2 >> A 2 , i . e . for 

values of Q2 where o: is small.  A 2 gives the mass scale in which o: becomes s s 
very large, i . e .  the scale where quark interactions become strong . We note that 

A is the only parameter in this expression. Since A has the dimension of 
mass ,  we can always eliminate it by choosing A as the unit of mass ,  i . e . by 
choosing units in which A ,.,  1 .  In such units QCD becomes a theory without ar­
bitrary parameters ! 

The value of A can be determined by studying the violation 
to Bj erken scaling in deep inelastic scattering . The preferred value is now 
A -� O .  5 GeV. This means that for Q = 3 GeV we have o: 5 � 0 . 4 ,  a smallish 

value which allows meani�gful perturbative calculations . The situation is even 
better since first order corrections are typically proportional to o: / 11 , 
rather than to o: itself. The operational definition of a Q2 dependent coupling s 
constant,  as well as the technology necessary for doing computations is a rather 
technical subject, as it involves the theory of renormalization and an extensive 
use of the renormalization group , and I will not discuss it here. Actual computa­
tions are not very different from similar computations in QED , and in many ins­
tances one finds that it is possible to adapt with little extra work results 
obtained a few decades ago . 

The above expression of o: s is strictly valid only if quarks 
are massles s .  One can take roughly into account the effect of the quark masses 
by taking for F the number of quark flavours with mass less than Q2 . We would 
then put F • 4 in the range 2 .;; Q2 .;; 25 GeV2 , which�relevant for most of 
the present work. 

Asymptotic freedom implies that there is a large body of physi­
cal phenomena which can be computed , essentially by perturbative methods , with a 
controllable accuracy . These phenomena yield meaningful tests of the theory . To 
list a few : 
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I )  Predictions for the total hadronic cross sections in  e+e- . 
2) Predictions on the scaling violation in deep inelastic 



phenomena . 
3) Spectroscopy of bound states of heavy quarks.  
4) Weak decays of particles including heavy quarks.  

Inroads are being made into different ways of testing QCD, through the study of 
elementary gluon processes , the counterpart of QED + -processes such as e e scat-

' e+e-
� e+e-Y , etc. The doctrine behind these tests is that 

whenever an elementary process , such as 
q + q q + q + gluon 

takes place at high energy and large momentum transfer, each of the emitted quarks 
and gluons gives rise to a j et of hadrons carrying the energy and momentum of the 
originating quark or gluon. One can thus measure the cross section for an elemen­
tary process by measuring the cross section of the corresponding multijet event . 

This area of physics is now at the beginning , but promises to 
become one of the active areas of research in machines such as PETRA, PEP , or the 
PP collider at CERN. 

We thus have, in the upper reaches of the Q2 spectrum, a rich 
area of collaboration of theory and experiment for the testing of QCD . The great 
challenge for theoreticians lies now at the other end of the spectrum : under­
standing quark confinement , and , more in general ,  developping the calculational 
techniques needed to apply QCD to low and intermediate energy phenomena , i . e . to 
the main body of classical hadron physics . 

In this field we are far from a satisfactory situation and there 
are no results that would be presented in a meeting devoted to new experimental 
results and to the interaction of theory and experiment . The progress is never­
theless quite impressive . We have learned many unsuspected facts on the behaviour 
of classical gauge theory , in particular on the existence of exact localized so­
lutions of the classical equations of motion, called the instantons . The existence 
of these solutions is now revolutionizing our views on the nature of quantized 
gauge theories at large distances , and these developments might lead to a convin­
cing demonstration that QCD leads to colour confinement.  

A consequence of the existence of instantons which is highly 
relevant to the comparison of theory and experiment is the solution of the '11. 
puzzle.  It was thought that QCD led to the prediction of the existence of four 
very light pseudoscalars . Three of them were identified with the pion. The fourth 
had the quantum numbers of the 1t, , which is however not l ight at al l .  It has 
been recently shown by ' T  Hoeft that the puzzle is not there : a subtle conse­
quence of the existence of instantons is that QCD predicts the existence of only 
three , not four, l ight pseudoscalars.  In conclusion QCD already offers specific 
predictions in a large area oI high energy physics , and we hope that continued 
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effort wil l  enlarge this area ; we have good hopes to achieve a number of impor­

�tant qualitative result s ,  such as the proof of colour confinement . 

Weak and electromagnetic interactions 

In this field theoretical phys ics has scored two undeniable 

�uccesses the prediction of charm, the prediction of neutral currents .  

Where we proceed from the present SU ( 2 )  ® U ( l )  model ? We have 

no overwhelming indications on how to develop the model ,  and wether we should . 

The problem we are facing has been c learly ste.ted by Bj orken : gauge theories of 

weak interactions are f lexible whi le QCD is essentially unique. A possible way of 

reducing this flexibil ity comes from the idea of a super uPification which derives 

weak, e . m .  and strong interactions from the gauging of a single group . The requi­

rement of unif ication does not lead to a unique solution , and different weak-elec­

tromagnetic theories could be unified with QCD . The present SU ( 2 )  x U ( l )  model is 

compatible with uni fication without further extensions , for instance in an overall 

SU ( 5 )  symmetry (Georgi and Glashow) . 

In this s i tuation the strongest incitements to modify the 

present model come from new experimenta l  results , often from rumours .  Many new 

models are born of experimental rumours ,  and often die with them.- There have been 

two new developments which suggest an enlargement of the s tandard four quarks-four 

lepton scheme , one very firm, consist ing in the discovery of T and of the y 
resonance, the other being the persistent , al though still  not conc lusive , lack of 

parity violation in atomic physics . 

Recent results , presented here , indicate that T decays into 

its own light neutrino , v T , to which it couples in a V - A way with essential-

ly ful l  strength. 

The very useful limit on the T l ifetime given by Pluto is  

very close to excluding the possibility that T decays through ve , vu mixing . 

