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I. Introduction 

We are reporting on studies of dirmon production in the high enrrgy 

neutrino and antineutrino induced events accrued dvring an experiment to 

measure normalized neutrino and antineutrino cross sections. This report 

describes the results of a more detailed analysis of the data discussed in 

ref. 1. These data were obtained in the fall of 1975 using the Caltech-Fermilab 

app-ratus!2)the narrow band dichromatic neutrino beam!3)and were taken over a 

wide range of separate incident neutrino energies, between 30 and 220 G ~ Y ,  

corresponding to hadron bram energy settings of 80-250 GeV. The spill time was 

long enough (-1 sec)  to allow for independent determination of the incident 

neutrino flux. The total data sample for which most kinematic quantities are 

calculable consists of approximately 18,000 single muon charged current events .  

Some features of the experiment that a r e  parricvlarly relevant fo dimuon 

or trimuon studies ere: 

1) the sign selected beam - This beam allows for clear separation 
and study of events induced by neutrinos or sntineutrinos. The 

measured wideband antineutrina event background is approximately 

2% in the neutrino dare. The corresponding neutrino wideband event 

background is measured to be about 5% in the antineutrino data. 

2) a variable Y (;) bram energy - Since the mean incident energy 
is know to i 5% and the uncertainty in the neutrino energy is 

approximately i20%, we can investigate the energy dependence of 

the mleimvon signal. 

3) the peaked structure of the dichromaric beam - This beam allows, 
by the conservation of energy, determination of whether significant 

energy is carried away by neutrinos. Figure I =hews the observed 

energy distribution for neutrino induced events obtained with the 

secondary hadron beam line set  ra transport a 250 GeV beam through 
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Figure 1 

The observed energy distribution for neutrino induced events  with 
the secondar~ hairon beam line set to transport a 250 G ~ V  beam 
through the decay pipe. TWO peeks in the neutrino spectrum are 
the result of decays of pions (v  ) and kaons ( Y ~ ) .  
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the decay pipe. Two peaks in the neutrino spectrum are the result of 

decays of pions and kaons in the decay pipe. 

4 )  a dense taraet  - The packing fraction of the target-calorimeter 

is approximately 50% (i.e. the density is about 4 gm/cm3), which 

minimizes extramuons from pion or kaon decay. However, the target, 

being only one dmsity,allows no empirical check o f  the prompt versus 

the non-prompt signal. 

5 )  good m o o  identification - Since the target also serves as the 
muon-identifier, it is well instrumented to 3tudy muons down to an 

energy where mvons and pions cannot be distinguished (-2 GeV). Any 

"punch-fhru" problem cannor be studied internally because of the 

continuous nature of the muon identifier. 

6) a small solid angle magnet - Many identified second muons do 
not traverse the spectrometer because they are too low in energy or 

st t o o  large an angle. This is a severe limitation in the data 

analysis since the more complete kinematic infomation is only 

determined for the fraction of the events traversing the magnet. 

We are concentrating our studies of the data on answering the following 

questions: 

1) Is there a signal for antineutrino induced dimvon events above 

background? 

2) ~f there is an antineutrino induced signal, how do the rates 

and features compare with neutrinos? 

3 )  Whet is the observed energy dependence of the dimuon versus 

single muon signal? 

4 )   re there frimuons prodvced in neutrino or antineutrino intcr- 

actions and if so, what is the rate? 



The r e s u l t s  are s t i l l  pre l iminary ,  mainly because t h e  hadron energy c a l i -  

b r a t i on  ie not yet  f ia i3hed.  Consequei~tly,  t h e r e  i s  p r e r e n r l y  a +207 u n c e r t a i n t y  

i n  t h e  hadron energy. mis  unce r t a in ty  i s  r e f l e c t e d  i n  some of  t h e  k inema t i c  

q u a n t i t i e s  and i n  t h e  pion and kaon background l e v e l  r e l a t i v r  ro  t h e  data. 

me background c a l c u l a t i o n s  are also  p re l imina ry  and consequent ly  

background s v b t r a c t i o n s  have been made. 

The search for  mvltimuon events has been completed, wh i l e  on ly  a p a r t i a l  

sample of s i ng l e  muon charged current events has  been  s tud i ed  a t  r h i s  rime. 

