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ABSTRACT 

.Thir ty- two dimuon and eleven tr imuon events are observed i n  deep ine las-  

t i c  muon in te rac t ions  a t  150 GeV. The r a t e  o f  dimuon product ion i s  greater 

than 5 x t h a t  o f  i n c l u s i v e  muon scat ter ing.  High i n e l a s t i c i t y  trimuons 

occur a t  a r a t e  one order o f  magnitude lower. These events are more numerous 

and the  ex t ra  muons have q u a l i t a t i v e l y  d i f f e r e n t  product ion cha rac te r i s t i cs  

than muons expected from conventional sources. The data suggest the produc- 

t i o n  and subsequent decays o f  heavy pa r t i c l es .  
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Multimuon events are observed' i n  a data sample of a previous exper i -  

ment on deep i n e l  a s t i c  muon-nucleon i n te rac t i ons  a t  150 G ~ v . * ' ~  Production < 
J 

ra tes  and cha rac te r i s t i cs  a re . incons is ten t  w i t h  e i t h e r  w and K decays o r  low 

mass quantum electrodynamical (QEO) t r i d e n t s  being the source o f  these muons. 

Assuming product ion o f  " d i r e c t "  muons by v i r t u a l  photons t o  be s i m i l a r  t o  

t h a t  observed i n  hadron-hadron i n te rac t i ons  leads t o  p red i c t i on  too low by 

two orders o f  'magnitude. 

I _  Processes y i e l d i n g  one ex t ra  muon (2p) i n  the f i n a l  s ta te  (uN -t ppX) 

are observed t o  occur a t  a r a t e  s l i g h t l y  l a rge r  than 5 x per deep i n -  

e l a s t i c  muon sca t te r i ng  event. The acceptance o f  the apparatus i s  approxi- 

mately such t h a t  the muons must have an energy l a rge r  than about 17 GeV and 

an angle l a r g e r  than about 13 mrad. I n  add i t i on  the  events should no t  be 

accompanied by a penetrat ing charged p a r t i c l e  a t  an angle less than 13 mrad. 

Events w i t h  three muons ( 3 ~ )  i n  the  f i n a l  s t a t e  (pN + pppX) are found t o  

occur a t  a r a t e  roughly about per deep i n e l a s t i c  muon sca t te r i ng  event. d 

This L e t t e r  deals mostly w i t h  2u events. Analysis o f  trimuon events w i l l  

appear separately. 

3 The apparatus (Fig.  1 )  cons is ts  o f  a 194 cm (1.57 x 10 g/cm2) long i r on -  

a n d - s c i n t i l l a t o r  t a rge t  fo l lowed by three (79 cm long, 173 cm diameter) t o r -  

o i da l  i r o n  magnets, interspersed by an ar ray o f  wire-spark chambers. I n  the 

cen t ra l  core o f  the  t o r o i d a l  magnets ( a t  r a d i i  less than 15.2 cm) the ' i ron 

i s  replaced by lead-loaded concrete and the magnetic f i e l d  e f f e c t i v e l y  van- 

ishes i n  t h i s  region. Likewise a t  r z d i i  below 15.2 cm there i s  an i nac t i ve  

region i n  the  spark chambers. Two beam veto counters (30.5 cm i n  diameter) 

placed before and a f t e r  the l a s t  magnet r e j e c t  those events w i t h  a penetrat-  

i n g  charged p a r t i c l e  a t  a small angle. More d e t a i l  about the apparatus i s  

given i n  Refs. 1-3. 
-- 



9 The present data sample derives from a total of 6.8 x 10 incident muons 

of 150 GeV. The trigger requirement is for a muon to penetrate all three 

toroidal magnets and register .in each spark chamber. This corresponds rough- 

ly to the energy and angle cuts mentioned above. In the exposure 25,550 - 

single p events are thus registered. The scanning criteria to search for 

multimuon events are: 1) the muon trajectories (both scattered and produced 

muons) extrapolate to the beam track to within 2 cm; 2) triggering muon and 

the accompanying muon(s) can be momentum analyzed by at least one magnet; 3) 

correct timing and hodoscope information is observed for all final state muons; 

and 4) the origin of the events must lie within the iron target. A total of 

32 2p's and 11 3p's are observed in this manner. Most 2" events were accom- 

panied by a shower which extends at least through 20 cm of iron as seen by 

.the iron-scintillator target array. 