It seems that we have found the third replica of the e - ve doublet,  and that we 

should abandon theoretical ideas of using , in more exotic s tructures . The dis-

covery of new quark doublet was then not only expected , but required in the 

SU ( 2 )  ® U ( l )  scheme : the y resonance was quickly accepted as the first manifes­

tation of the new quark doublet and tentatively classified as a bb s tate . 
The third lepton and quark doublets , however , are not mere 

replicas , in that they open new possibil ities , namely that of giving a natural 

explanation of superweak CP violating forces which can now be explained through 

complex mixing between d ,  s ,  and b quarks.  If neutrinos are not exactly massless 

a · s imilar mixing would lead to CP violat ing neutrino oscillations - an exotic pos­

s ibility,  but worth looking into . 

In conclusion, we have excellent result s ,  but we still  lack a 
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theory of weak interactions which forces itself on us because of its unique ele­
gance and adherence to experimental facts . In this condition theoreticians will 
be largely led by the new experimental developments . And these are sure to come 
since the instrumental premises are there1 both with machines now operating or 
being built ,  like PETRA and PEP, and with proj ect$ such as the p.p colliders , and 
ISABELLE , and the future proj ects on large e+e- machines which are now taking 
shape . 
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An Experimental Summary of the XIII Rencontre de Moriond* 

Martin L. Perl 
Stanford Linear Accelerator Center 

Stanford , California 94301 

Abstract 

This is the written version of a summary talk on some of the experimen­
tal results presented at the XIII Rencontre de Moriond . Results are reviewed 
in the following areas : (a) studies of the quark-parton model , Bjorken scaling , 
and quar� fragmentation using virtual photons , neutrinos , and e+-e- annihi­
lation ; (b) properties of the T lepton, D charmed meson , and F charmed meson 
as measured in e+-e- annihilation; (c) production of charmed particles by pho­
tons , neutrinos ,  and hadrons, including the CERN beam dump experiments ; and 
(d) ongoing searches for new particles . 

* Work supported by the Department of Energy. 
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1. INTRODUCTION 

At this XIIIth Rencontre de Moriond a tremendous amount of experimental 
and theoretical information had been presented - some new and some in the 
form of review. It is not possible in a summary talk to cover all this ma­
terial or to do justice to the many fine presentations . Therefore, I have 

adopted two limits on the material I will discuss. First , I will not review 
any theory; a general theoretical talk has been presented by Cabibbol) , and , 

in any case, I am not competent to report on much of the theoretical work 

presented here. Second , I have limited this talk to those experimental 
topics which seemed most in need of review either because a large amount of 

new material was presented; or because it seemed worthwhile to compare re­

sults from different areas such as neutrino physics and virtual photon 
physics; or because the topic still seemed to have a large amount of experi­
mental uncertainty and incoherence. I hope that my use of this last criter­

ion has not introduced too much incoherence into this talk. 

2 .  VIRTUAL PHOTONS , NEUTRINOS , AND THE QUARK-PARTON MODEL 

2A. The Interaction of Spacelike Virtual Photons with Quarks 

As we all know, deep inelastic electroproduction or muoproduction occurs 
in the quark-parton model, Fig. la, through the fundamental reaction2) , J) 

Yvirtual, spacelike + quark + quark (1) 

We also know that this reaction is described by three structu. � functions 
em 2 em 2 em 2 F1 (v , q  ) ,  F2 (v,q  ) , F3 (v , q ) (2) 

where v is the energy of the virtual photon in the laboratory system and q2 

is the square of its four-momentum. Bjorken scaling says that these F ' s  for 
sufficiently large v and l q2 1 should only be a function of a single variable 
called x or w where 

x = .!. � _i_ 
w 2Mv (3) 

with Q2 = ! q2 1 and M the proton mass. Electroproduction experiments at SLAC 
by SLAC and MIT groups first established the validity of Bj orken scaling for 

em em 2 2 em · F1 and F2 when Q � l (GeV/c) • (F3 can only be determined through the 

inelastic scattering of polarized leptons on polarized nucleons ; and this 

has only been accomplished recently , 4) ) The acceptance of the validity of 



e(µ.) 

nucleon } h odm"' 

( a )  

s - 7 8  ( b )  3 3 9 7 A 1 3  

Fig. 1 .  The quark-parton model for (a) deep inelastic electroproduction 
or muoproduction; and (b) deep inelastic neutrinoproduction . 
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Bj ork.en scaling for Reaction 1 has meant that we could simply regard Reaction 
1 as the absorption of a virtual photon by a free quark - the quark being 
simply a charged point particle. 

While this picture has proved to be very useful , we must now accept the 
fact that violations of Bj orken scaling have been found experimentally using 
electrons at SLAC5) and muons at Fermilab�> , 7> The explanation for these 
violations is simply that the quark is not free; rather the quark interacts 
with other quarks and with gluons in the nucleon. We should not be surprised 
at this; indeed , we should be more surprised the Bjorken s:caling and the free 
quark concept work as well as they do. The concept of asymptotic freedom 
and the theory of quantwn chromodynamics provide a framewo,rk for understand­
ing why Bjorken scaling works and for studying the violati.ons of Bjork.en 
scaling . These ideas have been reviewed by G. Alterelli

B) at this confer­
ence ; and , as I stated in the Introduction, I will not dis:cuss these theo­
retical ideas again here . However , at the end of the next. section I will 
use a bit of parameterization from quantwn chromodynamics , the A parameter, 
to compare neutrino data with muoproduction data. 

The most recent measurements of Bj orken scaling violations in muopro­
duction, TABLE I ,  were presented by T .  Quirk9 ) and W. Chen

10) . Figure 2 
em 9 )  shows F2 (x) for the 1 4 7  GeV µ-p data compared to a fit to the lower energy 

electron data. We note that over this v range it is a useful approximation 
to think of F2 (x) at fixed Q2 as independent of v .  The curves from Fig . 2 
are superimposed in Fig • .3. We see that for 

x s 0 . 25 F2 (x) increases as Q2 increases 

x ?:  0 . 25 F2 (x) decreases as Q2 increases 

This observation has been made quantitative by Perkins et alll) 

scaling violation parameterization 

Fz <x , Q2 > = Fz <x , Qo 
2> (tir 

Fig. 4 prepared by T. Quirk9) shows that the simple rulell) 

b = 0 . 25 - x 

(4a) 

(4b) 

who used the 

(5) 

(6) ; 

is a useful approximation. There are no corresponding measurements on F1 (x) 
violations of scaling because F1 (x) is multiplied by sin2 0 / 2  (e is the elec­
tron scat tering angle in the laboratory) and is therefore very difficult to 
measure. 
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Fig. 2 .  em F2 versus x .  The solid circles are from µ-p deep inelastic 
scattering at 147 GeV (Ref . 9) . The curves are fits (Ref . 9) 
to the lower energy electron data shown by the open circles (Ref . 5) .  