Roughly 10-30% o f  t h e  s ing l e  muon events have been measured (depending on t h e  

energy) so t h a t  the  t o t a l  numbers o f  s i n g l e  muon events have been e s t ima ted .  

The dimuon da t a  presented here have on ly  been co r r ec t ed  for  t h e  az imuthal  

de t ec t i on  e f f i c i e n c y  because any f u r t h e r  c o r r e c t i o n  r e q u i r e s  a knowledge o f  t h e  

dimuon product ion mechanism. 

11. General Features  of  t h e  Events 

~ i g u r e s  2 a , b  show t w o  dimvon events ohserved wi th  t h e  beam set  to trans- 

por t  a p o s i t i v e  190 GeVIc  secondary beam through t h e  decay pipe .  The n e u t r i n o s  

enter from the  l e f t  and i n t e r a c t  i n  the 140 ton s t e e l  t a r g e t .  S c i n t i l l a t i o n  

counters l oca t ed  every fou r  i nches  of s t e e l  were used t o  measure t h e  f i n a l  s t a t e  

hadron energy E "sing ca lo r ime t ry  ~ e c h n i q u e s ! ~ )  The ang le s  o f  the f i n a l  scare H 

muons B were  detelmined with  spark  chambers i n s i d e  t h e  s t e e l  t a r g e t .  A s t e e l  

f o r o i d  downatreem of  t h e  f a r ~ e f  was used t o  measure t h e  momentum of  muons which 

t r ave r sed  it. 

F igu re  2a shows en event wi th  r a t h e r  l a r g e  hadran energy i n  which both  

muons enter t h e  spect rometer .  The t o t a l  energy observed ( - 1 8 0  GeV) i s  so 

l a r g e  that t h i s  event must have come From a kaon-decay n e u t r i n o  (<E& z 170 

GeV). Figure  2b shows perhaps a m r e  t y p i c a l  event i n  which both  muons l e a v e  

ENERGY DEPOSliEO I N  CALORIMETER 

SC~NTILLATON 4 ............. . . . . . . . . . . . . n n n n  

ELEVATION V I E W  SPARK 4 b 1 
CHbMBERS 

PLAN Y E W  MAGNET 

An example of a dlmuon c snd ida t e  observed ~ i r h  a t190 GeV seconders  
hadron beam. 80 th  muons enter t h e  magnetic spect rometer .  The t o t a l  
energy observed i s  180 G ~ V  s o  t h a t  r h i s  event  must have been in -  
duced by a kaon neu t r i no  ("*). 

.. 
t h e  t a r g e t  and t h e  t o t a l  energy is a lower l i m i t .  



111. Event Selection 

Table 1 summarizes the number of events at the different stages in the 
ENERGY DEPOSITED IN CALORIMETER 

event selection process. 

SCNTILLP.TON 
COUNTERS 

n n n n  
Number of 
i Induced 
EventS 

Single li fvenrs in which lir enters 
the spectrometer (estimated) 

2p candidates in which ly enters 
the spectrometer 

ELEVATION VIEW 4 u r~ 
C*bMilF92 events in which 1p enters the 

spectrometer and the other traverses  
m ~ r e  rhan 1.8 meters of sfeel 

events in which ilr enters the 
spectrometer and the  other traverses 
more rhan 2.8 meters of sfeel 

2p .vents with both muons entering 
the spectrometer - P U N  V I E W  MkGNET 

Opposite Sign Muons 

Same Sign Muans Figure 2 b 

An example of a dimuon candidate observed with a a190 GeV secondar) 
h a d r ~ n  beam. noth muons leave the detector before entering the 
spectrometer magner 

Table 1 

The number of observed events at  variovs stages in the 

event selection Drocess. 

I". Backprounds 

The dimuon event background arises mainly f r o m  a normal single muon event 

in which: 1 )  a hadran in the hadron shower has a particularly long penetration, 

or 2) a pion or kaon in the hadron shower undergoes a pv decay. These back- 

grounds are reduced and the second muon identified by placing a penetration 

requirement on the second track. 