(p The observed origin of the multimuons is uniform along the beam direction 

in the target. This uniformity discriminates against the possibility that 

these events are due to the small pion contamination of the muon beam (about . per p). Independently of the argument a calculation based on 150 

4 GeV pion induced dimuon data shows this component to have an upper limit of 

about 1% of the observed 2p event rate. Likewise the charge structure (see 

below) is inconsistent with a large fraction of the 2p events being of hadronic 

origin. 

The 43 multimuon events are divided according to charge distribution as 

+ + .  + + + + -  
follows: 1) for p incident: 1 p p , 1 p p , 4 p p ; 2) for p- incident: 

- + - - - - +  
5 v p , 7 u p and 7" p IJ . In 2p events of opposite charge the energy of 

the scattered muon E is unambiguously determined and is found to exceed the 
IJ 1 

energy of the produced muon E in each event. This feature is used to iden- 
r u2 

tify the scattered and produced muon in pairs of the same charge. The results 
+ are shown in Fig. 2. For all 2pevents <E J < E  > =  2.8. When p and p- " 1 " 2  



i nc iden t  events are combined the  produced u i n  2 p  events appears t o  be equal ly 

l i k e l y  o f  e i t h e r  charge. The charge s t ruc tu re  o f  3u events i s  consistent w i t h  f 

produced muon pa i r s  being always o f  opposi te charge. 
4 

The assumption which i d e n t i f i e s  t he  leading muon as the  scattered muon 

I def ines the  mass and momentum o f  the  v i r t u a l  photon. . I n  con t ras t  w i t h  neu- 

t r i n o  sca t te r i ng  experiments the  standard kinematical var iables associated 

2 w i t h  the muon sca t te r i ng  vertex are here readisly obtained: y = v/E , q = 
U 

2  2  2 2 .  4E E s i n  (G/2), x  = q /2Mv and w2 = M + 2Mv - q where E i s  the  inc iden t  
U 1  U 

1 muon energy, v = E - E , M i s  the  nucleon mass and G i s  the  sca t te r i ng  angle. 
I 111 

Fig. 3 (a-d) shows the d i s t r i b u t i o n  o f  the  2u events f o r  each o f  the  var iables 

1 I def ined above. Three 2v events are n o t  shown i n  the graphs due t o  an ambiguity 

I i n  E measurement. I n  Fig. 4 (a) and (b) are shown respec t i ve ly  the ( i n te -  
U 1  

grated) energy d i s t r i b u t i o n  o f  the  produced p and the  transverse momentum 

measured w i t h  respect t o  the v i r t u a l  photon d i rec t i on .  

Summarizing the  most s t r i k i n g  features o f  the 2~ events as exhib i ted by d 

the  raw data: (1) E > E i n  opposite s ign  pa i rs ;  (2) no charge prefer -  
!J 1 u-2 

ence o f  the  produced muon; (3) apparent threshold i n  the  i n v a r i a n t  mass W ;  

(4)  " f l a t "  pT d i s t r i b u t i o n  up t o  2.6 GeV/c, dN/dpT % exp(-2pT); (5)  no ob- 

served peak i n  the apparent mass; (6 )  <x>,~ = 0.05 versus <x> = 0.11; (7) 
r u  

2 2 
I -  

2 <q >,,, = 7.5 (GeV/c) versus <q i1,, = 15.0 (~ev/c)'; and (8) copious hadron 

production as seen i n  t he  i r o n - s c i n t i l l a t o r  t a rge t  array. 

The multimuon events are u n l i k e l y  due t o  R o r  K decays. This i s  ind icated 

by the expected low pT values o f  decay muons and the  small acceptance o f  the 

apparatus a t  low pT. A Monte Car lo ca l cu la t i on  confirms th i s .  The target -  

detector  geometry and magnetic f i e l d  are included i n  f a i r l y  de ta i l ed  manner. 

