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ABSTRACT 

Charged-particle multiplicity distributions from 300 GeV/c pd interactions 

have been determined from an exposure of the Fernilab 30-in. bubble chamber. The 

data show clear evidence for double scattering inside the deuterium nudeus. We 

have been able to correct for the effects of the second scatters using a sinple 

semi-empirical model. The resulting pp multiplicity distribution is in excellent 

agreeaent with the pp data obtained from a p-H experiment at the sane energy. 2 

The pn multiplicity distribution appears to be shifted from the pp distribution 

with <n > = 7.84 2 0.17. 
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Experiments a t  Fermilab, CERN and Serpukov have revealed in t e r e s t i ng  

systematic trends i n  the charged-particle niul t ipl ic i ty  d i s t r i bu t ions  above 

1 
50 GeV/c . In  s tud ies  thus f a r ,  the mu l t ip l i c i t y  d i s t r i bu t ions  i n  the 

momentum range 50 - 1500 GeVIc display very l i t t l e  dependence on the  i n i t i a l  

hadrons i n  the  in te rac t ions ,  and the shape of the  d i s t r i bu t ion  i s  r e l a t i ve ly  

independent of the incident momentum. These s tud ies  have been r e s t r i c t e d  t o  

in te rac t ions  containing trio charged hadrons i n  the  i n i t i a l  

state, from which only the even-prong charged-particle m u l t i p l i c i t i e s  a r e  

populated. In  th%s l e t t e r w e  present da ta  on the  charged-particle mul t ip l ic i ty  

d i s t r i bu t ion  obtained from one of the  f i r s t  Fermilab bubble chamber experiments 

using deuterium as  t he  target .  

The da ta  of t h i s  analysis  come from a 52500 p ic ture  exposure 

of t he  30-inch Fermilab deuterium f i l l e d  bubble chamber t o  a 300 GeVIc proton 

beam. A l l  the  p ic tures  were double scanned a t  approximately l i f e  s i z e  magnifi- 

cation. A second scan was car r ied  out  independently of the f i r s t  scan a t  a 

second in s t i t u t i on .  The following c r i t e r i a  were used for  accepting a frame 

during the two scans: (1) There had t o  be a t  l e a s t  two good views out of the 

three taken. (2) There had t o  be no more than s i x  beam t racks  entering through 

the  window a s  projected i n  view 2.  A l l  beam tracks were required t o  be p a r a l l e l  

t o  within 1.5 mrad. (3) There had t o  be no more than three  non-beam tracks 

entering the chamber. With these c r i t e r i a ,  29,900 frames were accepted; most 

of the  re jected frames contained evidence of a hadron shower upstream of the  

v i s i b l e  deuterium. The information recorded f o r  each accepted frame was the 

number of beam t racks ,  and, when therewasan in te rac t ion ,  t he  event topology, 

the number of pos i t ive  t racks ,  secondaries, V ' s  and neutron s t a r s .  No f iduc i a l  

r e s t r i c t i o n  was used i n  recording t h i s  information. 



- -. ' - events w~thout a 
stopping track and events with three or more prongs was 94.6 + 2.= inside 

2) a-fiducial length of 53 cm . The efficiency for detecting one prong events 

and two prong events with a stopping track was found to be less t h a ~  50%. 

This exceptionally low scanning efficiency was principally due to the diffi- 

culty in finding small angle pn elastic interactions with a short or invisible 

spectator proton. However, in this analysis of the charged-particle nultiplicity 

distribution it is not crucial to determine the exact number of one and two 

prong events. 

In approximately 30% of all the events there were discrepancies between 

the two scans due to disagreements in prong counts. About 1/4 of these dis- 

crepancies were re-examined by physicists on a high magnification table vith 

an image ten times life size. There was no indication of any systenatic error 

in the prong counts of the single scans. However the errors on the ~ultiplicity 

distribution due to the random errors in prong counting were found to increase 

linearly from (0.2 + 0.2)% at nc = 2 to (7.0 t 1.0)% for nc = 20 or mare. 

Column 2 of Table 1 lists the raw multiplicity distribution as deterninad 

from a single scan. The errors shown include the contributions due to the 

uncertainties in the prong count. The 1-prong events were not included due to 

the poor detection efficiency. This distribution was further correctect for scan- 

ning biases such as missed close-inV's, missed secondaries,.and missed Dalitz 

3) pairs . This corrected distribution and the corrected distribution 05 events 
with a positive stopping track in the bubble chamber are listed in colunns 3 

and 4 of Table 1. 