The problems of won identification can be studied by plotting the ratio of 

the average pulse height in t w o  counters upstream t o  the average pulse height in 

t w o  counters downstream of the second mvon stopping point as a function of the 

second muon penetrarion, L . Figure 3 shows this ratio versvs Lv2 for the 
P2 

dimuan candidates. This ratio should be two  for a stopping muon since there 

are LYO muons passing through the counters upstream of this point and only one 

do-stream. IL would be different from two  if we were observing the tail end 

of the hadron shower. h he data are consistent wirh events having a stopping 

mvon down to a penetration of abovr 1.5 meters. 

The most likely source of background for dimuon events is an ordinary 

charged current event wirh an extra muon resulting from the decay of a pion 

or kaon prodvced in the hadronic cascade. Unfortunately we have no direct 

measure of this "on-prompt background because the target is uniform in density. 

In order to estimate this background, we have used a Monte Carlo program 

t o  simulate the hadronic cascade through several generations until the shower 

is compleiely absorbed in the target-calorimeter. The final s t a t e  hadron distri- 

butions in the initial neutrino interaction were chosen to march the multiplicity 

and energy distributions for charged hadron interactions in iron. The resulting 

~robability curves are folded with the measured hadran energy (En) distributions 

at each incident neutrino energy to obtain the expected number of backgravnd 

two muon events originating from pion and kaon decays. 

pigures 4 s,b,c,d show the integrated number of t w o  muon events as a 

function of the second ""Jon penetration, L,23 
wirh L > L. In order to 

P2 

wirh the single muon data and t o  make a meaningfvl analysis only dimuon 

't- candidates where at least one muon entered the spectrameter are plotted. The 

and antinevrrino data are rhovn separately. The data in each sample 

.. are further classified as t o  whether the events were produced by low energy 

incident neutrinos, resulting from pion decay ("2, or whether the events  

PENETRATION (meters of steel) 

TO study muon identification, the ratio of pulse height in 
two counters upstream t o  two counters damstream of the 
second muon stopping point is plotted as a function of the 
second muon penetration, 412' The dare are eonsititent with 
the expected ratio of two or a stopping second m o n  far 
Ly25 1.5 meters of steel. 



o u ,  DATA 

PENETRATION ( m e t e r s  of s t e e l )  

To eludy t h e  non-prompt background from pion and kson decay 
i n  the hadroo shover, the in t eg ra ted  number of "lTinduced 
events i s  shavn as s funct ion of  t h e  second muon pene t ra t ion ,  
L *. with L > L. The s w a t h  curve i s  t h e  est imated non- 
ptompt backgound. 

PENETRATION ( m e t e r s  of s t e e l )  

Figure 4 b 

TO study the n ~ ~ - ~ r o ~ p t  background from pion and kaon decay 
i n  the hsdron shover ,  t h e  integrated number of vKinduced 
events i s  shorn as a function of the second muon penetrat ion.  
L ~ ? ,  with L * ~  > L.   he smooth curve i s  t h e  estimated non- 

prompt background. 
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u ,  DATA 

PENETRATION (meters of steel) 

To slvdy the non-prompt background from pion and keon decay 
in the hadron shower, the integrated nvmber of ! induced 

7, 
events  is shorn aa a function of the second muon penetration, 
L , , ~ ,  with L > L. The smooth curve is the estimated non- 
prompt beek$ro"nd. 

PENETRATION (meters of steel) 

Figure 4 d 

TO study the non-prompt background From pion and kson decay 
in the hadron shover, the integrated number of Y induced K 
events  is shown a z  a function of the second muon penetration, 
L with Lv2 > L .  The smooth curve is the estimated "on- 
pt:mpr background. 
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were produced by high energy neutrinos, resulting from kaon decay (vK) The 

hadron energy distributions, and consequently their decay probabilities, are 

different for these two categories. The data in each sample a r e  sunrmed 

over the incident energies. The equivalent penetration is plotted for those 

events in which the second muon passed through the spectrometer (a muon pene- 

tration of 10 meters of steel requires about 14 Gev). The smooth curves are 

the result of the Monte Carlo background calculation. 