521 



Fig . 4 .  
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Fig. 3. A superposition of the curves from Fig . 2 .  
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Comparison of Eq . 6 using q2=3 and b=0 . 25-x for : lower energy e-p 
data (open circles , Ref . S)? 147 GeV µ-p data (solid circles,  Ref . 9) ; 
147 GeV µ-Fe data (x ' s ,  Ref . 6) . Prepared by T .  Quirk . 



TABLE I 
Muoproduction Experiments 

Speaker T .  Quirk W. Chen w .  Chen 

Experimental µ-p , µ-D µ-Fe µ-Fe 
parameters E = 9 6 , 147 GeV E = 5 6 , 150 GeV E = 270 GeV µ µ µ 2 Q2 � 40 2 5 � Q2 0 . 3  � Q � so. 2 1 � '.S 150 2 (GeV /c) (GeV /c) (GeV /c) 

Reference 6 ,  9 7 10 

Groups Chicago , Harvard ; Cornell, LBL , Mich. State, 
Illinois , Oxford Mich. State, Fermilab 

UCSD 

Laboratory Fermilab Fermilab Fermilab 

ChenlO) presented very large Q2 muoproduction data, Fig, 5 ,  using an 

iron target. The curves are Chen ' s  fitslO) to the SLAC-MIT data5) at lower 
v and Q2 extrapolated to higher Q2 • The 5 < Q2 

< 15 (GeV/c) 2 data is in 
fairly good agreement with the corresponding µ-p data, Fig . 2 .  And , as Q2 

increases, F2 also appears to continue to increase for x < . 2 .  This is a 
10) 

-
further illustration of Eq. 4a. Chen also presented his data for fixed 

intervals in w , Fig. 6 .  When w > S  ( that i s  x < • 2) the increase o f  F 2 with 
Q2 is clear. The 3 < w < 5 plots show a non-monatonic behavior that can be 

interpreted, as pointed out by Chen, as an indication of a threshold for 

some new particle production at a total hadronic energy of about 10 GeV . 
However, this phenomenon and its threshold interpretation are probably best 
regarded as a stimulus for further measurements of F2 in this high Q2 range. 

Incidently, a comprehensive review of electroproduction and muoproduction 

has been given recently by Hand . 3) 

2B. The Interaction of Neutrinos with Quarks 

Figure lb reminds us that the fundamental reaction 

W + quark + quark (7)  

where W is the intermediate boson which carries the weak interactions , is anal­
ogous to Reaction 1. If we accept the unification of weak interactions and 
electromagnetic interactions , then Reaction 7 should also show (a) approxi­
mate Bj orken scaling , and (b) violations of that scaling analogous to those 
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Fig . 5 . vWz=F�m versus x from µ-Fe data at 270 GeV . vWz is given per nucleon . 
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The µ-Fe data and the curves which fit lower energy e-p data are 
from W. Chen, Ref .  10 . 
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exhibited by Reaction 1 .  P0int (a) is now well extablishedlZ) , lJ) , l4) for 
both neutrinos and anti-neutrinos ,  and so we can immediately turn to point 
(b) - the violations of Bjorken scaling. 

B. Tall1ni14) presented measurements, Fig . 7, of the scaling violation 
\) of F2 from BEBC and Gargamelle data (TABLE II) . The dashed lines are fits 

to lower energy 

TABLE II 
Neutrino experiments on Bjorken scaling violations 

Speaker B. Tallini A. Savoy-Navarro 

Experimental v and v in Gargamelle v and v l.n CDHS counter , 
parameters with 2 < Ev < 12 GeV drift chamber experiment 

with 30 < E < 200 GeV 
v and v in BEBC with \) 

20 < E \) < 200 GeV 

Reference 14 13 

Laboratory CERN CERN 

electroproduction data ; they show that very similar scaling violations are 
v em observed in F2 and F2 • The difference between v and v deep inelastic 

scattering yields directly F3
"; and , as shown in Fig . 8, xF3

" shows viol<i­
tions similar to F2

" . (We use xF3
" because in the simple quark-parton model 

lxF3
" 1 = F/ . )  
The CDHS data as presented by A .  Savoy-Navarro13) is not yet in a form 

for direct comparisons with Fig . 7 .  However ,  Fig. 9 shows that there are 
scaling violations in F2 (x) in quantitative agreement with Fig. 7 and Eq . 4 .  
This follows from Fig. 1 0  which shows that in the CDHS data <Q2/Ev ,v> is 
constant .  Hence in Fig . 9 the larger Ev curve is  on the average a larger 
q2 curve . Incidently, Fig . 10 shows that the change in <Q2/E -> which is 
apparent in the combined GGM-BEBC data (and which is also an 

"i:dication12) 

of a scaling violation) is not seen in the exclusively high energy CDHS 
data. A similar remark applies to Fig . 11 .  

