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We present r e r v l t s  o n  inclusive neutral pa r t i c l e  production in  n-d in te r -  

act ions a t  205 Gev. Data are derived from a 70.000 picture exposure of the  

m a  30-inch bvbble chamher Filled with l iqu id  deucerim. Experimental de r a i l s  

have been discussed i n  previous'publications.1121 Scanning, measuring, and 

f i t t i n g  Procedures used t o  obtain the data i n  t h i s  paper are discussed in  

Section 2. The t o t a l  and towlogical  cross sections and momenrm dis r r ibut ions  

for the inclusive reactions n-d + I + x, ;d - xo + x, n-a * A + x and the  

cross section for the reaction n-d - + x are presented i n  Section 3. In 

Section 4 .  M d i s m ~ s  double scattering e f f ec t s  i n  the  above four reactions.  

- 
In  Section 5, w present n n inclvrive d is t r ibu t ions  and compare the r e su l t s  

t o  a i-p experiment performed i n  a hydrogen-filled bubble sharbr at the ame 

energy. 

2. DATA 

The f i lm was double scanned in three views on a l i fe -s ized  projection for  

primary interactions of a l l  topologiei and asMciated neutral  pa r t i c l e s .  

Detai ls  concerning the  beam, the scan, and the  charged mul t ip l ic i ty  d is t r ibu t ions  

are presented in  ~ e f .  1. 

slow proton tracks ip - ?. 1.0 CeV/c1 and the tracks of vo>= and y s s  

min t ing  to the primary vertex vere measured for  a l l  events. one-half of  the 

*ample of neutrals was processed with the TVGP-SQUAW chain of programs and the  

other with the CERN Hydra system. The f iduc ia l  MI- wan chosen such t ha t  each 

neutral had a w t e n t i a l  decay pa th  or material izat ion length of ac least 

10 cm. and a minim* charged decay track length al 10 on. A 

study of the potent ia l  length distr ibution Bhoved tha t  for  distances of 

the  neutral  vertex t o  the primary vertex greater  than 2 a t h e  detection 

probabil i ty was uniform. vo#a  and y n a  were accepted only i f  t he  distance t o  

the  primary interaction greater than 2 -.; each event was weighed t o  

correct  f o r  losses  due to distances l e s s  than 2 an. 

Because o f  the small dimensions of the chamber, the  detection ef f ic iency  

is nvch la rger  f o r  neutrals  which are backwards i n  rha center of mr 

the  de ta i led  analysis ,  we sha l l  r e s t r i c t  ourselves t o  the backward hemisphere 

and t o  nCH 2 31 however, we sha l l  estimate the cross section for gammas pro- 

duced in  the forward hentisphere. h he n d e r  of neutrals  o f  each tyw (a f t e r  

a l l  acceptance m i t e r i a  were met1 and the  average weight based on detection 

efficiency and ~ r r e c t i o n  fac tors  f o r  scanning. measwing, and f i t t i n g  losses  

are given in   able I. K/A ambiguities cons t i tu te  6% of t he  K: events and 

14% of the A events. We have ver i f ied  t ha t  including these events does 

not s igni f icant ly  a l t e r  the physical d i s t r ibu t ions .    he 1 contminafion i n  the  

KO and A data samples i s  astimared to be l e s s  than 1.5% and 4%. respectively.  

3. TOTAL W D  TYJPOICGICRL CllOSS SECTIONS FOR l-d IWERICTIONS 

The n w h r  of f i t t e d  neut ra l s ,  the  t o t a l  cross sections,  and t h e  average 

n d e c  of neut ra l s  per i ne l a s t i c  co l l i s ion  inM 2 31 are given i n  Table 1. we 

consider g m a s  produced both backwards and fonrards i n  the  center of mass but 

only K:, A ,  and i n s  praduced i n  the  backward hemisphere. We note t h a t  the 

probabil i ty for prodvcing a I. KO, or  A in the  backward hemisphere p r  i n e l a s t i c  
- - 

m l l i s i o n  i s  very "early the same fo r  n d,  n p. and pp in te rac t ions  at 205 GeV. 

 he dependence of neutral  production on nM i s  given in 

 able 2. 1n Table 3 and ~ i g s .  l a ,  b ,  c re prasent the  dependence of Me 

t ~ O ~ a r d  7.1 may be l o a t  i n  the  hadron s h m r ,  and f a s t ,  Po-rd Strange 

particles have a am11 probabil i ty of decay. 
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average n a r  of neutral  par t ic les  produced per i ne l a s t i c  in te rac t ion  on 

the number of negative par t ic les  (n-I producedr I ,  ("-1, NA 1n-l. 