This calculation has been compared with data on muon penetration faken 

p r e v i ~ ~ ~ l y  with hadrons of 50 and 100 GeV incident on a L e s t  calorimeter. The 

csl~ulation agrees with the data; however, the t e s t  device is smaller in both 

section and longitudinal extent than the acrval calorimeter used in this 

experiment. Also, the test dara are somewhat limited statistically. Finally, 

the assumption that the hedronic final sface from neutrino collisions is iden- 

tical to char from hadron collisions has nor been demonstrated, although 

similarities have been seen. For these reasons we feel that the back- 

grovnd caleularian is presently uncertain by approximately a factor of two for 

the second muon penetration less than about three meters of steel end as much 

as a factor of five for the second muon penetration greater than about five 

of steel. (we are presently up to measure the background 

empirically.) This means that for the dara presented here, the qualitative 

features are likely to be preserved after the background has been subtracted. 

It is apparent that any background resulting from pion and kaon decay is 

most serious for low energy second muons. Consequently we have also analyzed 

the data with a longer penetration reqvirement (LpZ > 2.8 meters of steel) on 

the second muon, giving a "purer" bur more biased sample than the one requiring 

Lp2 > 1.8 meters of steol. The average kinematic quantities calculated for these 

2 
two  sample. (e.g. n, y, W , e t c . )  are statistically the same. Hence any back- 

gravnd which might be in the sample with the requirement the Lp2 > 1.8 meters 

of sreel does nor affect the kinematic averages ar our statistical level. 

As  a consequence of these studies on muon identification and background 

levels ,  for further analysis we will mainly consider the dimuon sample having 

at least one muon entering the spectrometer (in order to compare with the single 

muon charged current dara) and the other penetrating more than 1.8 meters of 

steel. 

V. Energy Dependence of Dimon Production 

me observed energy distribution for a sample of single m o n  events obtained 

a t  a hadron beam setting of +I90 G ~ V  is show in figure 5 .   he observed energy 

distribution for the dimvon events is also shown (the scale of the ordinate is 

arbitrary). The dimuon energy distribution is consisrent with the single muon 

energy distribution shown in the same figure. ~ndeed, this would be the case 

if an unseen final stare lepton carried away only a small fraction of the total 

energy. 

To study the energy dependence of the dimuon prodvcfion rate, we have 

classified  he dimno" into t w o  distinct energy bands according to their 

total observed energy. AC a given beam energy setting, if the observed dimuon 
., ( 

energy is greater than the energy where the valley between the v and vK peaks 
71 

is located, the event is classified as having been induced by a uK with an 

energy equal to the mean v energy. Othewise the event is classified as being 
K 
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1n order  t o  i n v e s t i g a t e  whether an unseen, f i n a l  s t a t e  l e p t o n  
c a r r i e s  away a svbaLanrial amount of energy, t h e  s i n g l e  muon 
and dim",," (c ross  hatched) energy d i s t r i b u t i o n s  a r e  shorn. 
These two d r s l r i b u r i o n s  are not r e l a r i v e l v  normalized. The 
azimuthall- co r rec ted  dimvoo d i s t r i b u t i o n  i s  p l o t t e d  wirh a 
magnified sca le  and confaine 148 co r rec ted  events. The 
dimuon energy d i s t r i b u t i o n  is cons i s t en t  with the  s i n g l e  
muan d i s t r i b u t i o n  suggesting a r e l a t i v e l y  small amount of 
"missing mergy". 

induced by a vT with an energy equal  t o  t h e  mean v energy. 
ii 

TO compare the  average observed energy of dimuon events wirh t h e  
1"P 

average observed energy of s i n g l e  muon even t s  (E '~ ' ) ,  we define the  " f r a c t i o n a l  
Y 

missing energy", A t (Ep O b S  - E'~') l EI_Dbs which i s  p l o t t e d  i n  f i g u r e  6  as a 
W 

func t ion  of t h e  inc iden t  energy.  This q u a n t i t y  would be p o s i t i v e  f o r  cvcnfs 

with s u h s r a n t i a l m i s s i n g  energy (e.g. unmeasured muan energy o r  f i n a l  s t a t e  

neu t r inos ) .  Two mechanisms e x i s t  which can make A negat ive:  1 )  rnisassignment 

of t h e  n e u t r i n o  energy ( a c t u a l l y  a v when c a l l e d  a v ), and 2) a s t ronger  energy 
K Ti 

dependence of t h e  dimuon eross sec t ion .  The two  e f f e c t s  could combine t o  make 