In order to separate the data into pp and pn interactions zre have divided 

the events into three classes: (1) All odd prong events, (2)  even ?re-g events 

without a positive track which stops in the visible region of the bubble chanber, 

and (3) even prong events with a positive stopoing track. Ice then assEe that no 

spectator proton leaves the visible region of the bubble chanber4). Therefore ue 

assume that all class 1 events are pn interactions and all class 2 events are pp 

interactions. The events in class 3 can arise from either pp interactioxs with a 



~ L s L b l e  sfoppef QI; $ X Q ~ P  pn i~ tc ;Fnc t i$?ns  w L t h  a yiskble spectator  proton. We have 

divided t h i s  c l a s s  i n t o  pp and pn in te rac t ions  by assuming tha t  the  f rac t ion  

of pp events with a stopper i n  pd co l l i s ions  i s  the same a s  we have observed 

3) experimentally i n  a ?-HZ experiment i n  t he  same chamber at  the  sage energy (c~lum 

The resu l t ing  pp and pn m u l t i p l i c i t i e s  a r e  l i s t e d  i n  the  l a s t  two columns 

of Table 1 where the e r ro r s  a l s o  include the e r ro r s  involved i n  separating 

the c l a s s  3 events. Fig. 1 shows t h i s  mul t ip l ic i ty  d i s t r ibu t ion .  It i s  

evident tha t  there  a r e  f a r  more pp in te rac t ions  with nc 2, 4 (6396 t 196) 

than pn in te rac t ions  with nc 2 3 (5029 + 111). Furthermore there  is evidence 

for  an excess of higher mu l t ip l i c i t y  pp in te rac t ions  when compared with the corres- 

ponding hydrogen da ta  

f 0.17 i n  deuterium 5 

a s  indicated by the average mul t ip l i c i t y  of <n > = 9.07 
c PP 

versus <n > 5 8.50 + 0.12 i n  hydrogen3). A process tha t  
c PP 

can produce both of these e f f e c t s  is double sca t te r ing  ins ide  the deuterium nucleus. 

We have analyzed the data  using an empirical model t o  cor rec t  for  t he  e f f e c t s  of 

double s ca t t e r ing  and obtained excel lent  agreement between the number of pp inter-  

ac t ions  with n ' z 4 and the number of pn in te rac t ions  with nc > 3. 
C 

The following assumptions were used i n  the  double s ca t t e r ing  model. 1 )  The 

dis tance separating the two nucleons i n  the deuterium nucleus i s  la rge  enough such thi 

a l l  second s c a t t e r s  a r e  incoherent, and tha t  there  is an <qua1 and independent 

probabi l i ty  for  each p a r t i c l e  produced i n  the  f i r s t  i n t e r ac t ion  to  s c a t t e r  from 

the second nucleon, 2) The mul t ip l i c i t y  d i s t r i bu t ion  of the  second s c a t t e r  i s  

the same a s  t ha t  of t he  secondary in te rac t ions  observed experimentally i n  the bubble 

chamber, and i s  independent of the mu l t ip l i c i t y  of the f i r s t  in teract ion.  3) The 

average number of neu t ra l  p a r t i c l e s ,  n , produced i n  the f i r s t  in te rac t ion  i s  
0 

n = n- f o r  pp in te rac t ions ,  and n = n- + 1 f o r  pn interact ionst ihere  n is the 
0 0 - 

number of negative p a r t i c l e s  produced. The f i n a l  r e s u l t s ,  however, a r e  qu i t e  

jnsensi t ive  t o  the ac tua l  values used for no. Using these assumptions the 

numbers of observed events a r e  given by: 



f o r  odd m u l t i p l i c i t y  n ,  and 

+ N even odd no(n-1) 

n - 1  - Bn - 1 ) (1 - a E pi)"-l(1 - a 1 pi) 
1-2 i-1 (2b) 

odd even no(n) 
+ N n (1 - a 1 pi)" 

1-3 
(1 - a 1 pi) 

i = 2  

f o r  n  even. The d e f i n i t i o n s  f o r  t h e  n o t a t i o n s  used a r e :  

M = t h e  number of  observed n-prong even t s .  n  

N = t h e  number of n-prong e v e n t s  produced i n  t h e  f i r s t  i n t e r -  
n  

a c t  ion .  

B = t h e  f r a c t i o n  of  odd n-prong pn even t s  wi thout  a n  observed s p e c t a t o r .  
n  

The va lue  f o r  B i s  dependent upon t h e  m u l t i p l i c i t y  and was obta ined  
n  

by d i v i d i n g  column 3  by column 7 i n  Table 1. 

pi = t h e  normalized p r o b a b i l i t y  f o r  a  second s c a t t e r  w i t h  i charged prongs. 

The v a l u e s  of t h e  p i ' s  were obta ined  from t h e  observed secondary i n t e r -  
20 

a c t i o n s  and 1 p = 1. 
i=1 i 

n (n) = the average number of n e u t r a l  p a r t i c l e s  a s s o c i a t e d  w i t h  an n-prong event .  
0 

a = t h e  o v e r a l l  p r o b a b i l i t y  f o r  each outgoing p a r t i c l e  t o  secoad s c a t t e r .  The 

va lue  f o r  a i s  t o  be  determined i n  t h e  a n a l y s i s .  