K: 
The so l id  l ines  on Pigs. lb ,  c ,  and d are f i t s  ro  the  function a + 8 n-, 

Fromn-= l t o n  = B .  - 
we note tha t  i i s  well represented by a l i nea r  dependence 

Y 

10 - 2.9 + 0.6, B = 1.1 i 0.2) UP t o  n- = 8.  Similar l inear  relat ionships 

i n  Y production have been observed in many e x p e r i r n e n t ~ . ~ ' ~  For i and i 
IP A 

the data are consistent  with l i t t l e  or no dependence on n : - 07043 f. ,005 

ond B - 0.013 * 0.002 For i a - 0.028 t . W5 and B - 0.006 r 0.002 f o r  iA. 1n 

I-p in te rac t ions  a t  100 &v7) and 205 cev3) e s s en t i a l l y  f l a t  d i s t r i b v t i m s  

are observed for  both ji an2 i while i n  pp in te rac t ions  a t  205 cev4' 

K: 
A 

a l inear  dependence i s  observed For KO but not For A .  

- 
The rapidity d is t r ibu t ions  i n  the r -nucleon center-of-mass oystex 

are presented i n  Figs. 2a, b, c. Figure l a  ind ica tes  tha t  Y production peaks 

i n  the  cenrral region and is approximately s y m e t r i c  with respect to t h e  For- 

ward and backward hemispheres. In  the remainder of  the paper, we r e s t r i c t  

ourselves to 7's backward i n  the  0s. KO pmduction is reasonably f l a t  

fcn. y- - 0 t o  ye - -2, beyond which it f a l l s  o f f ,  suggesting cen t r a l  pra- 

duction; a r e a s . A  production is strongly damped near y. - 0 and peaks a t  

approxipately y' - -2. The x's Inat shorn1 are  a laa  cent ra l ly  produced. The 

t~ecent lY it has been observed6) t ha t  i f  one separates the  d i f f r ac t i ve  and non- 

d i f f r ac t i ve  Eaoponents i n  PP interactions a t  205 GeV, there is mnsidarably 

l e s s  correlat ion between i and n-. 

snm general fea tures  in  do/dy* hove bocn observed i n  r ' p in te rac t ions  st 

100 G ~ v . ' ' ~ )  

RLe function 
d2O 

F ~ I I  - f a  n /  s 
dxdPT 

which qivee the dependence of the  invar ian t  inclusive cross section on t he  

scaling variable X, i s .p lof ted  i n  ~ i g s .  3a. b, s For y, K:, and A productLon 

respectively.+ P1(x) shows a very sharp decrease away from x - 0 for T 

production and nay M well f i t  by Aexp(Bx1, with A - 18.6 t 0.5 and 

B - 11.5 t 0.7. i? prcduction a l m  f a l l s  o f f  away ffrm x - 0, with an 

indication t ha t  it turns  over near x - 0.15. In  the  case of A production. 

there is a rapid f a l l  off  near x - 0 and x - 1 and a broad peak a t  x - 0.5. 

which conf ims  t ha t  A ' s  are produced lrostly by t a rge t  fragaentation. 

=he open c i r c l e s  shown i n  Fig. 3 are the inclusive cmse sec t ions  

obtained i n  pp in te rac t ions  a t  205 cev4' scaled by o,,,EL~ri-d)/oI,,~~~).  he 

g0M agreement between the tra sets of data is evidence for  fac tor iza t ion  i n  

the backward hemisphere. s ince the  P (XI d i s t r i bu t i on  obtained i n  r-p in te r -  
1 

actions a t  205 G ~ V ~  a l m  agrees well  with t he  appiopriately scaled pp data.  

and since t h e  deuremn is a loosely-bound system. we expect mr scaled P (XI 1 

dis t r ibu t ion  to .gree vlrh tha t  obtained i n  pp interactions.  

I n  order t o  compare ? production t o  n' prcduction, we have used a 

sample of 809 measured events of a l l  topologies t o  Monte Carlo the  production 

of no's and t h e i r  decay t o  YY. I n  the  mnte Carla, it was assumed t h a t  a f t e r  

tx . 2 P , , / d Y  where p,, and Em are the n r n ~ t v r n  along t he  beam di rec t ion  a d  

the  energy of t he  p a r t i c l e  i n  the  cm system defined for n-nuclean co l l i s i ons  

asmrming the nucleon to be a t  r e s t  (i.e. neglecting t he  Permi m t i o n  of t he  

nucleons) i n  t he  lab. 



the renaval of obvious protons (identified by ionization) from the 809 

events. the remaining tracxs are T+ m ii', and that no prodvction obeys the 

where p ; p ox p .  he Monte carlo prediction (smooth curve) and the measured 
V L  T 

F Ix) and F lp2) distributions (data paints) are shown in Figs. 4a and 4b. 
1 2 T 

respectively.   he agreement between the measured data and the Mnte Carlo 

prediction is seen to he good. 