O nega t ive  by as much as 10-1577. and thereby "mask" a small amount of miss ing 

energy from f i n a l  s t a t e  neu t r inos .  O n  t h e  average A - -0.06. We conclude, 

t he re fo re ,  t h a t  t h e  observed events  do not have miss ing energy g r e a t e r  t han  151. 

of t h e  inc iden t  neu t r ino  energy. 

 he r a t i o s  of d i m o n  to s i n g l e  muon event r a t e s  (a pp/op). co r rec ted  f o r  

the  azimuthal  d e t e c t i o n  e f f i c i e n c y ,  are shown a s  a funct ion of the  average 

inc iden t  energy f o r  neu t r ino  induced events i n  f i g u r e  7a and f o r  a n t i n e u t r i n o  

induced events  i n  f i g u r e  7b. Al l  events  a re  included i n  the  p l o t s  i n  which 

a) t h e  f i r s t  muon entered t h e  spectrometer  ( o w l  6 100 m a d )  and b) the  penetra-  

t i o n  of  t h e  second muon i s  g r e a t e r  than 1 .8  meters of s t e e l  ( E  > 2 . 4  GeV). 
PZ 

Applying more than  an arimvthal e f f i c i e n c y  co r rec t ion  would r equ i re  a knowledge 

of t h e  dim",," product ion mechanism (e.g. t he  f r a c t i o n  of the second muons with 

pene t ra t ions  less than 1.8 m e t e r s  of s t e e l ) .  Also shown i n  these  f igu res  a r e  

the  previous cal tech-Femilab r e s u l t s  a t  50 and 170 GeV(5)and t h e  r e s u l t s  from 

the  i larvaid-Penn-wisconsii-Femilab exper imeni j6)  me H P w  d a t a  d i f f e r  from our 

da ta  i n  t h a t  a )  t h e i r  f i r s t  m o n  angular  acceptance extends t o  epl = 225 mrad 

b) t h e  second m o n  energy acceptance extends down t o  4 GeV, and c) t h e i r  d a t a  

w e r e  obtained with a wide band neu t r ino  spectrum, so t h e i r  eross sec t ions  a r e  

i n t e g r a t e d  over a v i d e  neu t r ino  energy spectrum. 
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To compare t h e  average observed energy of dimuon events  (Eobs) 
with the  average observed energy o f  s i n g l e  muon events 

PP 

( ~ ' ~ 3 ) .  t he  f r a c t i o n a l  miss ing energy ( = ( ~ O b s  - E ~ ~ ~ )  / eobs) 
il 

i s i lp la t ted ae n func t ion  of t h e  inc iden t  energy.ililThis )Idirtri- 
b v ~ i o n  i s  cons i s t en t  wi th  no more then  15% missing energy. 

The s o l i d  curves i n  Figures 7  a ,b  show our  es t imate  of t h e  "on-prompt 

0 6 -  r r -  1j-- 
- 

o v DATA 

v DATA 

- 

background from pion and kaon decay i n  t h e  hadron shower. This  background ca l -  
I 

1 
U 

vl 

5 - 0 2  

Y 

c u l a t i o n  i s  a t  most uncer t a in  by a f ac to r  of two. Even i f  t he  ca lcu la t ion  were 

a factor of two low, the  background l eve l  i s  i ncons i s t en t  with the  observed 

a 10 l e v e l  and does n o t  e a s i l y  account f o r  t h e  inc rease  i n  rhesr  r a t i o s  with 
P!J Y 

- 

b - 0 4 -  

energy. 

F igures  8 a , b  show t h e  r a t i o s ,  a l o  f o r  neu t r ino  and an t ineu t r ino  induced 
irP P I  

events as  a Function of t h e  average inc iden t  energy f o r  those events i n  which 

a) t h e  f i r s t  muon en te r s  the  spectrometer ( 4  6 100 mrad) and b) the  second 
P I  

muon p e n e t r a t i o n  i s  g r e a t e r  than 2.8 meters of s t e e l  (corresponding t o  E > 4  GeV) 
0 

- 

The s o l i d  curves show the  ca lcv la t ed  "on-prompt background. Thea /a r a t i o s  
PP P 

for  t h i s  "purer" da ta  sample are a l i t t l e  l e s s  but show t he  same q u a l i t a t i v e  

-0 6 I I , ILI , 
0 50 100 150 200 250 

energy dependence as t he  da ra  with the second muon penetra t ion g rea te r  than 

1 .8  meters of s t e e l ,  whereas the  calculated non-prompt backgrovnd i s  consider- 

ab ly  l e s s .  The same q u a l i t a t i v e  behavior of t h e s e  two dafa  samples i s  f u r t h e r  

evidence t h a t  t h e  inc rease  i n  o with energy i s  not due t o  an increase  i n  
ilPiOP 

the  "on-prompt background l e v e l .  