The muon-nucleus i n t e r a c t i o n  i s  simulated using experimental ly measured i n -  

c lus ive  hadron product ion d i s t r i b u t i o n s 5  a t  150 GeV and a charged hadron 
.- 



2 m u l t i p l i c i t y  ( W  and q dependent) from lower energy electroproduction.6 Kaon 

product ion i s  assumed t o  f o l l ow  the  same inc lus i ve  d i s t r i b u t i o n  as f o r  pions bu t  

w i t h  l / l O t h  o f  the  m u l t i p l i c i t y .  The p a r t i c l e s  produced i n  the  i n i t i a l  i n t e r -  

ac t ion  are allowed t o  i n t e r a c t  f u r t h e r  i n  the  target.and produce more secondary 

hadrons. This cascade process i s  continued through the  e n t i r e  apparatus down 

t o  s u f f i c i e n t l y  low energy o f  the  p a r t i c i p a t i n g  pa r t i c l es . '  The scattered 

muon as we l l  as the  decay muons are l i kew ise  traced through the  apparatus. 

The hadrons p a r t i c i p a t i n g  i n  t he  cascade shower are expected t o  produce 

"prompt" muons, and t h i s  component has been evaluated using f i t s  o f  s i ng le  u 

production o f  protons on nuc le i  a t  200 GeV/c and below.$ Likewise the  v i r -  

t u a l  photon can be expected t o  produce prompt muons from conventional sources 

(e.g. vector mesons). To estimate t h i s  component i t  i s  assumed t h a t  such 

prompt muons and pions are produced i n  the  same r a t i o  as observed i n  hadron- 

hadron c o l l i s i o n s .  (To the extent  t h a t  prompt $ 5  are emit ted pa i rwise t h e i r  

con t r ibu t ions  are overestimated). 

Background muons from electromagnetic t r i d e n t s  can be produced both co- 

heren t l y  and incoherent ly  v i a  a Bethe-Heit ler, bremsstrahlung o r  deep Compton 

production process. The detect ion apparatus i s  biased severely against  QED 

processes which occurs mostly a t  low four-momentum t rans fe rs  o f  the v i r t u a l  

photon o r  muon propagators. I n  addi t ion,  t o  be observed as 2~ events, one of 

the t r i d e n t  members must escape de tec t ion  e i t h e r  due t o  i t s  low energy o r  due 

t o  an excessively la rge  angle o f  e m i s s i o n  (02 2 200 mrad). In a separate 

Monte-Carlo ca lcu la t ion,  the 2u y i e l d  from QED t r i d e n t s  su rv i v i ng  the exper- 

imental cuts  i s  c a l c ~ l a t e d . ~  The background ca lcu la t ions  are summarized i n  

Fig. 4. Other processes may be expected t o  con t r ibu te  a t  a f a r  lower ra te :  

QED events from ire scat ter ing,  muon product ion v i a  Lee-Wick bosons, interme- 

d i a t e  vector bosonsl0 o r  Bethe-Heit ler heavy lepton pa i rs .  l1 The t o t a l  back- 



5 . '  P 

ground discussed here i s  about 4.9 events. Therefore most multimuon f i n a l  

s ta tes do no t  appear t o  come from r e a d i l y  i d e n t i f i a b l e  sources. 

The abundance of dimuons and trimuons as wel l  as t he  kinematic d i s t r i b u -  J( 
tions s t rong ly  suggest t he  product ion and decay o f  heavy p a r t i c l e s  produced 

i n  deep i n e l a s t i c  muon in te rac t ions .  It should be noted t h a t  the measure- 

ment of the  product ion cross sect ion o f  heavy p a r t i c l e s  permits the  evaluat ion 

o f  the c o n t r i b u t i o n  t o  dev ia t ions from Bjorken sca l ing  a t  x < 0.1. However, 

i t  i s  present ly  f a r  from c l e a r  whether t h i s  could expla in  a l l  o f  the  observed 

scale-breaking ef fects  i n  deep i n e l a s t i c  muon scat ter ing.  2,3,13 

The n e t  t o t a l  o f  27 dimuon events y i e l d  a cross section--uncorrected f o r  