It has become conventionallS) to describe scaling violations in quantum 
chromodynamics through a scale parameter A (GeV/c) which enters the theory 

. 2 2 15) through the function ln(Q /A ) .  For example : Buras and Gaemers replace 
the usual expressions 
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q2 presented by B. Tallini, Ref . 14 . F� is multiplied by 1 . 8  in 
accordance with the quark model . 
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Fig . 1 2 .  Timelike virtual photon producti.on of  hadrons . 



ai bi F2 (x) = E x  (1 - x) ; ai , bi constants, 
i 

which obey Bj orken scaling, by 

In this latter expression 

$ 

ai (s) bi (s) 
E x (1-x) 
i 

2 
ln .!L 

A2 
ln --­

Q 2 
ln � 

A2 

(Ba) 

(Sb) 

(Sc) 

Electroproduction and muoproduction data gives values of A in the range of 
0 . 3  to 0 . 66 GeV/c depending on the 'fitting method15) , Tallini14) gives 
A = 0 . 75 ± 0 . 1  GeV/c for the neutrino data. It is too soon to say whether 
this difference has any significance because : (a) different ranges of v 

and Q2 occur in the different experiment,  (b) the various experiments may 
have different systematic errors, and (c) different fitting methods have 
been used . However , as virtual photon and neutrino experiments improve in 
statistics, it will be interesting to •test just how precisely the scaling 

violations agree . 

2C . The Interaction of Timelike Virtual Photons with Quarks 

The fundamental reaction, Fig. 1 2 ,  is 

yvirtual , timelike + quark + anti-quark (9) 

and this reaction is most easily studied through electron-positron annihila­

tion, 
e+ + e + hadrons 

The analogy to Bjorken scaling in Reaction 9 is the statement16) that 

constant 

Of course this can only be tested in an energy region where there are no 
thresholds for new particle production. Such a region appears to be 

(10 )  

(11) 

5 � Ecm � 9 GeV ; just below 5 GeV there are presumably charmed baryon thresh­

olds , and above 9 GeV thresholds associated with the upsilon will occur . 
17) . 

G. Wolf presented new measurements of a + _ h d from the DASP e e + a rons 18 collaboration Fig. 13; and Fig. 14 is a recent SLAC-LBL compilation ) of 

oe+e- + hadrons ' Above 5 GeV Rexp = 5 . 3 to 5 . 5  and in the SLAC-LBL data is 

a constant . Thus we do see Bjerken scaling . However , the magnitude of Rexp 
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Fig. 14.  The total R versus the total center-of-mass energy Ec .m.  from the 
SLAC-LBL Collaboration; presented by G .  Hanson (Ref . 18) . 
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is higher than the simple quark model prediction19) of R = 4 . 33,  which in­
cludes the u, d ,  s ,  and c quarks , and the T lepton . Thus 

Rexp - Rtheor - 1 for Ecm > 5 GeV (12) 

We do not know the reason for this discrepancy. 

2D . Quark Fragmentation 

Here we are concerned with comparing how 

quark + hadrons (13) 

after the quark is excited or created in Reactions 1 ,  7 ,  or 9 .  I shall limit 
my discussion here to the single hadron inclusive distribution, Eq . 14 , and 
I shall neglect the mass 

quark + h + other hadrons (14) 

of the produced hadron (h) . Then in all three of the reactions there is a 
maximum momentum pmax which can be given to h; and we define the longitudi­
nal variable 

z = P1ongitudina11Pmax 

and the transverse momentum Pr; relative to the direction of motion of the 
fragmenting quark. 

As has been demonstrated beautifully by G. Hanson 18) , the proper deter­
mination of z in e+e- annihilation (Eq. 9) requires the finding of a jet 
axis ;  and then the calculation of z and Pr relative to that axis . These 
variables are used in Fig . 15 , prepared by T. Quirk9) , in which e+e- anni­
hilation is compared with µ-p deep inelastic scattering (TABLE I) . This is 
an absolute comparison. We see the pleasing result that the distribution 
functions (z/ffa) (da/dz) are the same except in the lowest z bin. 

Y.  · Sacquin20) used v and v data with Ev > 100 GeV from BEBC to show, 
Fig . 16, that the z distributions for v and v reactions are quite similar22) to 
those for electroproduction21) and e+e- annihilation. 23) (The e+e- data 
here is not relative to the jet axis . )  

Turning to the Pr distributions we first look at some interesting new 
results in the v and v data presented by Y .  SacquinZO) , Fig . 17 . Here as 
Q2 increases , <pT> at fixed z increases . This is the first demonstration, to 
my knowledge24) , of an effect of q2 on <pr> in inclusive hadron production 
properties in deep inelastic lepton scattering. 
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Finally , in Fig . 18 we compare < pT> for e+e- annihilation18) , muopro­
duction9) , and v deep inelastic scattering . For the latter we use the 5 < 
q2 < 10 (GeV / c) 2 data of Sacquin 20) . We see quite similar < pT > values . 

2E. Conclusions for Section 2 

(a) Deep inelastic electron, muon and neutrino scattering all show sim­
ilar violations of Bjorken scaling which qualitatively follow Eq. 4 .  

For q2 > 2 0  (GeV/c) 2 and w - 4 there may b e  more complicated be­
havior versus q2 • 

(b) 

(c) 

In e+e- annihilation above E = 5 GeV, R shows Bjorken scaling cm 
but simple theory does not explain the high value of R.  
Quarks change into hadrons in the same way whether produced by 
deep inelastic lepton scattering or in e+e- annihilation ; as we 
expect from the quark model. An interesting effoct of Q2 on < PT> 
has been seen in v experiments . 

3 .  PROPERTIES OF NEW PARTICLES FROM e+e- ANNIHILATION 

This discussion of the T lepton, D charmed meson, F charmed meson, and 
charmed baryons is based on the electron-positron annihilation experiments 
listed in TABLE III.  

TABLE III 

e+e- Experiments Presented at this Conference 

Speaker Apparatus or Group Name 
J . Burger PLUTO 
G .  Grindhammer DASP 
G.  Wolf DASP 
G .  Hanson SLAC-LBL 
M. Perl SLAC-LBL 

LBL-SLAC 
A. Diament -Berger DELCO 

3A. Properties of the T Lepton 

Mark I 
Mark I 
Lead Glass Wall Detector 

Storage 
DORIS 
DORIS 
DORIS 
SPEAR 
SPEAR 

SPEAR 

Ring 

All the known properties of the T ,  (TABLE IV) are consistent with it 
being a lepton. 
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TABLE IV 

Properties of the T lepton. Some of these properties were presented 
or published after this conference . Decay modes are always written 
for the T- to simplify the notation. 