The dashed cvrve drawn i n  f igu re  8 a  shows t h e  ca lcu la t ion  by Sehgal and 

(7) 
Zerwas of t h e  expected a l o  r a t i o  based on a c h a m  model. The curve has  

PP P 

been normalized t o  rhe neu t r ino  induced d a f a  a t  175 GeV. The major d i f f e rence  

between t h e  da ra  and t he  ca lcu la t ion  i s  t h a t  the ca lcu la t ion  assvmea an accep- 

tance f o r  t h e  f i r s t  muon extending t o  225 mrad whereas the  f i r s t  muon acceptance 

exrends to about 100 mr f o r  t h i s  dafa. The ca lcu la t ed  energy dependence of 

o l o  ag rees  reasonably w e l l  with the data .  A t  the present  time, a low mass 
Pil P  

th resho ld  o f  t h e  charm type be ru led  our as the so le  source of dimuons. 

I f  t h e  second muon w e r e  associated wlth the  hadron shower and had a 

r e l a t i v e l y  smal l  angle  with r e spec t  t o  the  hadron shower d i r ec t ion ,  t he  second 

muon would approximately l i e  i n  t h e  plane formed by the  inc iden t  neutr ino and 
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Figure 7 a 

. . The ratio of the dimuon production cross section (ow) to the 
single mvon prodvction cross section (0 ) for neutrlno induced 
events in w%i& the firsr muon enters tKe spectrometer and the 
second muon penetration is greater the,, 1.8 meters of steel 

. . (equivalent to 2.4 G ~ V )  is ahom sa a function of incident 
energy. The results described in ref. 5 (CITY) and ref. 6 
(HPWF) are also show.  The HPWF data differs from ours s) in 
the kinematic region it covers and b) in the vide neutrino 
energy spectrum integrated over. The smooth curve is the 
estimated non-prompt background. 

- 

o v THIS EXP 
- 

\ v HPWF DATA 

ENERGY (GeV) 

The ratio of the dimuon production cross section (ow,,) to the 
single muon production cross section (o,,) for antineutrino 
induced events in which the firsr muan the spectrometer 
and the second muon penetration is greater than 1.8 meters of 
steel (equivalent t o  2.4 GeV) is s h o w  as  a function af 
incident energy. The results described i n  ref. 6 (HPWF) are 
alsm show.  The HPWF dale differs from ovrs a) it, the kine- 
mric region it covers and b) in the wide entineutrino energy 

integrated over. The smooth curve is the estimated 
non-prompt background. 
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Figure 8 e Figure 8 b 

  he ratio of the dimvon production cross section ( v ~ )  to rhe 
single w o n  production cross section (v,,) for antineutrino 
induced events  in which the first muon e n t e r s  the spectrometer 
and the second muon penetration is greater than 2.8  meters 
.f steel t o  4 Gev) is sham as a function of 
incident energy. smooth curve is the estimated non-prompt 
beckground. 

me ratio the dimuon cross section (v ) to the 
single muon produerion crass section (0 ) for neutr%o induced 
events  in which the first won e n t e r s  rKe apecrromerer and the 
second muon ie greeter then 2.8 meters of ateel 

t o  4 GeV) is shorn as a function of incident energy. 
The smooth curve is the estimated "on-prompt background. The 

dashed curve ia the result of a cham mdel 
~ i r h  HPWF curs. It is normalired to the data at 175 GeV. 
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the f i r s t  mvon d i rec t ions .  Figure 9 shows the  cosine of the  angle ,  A d  , between 

the  two mon momenta pro jec ted  on t h e  plane perpendicular  to t he  inc iden t  neu t r ino  

d i r ec t ion .  The cosine of t h i s  angle  i s  p l o t t e d  f o r  a l l  events  i n  which t h e  f i r s t  

man e n t e r s  the  spectrometer and t h e  second muon t r a v e r s e s  m o r e  t han  1.8 

of s t e e l .  c o r ( ~ 4 )  would be -1 fo r  events i n  which t h e  second m a n  was i n  t h e  