2 
acceptance--of 5 x cm /nucleon f o r  the  process uN + vvX.  Requir ing t he  

f a s t e s t  dimuon member t o  be the  t r i g g e r i n g  p a r t i c l e  provides the  uncorrected 

ra tes o f  2u product ion r e l a t i v e  t o  the  number o f  observed s ing le  muon events: - 
a(uN + u p X ) / ~ ( p N  + pX) = 5 x The abofe values as we1 1 as the  various 

d i s t r i b u t i o n s  presented here are s t rong l y  dependent o f  the  acceptance o f  the  3 < 
apparatus. The present r e s u l t s  can be extrapolated t o  p r e d i c t  the  t o t a l  cross 

I 
I sect ion and the d i s t r i b u t i o n s  i n  terms o f  the various kinematical var iab les only 

! by assuming a d e f i n i t e  muon product ion model.14 Our analysis o f  the data based 

I on associated product ion o f  charmed hadrons (as w e l l  as other hypothet ica l  

p a r t i c l e s  produced a t  the  l ep ton i c  ver tex)  and t h e i r  subsequent decay i n  the 

apparatus w i l l  appear elsewhere. By comparing the corrected dimuon and tri- 

muon ra tes  an estimate o f  t he  muonic branching r a t i o  o f  these produced p a r t i -  

c les i s  possible, a t  l e a s t  i n  p r i n c i p l e .  

To f u r t h e r  inves t iga te  multimuon product ion a h igh  s t a t i s t i c s  experiment 

a t  E = 275 GeV has recen t l y  been completed a t  Fermilab. This experiment 
LI \ 

provides a 50- fo ld  increase i n  luminos i ty  as we l l  as a subs tan t ia l  reduct ion 

i n  energy and angle thresholds. 15 
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Figure Captions 

Fig. 1. Layout o f  apparatus. P denotes propor t ional  chambers, S spark 
i c 
I chambers, T  t r i g g e r  counters, and V veto counters. 4 

Fig. 2. Sca t te r  p l o t  o f .  the  energy o f  the  members o f  a dimuon o f  opposi.te 
! 
1 s ign ( l e f t )  and o f  same s ign  ( r i g h t ) .  C i rc les  correspond t o  i n c i -  
I 
I + 

dent u , t r i ang les  t o  i nc iden t  <. The l i n e s  El = nE are drawn t o  
I [ 

guide t h e  eye. 

F ig .  3. Histograms o f  s i n g l e  muon and dimuon events. 

(a) i n v a r i a n t  r e c o i l  mass, W 

(b )  f r a c t i o n a l  energy o f  v i r t u a l  photon, y  

(c )  sca l i ng  var iab le  x and 

2 
(d) 4-momentum t r a n s f e r  squared, q  . 

Fig.  4. (a) I n t e g r a l  energy spectrum o f  the slowest dimuon member (number 

o f  events w i t h  EIJ, > E).  

(b)  Transverse momentum d i s t r i b u t i o n  r e l a t i v e  t o  the  v i r t u a l  photon 

d i r e c t i o n  o f  the slowest dimuon member. Various background com- 

ponents are shown: decay IJ from * and K i n  the  hadronic cascade 

fo l l ow ing  the  IJ i n t e r a c t i o n  (I), prompt u from the  i n i t i a l  

i n t e r a c t i o n  v i a  conventional processes ( I1 ) , prompt muons pro- 

duced by the  hadronic cascade (III), QED t r i d e n t s  w i t h  one muon 

undetected ( I V ) ,  and t o t a l  background ( V ) .  E r ro rs  shown are 

s t a t i s t i c a l  e r ro rs  only. 



IR
O

N
- S

C
IN

TILLA
TO

R
 

1
1
1
 

M
A

G
N

E
T

IZ
E

D
 IR

O
N

 
I
 rn 

. . 
L

E
A

D
-L

O
A

D
E

D
C

O
N

C
R

E
T

E
 

FIG
URE 1 





CUTOFF 1 
1 FIGURE 3 



FIGURE 4(a) 



FIGURE 4(b) 