General Property Value or Specific Property or Comment Reference 

T Mass (GeV/c2) 1807 ± 20 (DASP) 17 ,  28 
1 782 + 2 (DELCO) , 2 7 ,  

- 7 
v Mass <250 MeV/c2 with 90% confidence (DELCO) 27 T 
T-V T Coupling V+A excluded (SLAC-LBL) 30 

V+A excluded , Michel parameter (DELCO) 27 
p = 0 . 7 3  ± 0 . 15 

29 

Lepton Type Sequential or T- has lepton number 30 , 3 1 ,  32 ,  33 , 
of e- 34 , 35 

Lifetime <lo-11  sec . with 95% confidence (SLAC-LBL) 30 
<4 x 10-12 sec . with 95% confidence (PLUTO) 36 

Leptonic Branching B(T- + VT e-ve) = B(T- + vTµ-Vµ) to 
Ratio within 10 or 20% 

B (T= + vTe-�e) = 1 8 . 2  ± 2 . 8  ± 1 . 4% (DASP) 17 , 28 
B(T + vTe-ve 1 = 1 8 . 6  ± 1 . 0 ± 2 . 8% (SLAC-LBL) 30 , 37 
B(T- + VTe-ve> = 1 6 . 3  ± 1 . 0% (DELCO) 2 7 ,  29 

- + VT + - B CT- + vTir-) = 8 . 3  ± 3% (DELCO) 29 T 1T 
General evidence for this decay mode 
has been found by G. Hanson . (SLAC-LBL) 38 
This mode has not been seen by a 
small statistics DASP search (DASP) 17  

Other Hadronic B (T= + VTp=)+=
-
24 ± 9% (DASP) 1 7 ,  28 

Decay Modes B(T  + VT1T 1T 1T ) = 5 ± 1 . 5% with 
evidence for A1 (PLUTO) 25 , 39 
B(T- + VTir-ir+ir-)= 6 ± 4 . 5% ;  this data (SLAC-LBL) 40 
is consistent with A1 but does not 
require it .  
B (T- + vTir-ir+ir-ir0) = 10 ± 7% (SLAC-LBL) 40 

Other Decay Modes No other decay modes such as For a summary 
T - + e-y , T- + µ-y T- + VT e -e + e- see Ref .  30 
have been seen 

Spin The energy dependence of the pro- 41  
duction cross section is  consistent 
with spin = � and appears to be incon-
sistent with other spins ; although 
more quantitative work needs to be 
done here 



3B. D Charmed Mesons 
The hadronic decay modes 

n° + K-rr +, ROrr +rr-, K-rr+rro ,K-rr+ rr -rr+ 

n+ + K0rr+,K-rr+rr+ 
(16)  

have been seen. A thorough review has been given by Feldman42) and we only 
note here that all the properties of these hadronic decays are consistent 
with the conventional theory of weak interactions and charmed quarks19 ) . 

The semi-leptonic decay modes ,  Eq . 1 7 ,  branching ratios 

and more general 

n° + e+ + ve + (hadrons) 

D+ + e+ + ve + (hadrons) 0 

charm particle + e + ve + hadron 

branching ratios are given in TABLE V .  

Energy Range 

At 1/10772) 

3 . 9  < E < 7 . 8  GeV cm -
4 � E < 5 . 2  GeV cm -
At 1/10772) 

TABLE V 

Branching Ratio 

B (D + e + X) = 7 . 2  ± 2 . 8% 
averaged over n° and n± 

B (charm + e + X) 8 . 2  ± 

B(charm + e + X) 7 . 2  ± 

B (D -+ e + X) = 11 ± 2% 
averaged over no and n± 

1 . 9% 

2 . 0% 

Reference 

(LBL-SLAC)43 

(LBL-SLAC )43 

(DASP) 1 7  

(DELC0) 2 7 ,  44  

( 1 7 )  

( 18) 

The e± momentum spectrum for Eq.  17  is given in Fig . 19 . This is DELCO 
data27 ) obtained at the 1/1 (3772) and averaged over n° and n± decays . The spec­
trum is consistent with a mixture of D -+ evK and D -+ evK* (890) decay modes 
with V-A coupling. 

3C . F Charmed Mesons 
Information on the F meson is still scanty. DASPl7) , 45) has previously 

reported seeing the 

decay mode at Ecm 
= 4 . 4  GeV. This data yields masses of 

� = 2030 ± 60 MeV/c2 , �* = 2140 ± 60 MeV/c2 

( 19 )  

(20 )  
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and at this conference G. Wolf17) reported an inclusive n peak at 
Ecm = 4 . 16 GeV, Fig . 20 .  This appears to be evidence for 

e+ + e- + F + F (21) 

at 4 . 16 GeV since the n peak is not seen at 4.  03 GeV , Fig . 2 1 .  
D .  LUke46) has discussed searches for the F using all charged particle 

decay modes such as 

(22) 

3D . Charmed Baryons 
No direct evidence for the production of charmed baryons in e+e- anni­

hilation has been found . Figure 22 from the SLAC-LBL collaboration47)presents 
indirect evidence for a threshold for charmed baryon production at an Ecm 
of roughly 4 . 5  GeV. 
3E . Conclusions for Section 3 

(a) All measured properties of the T are consistent with it being a 
lepton and no other hypothesis as to the nature of the T fits the 
data . 

(b) The known decay modes of the D meson are consistent with conven­
tional theory . 

(c) The branching ratio for charmed particle + e + X is in the 7 to 11% 
range , averaged over the production cross section for charmed 
particles in e+e- annihilation. 

(d) Much more work remains to be done on F production in e+e- annihi­
lation; and charmed baryons have not yet been found directly in 
e+e- annihilation. 

4 .  PRODUCTION OF CHARMED PARTICLES BY PHOTONS , HADRONS , AND NEUTRINOS 

4A. Photoproduction of Charmed Particles 

F. Richard48) reported that 8 events of the form 

y + p + D + X  

l_.K-11+ 

have been found using the Omega Facility at CERN with 25 < Ey < 72 GeV. 