V.Y plane. About 5Vl" o f  t h e  events  appear t o  be co r re l a t ed  with t h e  hadron 

(6) 
d i rec t ion .  A s imilar  A 4  d i s t r i b u r i o n  has a l ready been seen by XPWF. 

VI. Events i n  Which Bath Muons E n t e r  the spectrometer Ma~net 

Since t he  incident  beam i s  s ign se l ec ted ,  we can determine i f  t h e  l ead ing  

muon charge i s  the expected charge f o r  a normal charged cv r ren t  event (a " t i g h t  

sign" muon). Figure 10 i s  a p l o t  of the " r i g h t  sign" muon momentum versvs the  

"wrong sign" muon momenrum for each of the  dimuon e v e n t s  i n  which t h e  muons 

have opposi te  charge. The crosshatched a reas  are regions  i n  which one of t h e  

mvon momenta i o  t o o  low t o  b e  detected.  I n  approximately 90% of che events, 

t he  leading muon has the  charge expected f o r  a charged current event. 

Figure 11 i s  a p l o t  of the  sea l ing  va r i ab les  X ( = Q ~ / z ~ , )  versus 

Y (=ERIEy) .  X and Y a re  calculated using t h e  t o t a l  observed dimuon energy 

f o r  E  and the  sum of t h e  hadron energy and t h e  second muon energy f a r  5. 
The smooth curves are constant e f f i c i ency  contovrs fo r  s i n g l e  muon events  a t  

inc iden t  energies  of 50, 100, and 200 GeV ( t h e  s o l i d ,  dashed, and d o t t e d  curves  

r e spec t ive ly )  a t  e = I 0 0  mrad. The de tec t ion  e f f i c i ency  i s  high f o r  events 
P 

having an X and Y l e s s  than t he  appropria te  contour. 

The observed average X and Y f o r  the dimuon events  a r e  s i m i l a r  t o  t h e  

average x and Y fo r  the  s ing le  muon events.  The average Y i s  s l i g h t l y  l a r g e r  

end the  average X i s  s l i g h t l y  smal ler  fo r  t h e  d i m o n  events  r e l a t i v e  t o  t h e  

s i n g l e  muon events .. 
To s tudy B c o r r e l a t i o n  of t h e  second -on d i r e c t i o n  with 
respeer ra t h e  hsdron d i r e c t i o n ,  t he  cos(d d) d i s t r i b u t i o n  
is shown for  those events i n  uhich a) the f i r s t  m o n  enters  
the  spectrometer end b) t he  second muon pene t ra t e s  mare 
t han  1 .8  meters of s t e e l  (equivalent  to  2.4 GeV). C o s ( A  d) 
would he -1 f o r  events i n  vhich the second m a n  was i n  t h e  

pv p l a n e  Abouf 50% of t h e  events are contained i n  the  peak 
a t  eoa(A 6) = -1. 
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To determine i f  the leading muon charge i s  the expected charge 
for e charged current event (a "right  sign" muon), the momentum 
of the "right aign" auon i s  plotted versus the momentum of the 
"wrong sign" muon for those events i n  which both muons enter 
the spectrometer and are of opposite charge. In approximately 
902 o f  the events the leading muon has the charge expected for 
a charged current event. 
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VII. Conclusions Concernini: Dimuon Production 

1 
In summary, we see dimvon production in both the neutrino and anri- 

neutrino data over a wide range of energies. The azimuthally corrected neutrino 

and antineutrino dimvon production rate relarive t o  rhe single m o n  pradvcrion 

rate reaches about 1.5% at high energy. The energy dependence of the dimuon 

signal is consistent with a low mass threshold. 

Because of the dichromafic nature of the incident neutrino beam, we can 

conclude that any energy carried away by unseen leptons is, on the average, less 

than 15% of the total energy. 

The leading muon usually has the charge normally expected for charged 

current events.  