The dependence of the invariant inclusive neutral sr~ss section on 

p2 is given in Figs. 5% b, c where ve plot the function 
T 

me expecfed exponential fall off vith increasing p: is observed. The solid 

1 
lines in figs. 5a a d  bare fits to the function Lexpl-BpT1. Slopes are pre- 

sented in Table 4 and compared rlrh *p3) and ppCi interactions at 205 GeV. 

We Dclte that the K: and A dependence on p: are similar and agree well with the 

result9 from 1-p and pp experiments. 

The average values of p 
2 

T. pT, IP,,~, )pL'2\ are presented in Table 5. 

we obtain the average valves for ro production by using 

(see Ref. 9). we use only 7's backward in the CNS and ass- char they a11 

originate frcm no decaya and have symeuio distributions in the W. 

t~h i s  relation war experlmentaily found to hold for pp - y + x at 205 ~ e v  

(K. Jaegar et ol., luef. 4). 
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average values agree well vith those obtained in pp interactions at 

4)  
205 Gev. 

 he A polarization for n-d + A + x has been calculated using 

P - 2 < case > with o - 0.647.~ we obtain P - 0.13 t 0.14 which is mn- 

sistent vith no polarintian. pp interactions at 205 GeV also observe 

M A plarizstion. 41 

4. DMlsLX SCATTERING EFFeCTS 

10 Ref. 1 we have reported that double scattering occurs in approxi- 

mately 14% of the total n-d interactions at.205 G ~ V .  shilsr results .have 

t 
been reported for 1 d and pd reactions at several enerqier.lO) In this 

eection, re investigate double scattering effects for interactions in which 

neutral particles are produced. 

ln order to study double scattering effects we separate arr data 

into effective fi interactions 1.n-n") and effeotiee .-p interactions 

(..-p-). The "n-n" category mntains all events with odd-charged multiplicity 

plus  the even multiplicities in which one of the tracks is an identifiable 

badwacd pmton or a proton of wenturn lees than 280 Mv/s. The '"r-p" 

category mntains all the remaining even-charged rmltiplisity events. The 

total cross eections for n 2 3 for "n-n" and 'n-p" are given in Table 6 
M 

where we clearly ebsenre an excess of " r - p  events. The excess ol neutral 

pmduction in *n-p" interactions oc-s for all charge multiplicities as 

* *  - h 

po he no-1 to the prodvction plane is given by n = p - r A *ere *p - and L 
il (I 

.re unit vectors defining the directions of the beam and A in the lamratory. 

=he A decay angular distribution is given by WlmsB) - 1/2(1 + aPcase1, where 
C l l l  - 

-68 - n . p an4 p is the oamentvm of the decay proton i n  the A rest frame. 



can be Seen in Table 6. As has been stressed in Ref. 1, the " n p *  category 

coneins contributions not only from true r-p interactions but also from n-n 

- 
and r p interactions in which there has been a s e o n d  scatter on the 

spectator nucleon. If we assme that the inclusive neutral production crass 

seotion is equal for n-p and n-n interactions at 205 Gev, the excess of "m-p. 

events, when e-d OMI all nu, is a measure of the m w t  of double 

scattering present in deuteriun. In this mntext, the ratio 

gives the fraction of double scattering. Values of the ratio f for inter- 

actions involving neutral particles are  given in Table 7. within errors, 

the f values are consistent vith the value 14% vhich we have reported in 

Ref. 1 for total n-d intterationa. 

Duble scattering effects can be studied in more detail by looking 

at the dependence of f on y* and pT. In Fig. 6 w present f as a function 

of y . since in this casewe are comparing ratios, the corrections for 

losses ~llncel; thus, w extend the rapidity distributions to the fomard 

hemirphers in the cases where there are sufficient data. The < and A 

distributions are within atatistics flat and show no particular structure. 

Howver. £or y prcduction the distribution of f shows a sliqht tendency 

to peak at large negative valuer of y'. The statistical significance of 

this incleasa is not great, however, re nore that most double scattering 

wdels w u l d  predict an excess of events at large negative y..ll) 
This is 

consistent vith the trend we hiwe observed in high multiplicity events.12' 

2" Pig. 7 we present the dependence of f on p . In all oases, the T 
distributions ire consistent vith a straight line of zero elope although 

there is a marginal indication thaC y production has a slight excess at 

approxinately 250 MeV/=. 