(23 ) 

This 
corresponds to a production cross section for the D in the range of one to 
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several microbarns . This is a reasonable value because the total hadronic cross 
section is about 100 microbarns . This is the first report of photoproduction 
of charmed mesons . 

4B.  Direct Experiments on Hadroproduction of Charmed Particles 
In this section we review experiments which have looked for hadronic 

production of charm by searching for 

D + � + w  (24) 
charm particle pair + � +  µ+ + x  (25) 
charm particle pair + µ± + µ+ + x  (26) 
charm particle + � + x (27) 

TABLE VI gives published results on some experiments which have not found a 
charmed particle signal and so can only give upper limits .  These upper 
bounds depend upon combining the acceptance of experiment with a model for 
the x and pT distributions of charmed particles produced in hadronic inter­
actions . This of course le�ds to an uncertainty in how to interpret these 
upper limits . I have not made a study of this problem; and so looking at 
TABLE VI I simply estimate that the cross section for the hadronic production 
of D0 mesons is less than several tens of µb in the energy range of the 
table . The cross sections for D0 + D± production could be twice as large ; 
and the limit on the hadronic production of all types of charmed particles 
seems to be of the order of magnitude of 100 µb . The reader should make his or 
her own estimates . 

This is now one experiment49)which has finally detected charmed particle 
production by hadrons . This experiment carried out at Fermilab by a CIT­
Stanford collaboration49� used the apparatus in Fig . 23 with a 400 GeV proton 
beam. One part of the data collection consists of looking for events with 
a prompt , single muon. This data was corrected for feed-down from dimuon 
events and for contamination by muons from the decay of conventional 
particles-pions and kaons . The latter correction was made by varying the 
density of the target . The experimenters find a non-zero , prompt , single 
muon signal . If they assume the single muons come from the decay of a D 

meson produced with the distribution dN/dxFdp� = e-2 •04PT (l- \ xF.\ ) 4 . 67 and 
that the nuclear production cross sections is proportional to A then their 
preliminary result is 

cr (charm) � 40 µb (28) 
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TABLE VI 

Published limits in µb/nucleon for some searches for hadronic 
production of charmed particles . All limits assume that the 
nuclear production cross section is proportional to A 

Experiment 

M.A. Abolins 
et al. 

W.R. Ditzler 

J.C. Alder 
et al. 

A.M. Johckheere 
et al. 

D .  Spelbring 
et al. 

R. Lipton 
et al. 

G. Coremans-
Bertrand 
et al. 

Method 

n + Be • o0 + x  
])O + K± + w+ 
<En>•250 GeV 

p + Be, CH2 , Pb + 
o0 + x 
DO + K± + ,,.+ 
Ep• 400 GeV 

p + p + Do + x  
J>O + K± + w+ 

Eca • 53 GeV 

,.- + C,H7 + 
.++.- + x 

n + Be -.. 1J + I>° + X  ])O + x.± + ,..+ 
<E >•300 GeV 

n 

n + Be + µi + e+ 
<E > • 300 GeV n 

+ x  

p + enulsion + two 
particles with visible 
decays . E •300 GeV p 

Limit and Conments 

!lo signal found . A 4 s . d .  
effect would require 
a (x>O)•l4 \.lb/nucleon 

l)O 
No signal found . 
do /dy(y •-0 . 4 )  

00 ca 
<23 Pb/nucleons with 95% 
confidence . 

llo signal found . 
aD"<170 •b/nucleon with 95% 

confidence. a was measured for 
.9<y<l . 2 and a model used to 
obtain the total a . 

llo signal found • 
ODii < 10.4 •b/nucleon with 90% 

confidence . DD production as-
awned similar to t production to 
calculate acceptance . 

aDC < 64 µb/nucleon 
vi th 9 5% confidence. Used 
e-5x and exp (- 1 . 5  Pf> to calcu-
late acceptance . 

ace <34 µb/nucleon with 95% 

confidence. 

o <l . 5  •b/nucleon with 90% 
confidence. However if a D 
lifetime of 3 x io-13 sec and 
<�•20 GeV ,is assumed , the 
1 t becom:es 10 lib/nucleon. 
Thia assumel! 100% scanning 
efficiency. 

Reference 

Phys .Lett. 73B, 
355 (1978) 

Phys .Lett. 718, 
451 (1978) 

Phys .Lett. 668, 
401 (1977) 

Phys.Rev. 016, 
2073 (1917) 

Phys .Rev. Lett. 
607 (1978) 

Phys . Rev . Lett. 
608 (1978) 

Phys .Lett. 658, 
480 (1976) . 

40, 

40, 
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If other D production models are used or 
section is used , then cr(charm) can be in 

if an A2/3 ,nucleon production 
the range of 20 to 80 µb .  In 

cross 

comparing Eq . 28 with TABLE VI the reader should remember that Eq . 28 in­
cludes D0D0 pairs , D±D pairs ,  F+F- pairs , charm baryon pairs,  and associated 
charm production. 

4C . The CERN Beam Dump Experiments 

The beam dump experiments recently carried out at CERN are closely 
connected with the hadronic production of charmed particles because part or 
all of the observed signal can come from the neutrinos produced in charmed 
particle semi-leptonic decays . In these experiments , Fig . 24 , a 400 GeV 
proton beam was dumped at zero degrees into a very thick target of copper 
followed by an iron absorber . About 400 m downstream there was the usual 
400 m long muon shield used for the neutrino experiments .  And further down­
stream was the three neutrino dectors (TABLE VII) BEBC , CDHS , and Gargamelle . 
The copper and iron dump suppresses the usual neutrino beam flux by a factor 
of 3000 . Hence the three detectors are sensitive to these neutrinos 
(usually called prompt neutrinos) or other weakly interacting neutral particles 
which can be produced within an hadronic absoprtion length in the dump . The 
only presently known and sufficiently copious production mechanism is the 
creation and decay of charmed particles. 