The RHS of (1) is t h e  number of n-prong pn even t s  t h a t  n e i t h e r  double s c a t t e r  



nor have anobserved spectator  proton. The three terms i n  (2) are:  

(a) the number of lower mul t ip l ic i ty  events tha t  a r e  observed a s  an n-prong 

throughdouble sca t te r ing ,  (b) the  number of (n - 1)  odd-prong pn events t h a t  

a r e  observed a s  an n-prong due t o  the  presence of an observed spectator  proton, 

and (c) t he  number of n-prong pp events tha t  do not double s ca t t e r .  

In  order t o  do the model ca lcu la t ion  we need the number of 1 prong 

pn and 2 prong pp events s ince  these can a l so  double s c a t t e r  and populate 

the  higher mu l t ip l i c i t i e s .  We have assumed tha t  the  number of 1 prong pn 

events is equal t o  the  number of 2 prong pp events. 

These equations a r e  e a s i l y  solved f o r  each N with a being the only n 

f r e e  parameter. The value of a was determined by f i t t i n g  the  pp Ceven) mul- 

t i p l i c i t y  calculated from t h i s  model t o  the pp d i s t r i bu t ion  of Kef. 3. The 

2 
best  x obtained i s  5.3 f o r  8 degrees of freedom (4 5 nc 5 20) with a = 0.021+0.004 6) 

Fig. 2 shows the pp and pn mul t ip l i c i t y  d i s t r i bu t ions  determined from t h i s  f i t .  

The numbers of pp events with n > 4 and pn events with nc Z 3 a r e  5620 + 204 
C 

and 5750 5 165, respect ively,  which a r e  i n  excellent agreement. Table 2 lists 

4- 
some of the  moments and the Mueller cor re la t ion  parameters f 2  - <ncCnc - 1))  - 

2 <n,> for  both the pp and pn m u l t i p l i c i t i e s  together with  the values f o r  pp 

in te rac t ion  from Ref. 3 f o r  comparison. 

The r e s u l t s  ind ica te  t h a t  a t  low mul t ip l i c i t i e s  t he  pn d i s t r i bu t ion  tends 

t o  be sh i f t ed  from the  pp d i s t r i bu t ion .  However, a t  higher mu l t ip l i c i t i e s  t h i s  

s h i f t  i s  somewhat reduced and there  t he  overa l l  mu l t i p l i c i t y  d i s t r i bu t ion  tends 

toward being interleaved. The X2 values calculated by comparing the pn dis- 

t r ibu t ion  with a sh i f t ed  pp d s t r b i n  c P n n c  = a (n + 1)) a r e  2.58 (6 d.f .)  
PP c 

f o r  3 i n 5 13, and 3.09 (3 d.f .)  f o r  15 5 nc S 19. The corresponding values 
C 

for  a l i n e a r l y  interleaved pn d i s t r i bu t ion  ((a (n - I )  + a (n + I ) ) / $  a r e  
PP c PP c 

13.38 (6 d . f . )  and 1 . 4 2  (3 d . f . )  respectively.  
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Table 1: M u l t i p l i c i t y  D i s t r i b u t i o n  from 

pd I n t e r a c t i o n s  a t  300 GeV/c. 

Charged ~ c a n n e d ' ~ )  ~ o r r e c t e d ' ~ )  ~ o r r e c t e d ' ~ )  F r a c t i o n  of pp (3) pp(b) Pn (b) . 

Prongs Events Events Events w i t h  I n t e r a c t i o n s  Events Events 
S toppers  wi thout  S toppe r .  

T o t a l  13379 t 116 13385 f 116 3243 f 57 8096 2 2 2 6  5029 i 111 

(a)  A l l  e r r o r s  i nc lude  t h e  s t a t i s t i c a l  e r r o r s  combined w i t h  t h e  e r r o r s  involved 
i n  t h e  c o r r e c t i o n s .  

(b) pp and pn m u l t i p l i c i t i e s  b e f o r e  c o r r e c t i n g  f o r  t h e  e f f e c t s  of double s c a t t e r i n g .  
See t e x t  f o r  d i s c u s s i o n  on s e p a r a t i n g  t h e  d a t a  i n t o  pp and pn i n t e r a c t i o n s .  



5) 
Table 2: Moments and Correlation Parameters . 

pp from 8.50 f 0.12 90.2 f 1.6 4.49 f 0.28 9.45 i 0.51 
Ref. 3 
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Figure Captions 

Figure 1. pp and pn multiplicity dirrtributions5) before correcting for 

the effects of double scattering. Solid circles represent pp . 
interactions and crosses represent pn interactions. 

Figure 2. pp and pn multiplicity distributions after correcting for 

the effects of double scattering. Solid circles represent pp 

interacrions and crosses represent pn interactions. 
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