~e anclude that 4 ere obseming a significant m u n t  of double 

scattering in interactions in vhich neutral partislea (7, K:, A) are pro- 

duced. aasming the =quality of n-p and n'n cross sections, the a u n t  

of double scattering is consistent with the I 14% double scattering - I) 
observed for all events in n d interactions at 205 GeV. 

I" thin section ve obtain results for r-n -t (y, K:, A1 + x by correcting 

the effective .nn" interactions discussed in Section I for double scattering 

(112 of 14%) and ~ l a u b e ~  shielding 14%).  he procedures can be tested by 

applying the same mrrectians to the effective *;P* data end comparing the 

to Cp inreracti~ns in hydmgen at the sane energy l~ef. 3 ) .  

  he comparison to hydrogen is given in Table 8 for the inclusive cross 

section for D 2 3 .  within errors both the n-" and r-p cross sections obtninad 

for KO and A production in this experiment agree vith the results of r- 
4 

- 
interacflon~ in hydrogen at 205 cev .  or y production, the derived r n 

cross section is lover by approximately 3 standard deviations than the r-- 

hydrqen cross section while the derived n-p c10ss section agrees within 1 

standard deviation. The dependence of n-n and n-p cross sections (derived 

in this experiment1 on charge multiplicity are displayed in  able 9. - 
me approximate agreement between Z'P cross sections derived from r d 

interactions vith resulce f m m  the direct n-p experiment suggests that r'n 

interactions may b-s measued in n-d experiments after suitable mrrectiona for 

rescattering and screening effects have been applled. In the r-inder of 



the paper, we present the n n results  thus obralned and compare, whenever 

possible, v i t h  hydrogen results .  

In Figs. 8a-s and 9a-c, we present the  ~ ~ ( x )  and do/dyS d is t r ibu t ions  far 

n-n interactions derived f ro .  our data. only the  F 1x1 dis t r ibut ions  for KO 
1 

and A production at 205 G ~ V  in  r- hydmgen are available f a r  comparison. For 

both f ina l  states the shapes of the d is t r ibu t ions  Pram n-n interactions are 

very s i m i l e  to those obtained from r-- hydmgen in te rac t ions .  

In Pigs. 10 a-C we present the average number of I, K ,  and A produced 

per ine las t ic  i n  m i l i s i o n  as a function of the n m h r  of neqative par t ic les  

produced (n-). We plo t  i n  addition the  r e su l t  from the  d i r e c t  n-p experbent 

(Re€. 3) and mre the close age-ent. For n- 8 t h e  behavior of li is 
I 

well parameterized by - rr + Bn- v i th  o - 0.83 + 0.42 and 6 = 0.62 t 0.13. 
I 

 or higher n- the  s t a t u s t i c s  are  poorer and therefore the data are w t  used 

i n  the f i r .  we note tha t  .i may be increasing v i t h  increasing n- (although 

K: 
it is also consistent  viLh being f l a t )  and f i t s  well the re la t ion  - o + 8n- 

for a l l  n- with u - 0.051 ? 0.010 and B = 0.011 ! 9.003. R lit t o  
K: 

- 
N giver o - 0.014 t 0.009 and 8 - 0.008 t 0.003 ( the  data are consistent  w i t h  A 

no dependence on 4). 

ID s w y ,  we sugqest t h a t  n'p and n-n in te rac t ions  can be separated 

by taking in to  account a 14% ~ m b a b i l i t y  of resca t te r ing  in  t he  deutemn. 
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m e  Cn inclusive disrr ibutions are found, within s t a t i s t i c s ,  t o  be the sane 

a n  those obtained for n-p interactions i n  hydrogen. 
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TABLE CAPTIONS: 

TABLE 1: 

TABLE 2 ,  

T A U  31 

TABLE 4: 

TABLE 51 

TAB= 61 

TABLE 71 

TABLE 8: 

TABLE 91 

CIO~S sec t ions  f a r  neutral pa r t i c l e  production i n  n-d co l l i s ions .  

Toplagica l  cross sections for neutral pa r t i c l e  prcdvcrion for 

x < 0 i n  n-d coll is ions.  

Average nunher of neutral par t ic les  per i ne l a s t i c  n-d co l l i s ion .  

2 
slope parameters from f i e  of Aexp I-Bp I to F lp2 ) f o r  n-d, 

T 2 T 

n-p and pp interactions ar 205 GeV. 

Average values of transverse and longitudinal mmenta. 