All three experiments observed events which had the characteristics of 
events produced in normal neutrino experiments .  Hence the observed events 
are labeled vµ ' ve ' neutral current , and so forth. Most of the thinking 
about these events has indeed assumed that they are produced by ordinary 
neutrino ; however we should keep in the back of our minds the thought that 
there is no direct proof that these are ordinary neutrinos or that they are 
neutrinos at all . The last line of TABLE VII gives the 

p + nucleon + D+D+x • (29) 
• 

production cross sections required to yield the anomalous portion of the 
observed events :  the so-called prompt neutrino events .  These calculations 
are model dependent and the individual referencesSO-SS)must be consulted 
for the details . 

The correctness of the hypothesis that the prompt neutrinos come from 
DD production can be examined by comparing the last line of TABLE VII with 
TABLE VI and with Eq . 28 .  I will make a few comments ,  but readers should 
make their own comparisons. 
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"tl QJ ;> H QJ fJl ,0 0 

TABLE VII 

CERN beam dump experiments . ODD which
_
include n°n and D+D- is 

calculated assuming that the nuclear DD production cross section 
is proportional to A .  Note that some of the observed events 
are from conventional sources such as � · s  and K ' s which decay 
before interacting in the dump . The reference must be consulted 
to learn what fraction of the events are attributed to prompt neutrinos . 
Detector Gargamelle BEBC CDHS 

Speaker at F .  JacquetSO) K .  L .  WernhardS2) P. Blochs4 ) 
this confer-
ence.  

Reference Sl  S3 SS 

Acce5tance 1 .  71  1 1 . 2  1 0 . 2  
(10- sr 

Mass of detec- 10 . S  13  4SO 
tor (metric 
tons) 

�µ 12 29 727 
Vµ 2 s 160 
Vµ or Vµ 2 

1 1  �e 
Ve 4 
Ve or Ve 9 

Neutral current 7 2 1  

Neutral current 26 1  
or  "e or Ve 

On:ij 80 +40 120 ± S4 (Ref . S6 )  '\, 30 (Ref .SS)  
(µb/nucleon) -2S 40 ± 8 (Ref . 

(Ref . SO) 

(a) The o
nn ' s  required to explain the beam dump experiments prompt 

neutrino events , TABLE VII, are compatible with TABLE VI and 

S6) 

Eq . 28 given the difficulties of the experiment and the uncer­
tainties of the model used to calculate 'the cross sections . 
Furthermore the ODD in TABLE VII are overestimates because there 
will be some contributions to prompt neutrino events from F meson 
and charm baryon production . 

(b) On the other hand , one should not get too comfortable with the 
comparison because the 95% confidence and 4 standard deviation 
upper limits in TABLE VI are the same size as the required cross 
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sections in TABLE VII . Clearly anomalous sources beyond charmed 
particle production are not excluded . 

(c) There is a possible discrepancy between the bubble chamber 
measurements ,  BEBC and Gargamelle , and the CDHS measurement . 
This is most clearly seen in TABLE VIII taken from Jacquet ' s  paper50) 

• 

He defines .. 

number of Ve and Ve type events found . 

ne ,prod number of ve and ve neutrinos which had to be pro­
duced per proton in the beam dump to yield Ne 

Np total number of protons 

n angular acceptance of detector with reference to beam 
dump (given in TABLE VII) 

Since the Ve and ve total cross sections are proportional to Ev , the 
neutrino energy , we can write 

N e 

where K is a constant for each detector . Then 

should be the same for all experiments . 

TABLE VIII 

(30) 

(31)  

Comparison of n d/n · N . e , pro The errors are statistical and based only on 
e 

Detector Gargamelle BEBC FHPRW 

K(GeV-l) 2 . 45 x 10-12 0 . 62 x 10-12 20 . l  x 10-12 

N 3 . 5  x 1017 3 . 5  x 1017  
4 . 3  x 101 7  

p 
-

N 7 . 3  12 * 
e 1 12  

ne , prod/n (4 . 6  ± 1 .  7)  x 10-12 (4 . 6  ± 1 .  3) x 10-2 (1 . 2 ± . 1 1 ) 'x 10-2 

*Calculated from muonless events in Ref . 55 
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The combined results of the two bubble chambers differ from the CDHS result 
by 3 standard deviations.  

4D . Neutrino Production of Charliled Particles 

It is now well established 3l) , 57 ) th1t unlike sign 
the form 

dileptons events of 

v µ + N  + µ - + µ+ + x (32a) 

v + µ N + µ + e+ + X (32&) 

v + N + µ + µ+ + vo + x (32c) µ 
v + µ N + µ + e+ + vo + X (32d) 

demonstrate the production of charmed particles in neutrino-hadron inter­
actions . I shall not review this subject except to reproduce the nice 
compilation of Palmer3 1 � Fig . 25 , on the ratios 

Number (µ-e+v0) 
Number (µ-e+) 

Number (µ-µ+V0 )  
Number (µ-µ+) (33) 

There has been some discussion57 )as to whether the various measurements are 
consistent . Figure 25 makes two points .  

(a) Given the large errors the various results are compatible. 
(b) These ratios should increase as Ev increases due to increased 

contributions from associated production of charmed particles 
and production of single charmed particles on quarks in the ocean. 

Although events of the form of Eq . 32 are indirect evidence for charmed 
particle production ; there is still a need for direct evidence based on re­
constructing charmed particle invariant masses . Palmer37)reported that the 
decay mode no + K0 TI+TI- has been seen, Fig. 26 , in the Columbus-BNL experi­
ment using the 15 ft Fermilab bubble chamber in the wide band v beam. Their µ 42) measured mass of �

0
= 1850 ± 15 MeV/c2 agrees with the SLAC-LBL measurement 

. of �
0= 1863 . 3  ± 0 . 9  MeV/c2 . 

4E . Conclusions for Section 4 

The conclusions are obvious : 
(a) A great deal more work must be done so that we have definitive 

measurements of the cross sections for the photoproduction, hadro­
production and neutrinoproduction of charmed particles . 
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(b) On the basis of the scanty existing measurements there is nothing 
obviously in conflict with our expectations as to the size or 
behavior of these cross sections.  