The averages of the scaling variables X and Y are similar to thr single 

muon averagee. 

VIII. The First Observation of Trimuon Events 

Prior to this experiment there has been n o  reported observation of rrimuon 

production in neutrino or anrinevtrino dara. In this dara sample, we have 

observed two trimuon events. These events were found in the data   brained with 

the hadron beam energy s e t  to +I90 GeV and are show in fipvres 12 a,b. Some 

of the interesting kinematic quantities calculated for these events  are indicated 

in the figures. 

using the event rates at +I90 and +250 GeV running, the uncorrected trimuon 

production rate relative to the single muon production rate is approximately 

3 

The obvious question ia whether rhese events  are explained by conventional 
' .. 

mechanisms. In the fallowing, we estimate possible sources, using the total 

number of one muon and two muon events in the +I90 and the +250 running. 

ENERGY DEPOSITED IN CALORIMETER 

> 8 > # , , , , , , ,  

ELEVATiON Y E W  S 4 1 1 d 
CHaMRI' I< 

I 

Evis = 90 GeV 

$, = 48 GeV 

X = 0.06 

.. SCINTILLATION 

PLl lN V I E W  MAGNET 

60 50 40 3'0 $0 ib COUNTERS 
...m..m.mmmm..m...mmm .................... n n n n  

Figure 12 a 

A rrimuon event observed with a +I90 GeV hadron beam. 
 rack 0 traverses the spectrometer magnet and is 
momentum analvred. Track A stops in the magnet so 
that its energy, E A ,  is brtwrea 6.1 end 8.6 GeV. 
 rack B stops in X e  target and, therefore its energy, 
E is 5.3 Gev. The observed energy is 90 GeV, hence 
L t B s  event could have come f r o m  either a pion-decay 
(%) Or a it*." decay (*) neutrino. 
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ELEVATION V I E W  
CHbMRFL.$ 

E . = 176 GeV E 54 GeV 
"la + D  

Ex = 107 GeV E+A 5 10 GeV 

Q' = 45 ( G ~ V / C ) ~  2.0 G ~ V / E '  

w2 = 160 ( G e ~ / c ~ ) ~  ilAB 0.32 G ~ V / C '  

M~~~ 2 3.1 ~ e i ~ l c ~  

Figure 12 b 

A trimuon event observed with a t190 ~ e v  hadron beam. 
Track 0 and A traverse the and are momentum analyzed. 
Track B leaves the rargrr, hence E+B ie a lower limit to 
its energy. me observed energy is 176 G ~ V ,  consequently 
this event could only have come from a kaon-decay <vK) 
neutrino. 
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i 

Three possible conventional sources o f  three-muon events are: 

1) Simulfaneoua pion or kaon decay at the hadronic vertex to produce 

two extra muons (figure 13a) An upper limit to the expected numbcr of * e  

events from this process is -0.03; rhis source is considered very unlikely. 

2) Neutrino induced dimon productian with a pion or kaon decay at the 

hadronic vertex to produce m extra muon (figure 13b). An upper limit 

to the number o f  events expected from this background is 6 0.05 and 

rhis explanation is also considered to be very unlikely. 

3 "Direct" dimuan production at the hadronic vertex or from nuclear 

interactions in the hsdronic shower (figures 13c and 13d). The uncorrected 

neutrino trimuon production rate relative to the single muonrare is on the 

order of 3 x 10''. In hadronic collisions the prompt 9/77 ratio is - 10~~. 

If this prompt signal in hadronic collieions is dimuon production, then 

chis r a t e  is comparable to the observed neutrino induced rrimuan signal. 

This is a possible explanation for the neutrino induced trimuon signal. 

IX. Conclusions on Trimuon Production 

In s u m e r y ,  t w o  trimon events were observed and the uncorrected rrimvon 

praduction rate relative to the single w o n  production rate is approximately 

3 x It is unlikely that the observed rrimvon events result from single 

or double pion or kaon decay in the hadron shwer. A possible source is, 

however, a normal charged current event accompanied by "direct" dimuon pro- 

duction at the hadron vertex or from nuclear interactions in the hadion 

shower. 
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b )  two muon pro- 
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by rr o r  K decay. 
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P o s s i b l e  rrimuon sources 