Effective < " a h "  and "n-p" cross sections fo r  nC,, 1 3, where B and I 

indicate backward i x  < 01 and forward l r  . 01 i n  as, respectively. 

T o p l w i c a l  cross sections for "n-n" end '"rep" for x r 0 .  

Total cross sections for ;p and n-n corrected f o r  double scattering and 

4 

Glavber shielding. 
Y 

Toplogica l  cross sections for  n-n and n'p in te rac t ions  corrected fo r  

double sca t te r ing  and ~ l a u b e r  shielding. 



TABLE 3 

NO. of 
Char"& 

Particles 
Observec 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

CROSS SECTIONS lmbl 

.-.3 * K" 
s + X  

No. of 
Negative 

Part ic les  
Produced 

Average N d e r  of Neutrals per Ine las t ic  Coll is ion 

T-d * + X 
IB) 

il-d + KO + X n'd * A' + X 
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TABLE 5 

TABLE 4 

'me average values tor pp experincent at 205 ~ev/c~' are given in brackets. 

Particle 

K". 

h 

slope parameter B icev/c12 

(4) 
PP 

4.6 f 0.8 

2.8 t 0.8 

"-d 

3.61 t 0.33 

3.57 f 0.21 

- (31 " P 

3.97 1 0.50 

3.18 t 0.14 
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TABLE 6 

0 
I 44.8 t 6 . 0  68.2 t 7 .O I l l  0.21 t 0.06 

Particle B 
Y 

Inc",* 

. 
Identifisd spectators are not included in the prong count. 

I I I I I I 

no na yB 
0 B 

*s 
nB 



TABLE 8 

TABLE 9 



FIGURE CAPTIONS 

FIG. 1 : Dependence of the  average mmar of neutrals  on the  number of 

negative pa r t i c l e s  produced In-). The curves are f i t s  m o + Bn- 

from n- = 1 to "- - 8.  

a) Backward y's. 

b) A l l  y ' s .  

cl  Backward KZ'S. 
d)  Backward A's. 

FIG. 2 : mpid i t y  di6tributiOnS in  the pi-nucleon c. system. 

a) n-d + y + x b~ n'd + < + x c) n-d * A  + x. 

FIG. 1 : m e  inclusive distr ibution F lx)  for neut ra l s  produced i n  n-d 
1 

interactions ( t h i s  experiinent) ompared t o  r e s u l t s  f z m  pp 

interactions (Ref. 41. 

a)  1.) r-d * y + X and lo1 pp + y + X; 

b) 1.1 ii-d + K: + x and lo1 PP * K: + X; 

s) 1.) * A + X and (01 pp + A + X.  

FIG. 4 i a1 The inclusive distr ibution F 1%) for 3-d * y + x; 
1 

2 
bl The inclusive disrr lbution P lp I fo r  r-d * r(+ x. 2 T 

The -th c-e i s  obtained fromthe mnte Carlo ca lcv la t ian  

described in  the text .  

FIG. 6 : nependence of the f rac t ion  af double scattering ( f l  on y' foci 

a1 n-d + y + x i  b1 r-d + KO + x i  C )  I-d * A + x. 

FIG. 7 : ~ependence of the f rac t ion  of double sca t te r ing  If1 on pT for ,  

a) n-d + y + x i  b) n-d + KZ + x i  CI n-d * A + X. 

PIG. a i F lxl for  neut ra l s  prodwed i n  <n interactions ( th in  axperirent)  
1 

compared t o  r e su l t s  from n-p in te rac t ions  (Ref. 31. 

a1 1.1 r-n * 7 + x i  

b) 1.1 z-n + K: + x and 

( 0 )  n-p * K: + x. 

E) 1.) n-n * A + x a d  

(01 n-p + A  + x. 

FIG. 9 : do/dy' for  a1 n-n * y + x i  b) n-" -t KO + x; CI r-n * A + r. 

PIG. 10 : The dependence of the  average nirmber of neutrals on the n-sr of 

negative pa r t i c l e s  produced in  n h  interactions ( t h i s  experiment1 is 

compared t o  r e su l t s  i n  n-p in te rac t ions  (Ref. 31. 

a )  1.) r'n + y + x and (x) r-p * y + x; 

b) 1.1 m-n - K: + x and 1x1 n-p * K: + xi  

51 1.1 7-n + A + r and 1x1 m p  * A + x. 

PIG. 5 8 ?he inclusive distr ibution F lp2) for : 
2 T 

a1 r-d + y + XI bl n-d + K: + xi c )  7-d * A  + x .  

The n w e a  are f i t s  m ~ e x p 1 - B ~ ~ )  8 (see Table 41 . 
T 
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