(c) The events found in the CERN beam dump experiments may be completely 
explainable as due· to prompt neutrinos from the decay of charmed 
particles , but that hypothesis is not yet proven . 

5 . SEARCHES FOR NEW PARTICLES 

SA. Multilepton Events Produced by Neutrinos 

In the past few years there has been a great deal of interest as to 
whether particles other than ordinary or charmed mesons are responsible for 
�ents of the form: 

\) + Nucleon + µ + µ
+ + X ,  (unlike-sign dimuons) ;  (34a) 

µ 
\) + Nucleon + µ + µ + X ,  (like-sign dimuons) ; (34b)  µ 

+ Nucleon + - + e+ + X ,  - + events) ; (34c) \) µ µe µ . ,  
\) +��Ucleon + µ - + µ+ + µ + x ,  (trimuons) ;  (34d) µ 

and similar vµ induced events with more or other combinations of muons and 
electrons . By the time of this conference it had been generally agreed that 
the unlike sign dimuons and the µ-e+ events could be completely explained by 
the production and decay of a charmed particle . This left the like-sign 
dimuons ,  Eq . 34b ;  the trimuons , Eq . 34d and events of the form 

( (34e) 

(where i 1 , i2 , t3 , and i4 are muons or electrons) as the most intriguing 
places to search for new particles . 

(a) Trimuon Events :  These events were first reported in 1977 by Barish 
58) et al . ,  and an important sample of 13 events has been described by the 

collaboration59) . Fermilab-Harvard-Pennsylvania-Rutgers-Wisconsin (FHPRW) 
At this conference , K. Kleinknecht from the CERN-Dortmund-Heidelberg-Saclay 

• 60) 6 1) (CDHS) collaboration reported on 76 events .  J .  Smith has presented a 
very thorough analysis of the trimuon events and my brief discussion here 
relies on his work . 

Figure � 7 ,  the CDHS data60� gives a beautiful overall picture of the 
relative rates of trimuon to single muon production. The rate R{3µ /lµ) is 
given as a function on energy for their data in Fig . 28 . Note that when 
corrected for the relative efficiency R(3µ /lµ ) � 10-4 for all �is " The 
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question is then whether this rate of trimuon events and their various kinematic 
distributions can be explained by conventional processes . 

Two conventional processes are diagrammed in Fig . 29 . In Fig . 29a a 
µ+µ- pair is produced at the hadron vertex; the size and behavior of the pair 
production cross section being taken from experimental data on 

hadron + N + µ+ + µ- + X (35) 

These µ pairs tend to move in the direction of the produced hadrons ; there­
fore in the transverse momentum plane they tend to move opposite in direc-
tion to the fast µ- . The other conventional process , Fig . 29b is primarily 
µ pair production by internal bremsstrahlung from the first µ- ; hence these 
pairs move in the direction of the first µ . Smithbl) and Barger et a1 . 62) have 
discussed these diagrams in more detail .  

KleinknechtbO )and Smithbl)say that the number of  trimuon events in the 
CDHS data can be explained by the processes in Fig . 29 , and that these 
processes also explain the kinematic distributions of these events .  ,,or 
example : Fig . 30 shows that the very large 180° peak and smaller 0° peak in 
��1 • 23 can be explained as the sum of these two processes . There is no need 
in the CDHS trimuon data to involve any new particles or unconventional 
processes . 

Most of the published FHPRW trimuon events can be explained62)by the 
two conventional processes in Fig . 29 . However there are two so-called ­
"super-events" with very large total muon energies and small total hadron 
energies in the FHPRW sample ; 57) , b3) and these cannot be explained in this 
way . These events will remain a mystery unless more can be found . 

(b) Like-sign Dilepton Events:  T .  Y. Ling64)presented an extensive 
discussion of 

vµ + N + µ + µ + x (36a) 

events in the FHPRW data. The problem with these events is to show that they 
are not from 

+ N +  + K 
-

+ x  \) µ 'If or µ .._,_, 

L µ- + v µ 

(36b) 

FHPRw64) finds that after correction of the background of Eq . 37 

. 10 ± • 07 (37) 

The simplest conventional explanation for µ µ events is that they result 
from associated production of charmed particles (c and c) : 
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v + N + µ 
)J 

+ c + c + X 
+ 
)J 

(38) 

where the c does not go to a detectable µ+. CDHS has not yet published their 
data on µ µ events and there is not yet enough other data on µ µ events 
to decisively test this explanation6S � 

(c) Four-lepton Events :  Only a few four-lepton events are known . 
M. Holder et al. 66) have described a four-muon event ; and H. J . Lubatti67) • 68) 

at this conference described an event of the form 

vµ + N + µ+ + e- + e+ + e- + X (39)  

The authors report68) that they have no plausible interpretation of this event . 

SB. New Vector Mesons 

I have devoted this summary talk to relatively high energy phenomena 
and high mass particles .  However in concluding this talk I want to empha­
size that there are still new particles to be found in the lower mass range . 
In particular there is much work to be done in elucidating the number and 
properties of vector mesons in the 1 to 3 GeV/c2 mass range . F .  Laplanche69) 

reviewed the research at the D . C . I .  e+e- colliding beams facility ; and 
M. Spinetti?O)described the work at ADONE . This area was recently reviewed 
at the Hamburg Conference7 1 )and therefore I will not review it here . How­
ever as an example of the kind of intricate structure that can exist I have 
reproduced (Fig . 3 1 )  preliminary results from the "yy" group?O) emphasizing 
the various structures near lSOO MeV . It was exciting to learn of the 
plans at Frascati to build a new high luminosity e+e- colliding beam facil­
ity ALA with a peak luminosity of 1031  cm-2sec-1 , and capable of operating 
down to 1 GeV total energy . 

SC . Conclusions for Section S .  
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(a) Almost all trimuon events can be explained by conventional processes 
(b) There may be a net µ µ signal above background ; however its size 

and properties require study and verification. 
(c) We do not know if the trimuon "super-events" and the four-lepton 

events will lead us into the discovery of new particles . 
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