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Abstract.-In a k8,OOQ-picture a i m s u r e  of the Furmilab 30-inchhydrogen bubble 

- 
rha i i e r  t o  a 205 ~ e ~ / c  f i  S e a ,  we :k-.ai-a r - e 2 s u r ~ d  169 events of tile reaction, 

- + -  n-p + f i  f i  rr p, with a cross sectio;. o? 635261 gb. This resc t ion  proceeds 

- . . a l : : ,~st  cn t i r e iy  v ia  lo7,.! mass r; 3 in6 2 -3 131[1[ u 1 ~ s c c i i t i o n .  Factor- 

izacion is s a t i s f i e d  f o r  p + prrn d issoc ia t ion  i n  np and pp interact ions.  

- + -  
Introduction.-The react ion Y p  -, ;: x il. p has been studied extensively 

- - + - 
below 25 GeV and t h e  n + s; l( a d issoc ia t ion  p a r t  of it has been observed 

previously up t o  40 G e V  [1,2]. We show t h a t  t h i s  f i r s t  n-p exciusive multi- 

p a r t i c l e  reac t ion  t o  be i so la ted  a t f e rx i i ab  enezgies proceees almost en t i r e ly  

v ia  pion and nucleon d issoc ia t ion  i n t o  l o w  mass s t a t e s  with p a r t i a l  c ross  

sections and other  cha rac t e r i s t i c s  s i m i l a r  t o  those observed i n  16-40 GeV 

a-? interactions.  We have presented preliminary r e s u l t s  i n  re f .  [3]. The 

b-h?, the f i l m  ana lys i s  procedures, the  seometrical  reconstruct ion and 
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kinematical f i t t i n g  of events (using TVGP and SQUAW) and Various checks on 

t h e  accuracy and prec is ion  of t h e  measurements a r e  described i n  re fs .  [3-51. 

Re:. [6] discusses pion d issoc ia t ion  i n  t h e  inc lus ive  reac t ion  n-p + pX-. 

Some corresponding da ta  from Fermilab pp experiments may be found i n  ref. 

Background Analysis.-At 205 GeV k-constraint  f i t s  a r e  l e s s  e f f i c i e n t  than 

- + -  a t  lower energies i n  eliminating background i n  t h e  reac t ion  n-p -t n n n p. 

We have made ti study of possible  backgrounds [4] using severa l  techniques: 

(a) simulating missing neut ra l  p a r t i c l e s  by dropping two o r  more t r acks  from 

measured 6- and &prong events and subject ing t h e  events s o  obtained t o  the  

s m e  kinematical f i t t i n g  and analysis  procedures a s  the r e a l  events; (b)  by 
- - + -  

f i z ~ i ; i ; ;  t o  the hypothesis n P + n x x p those k-2rong events observed with 

+ - 
associated y -+ e e p a i r s  o r  s t range  p a r t i c l e  decays; ( c )  by analyzing 

t ransverse momentum imbalance and missing-mass d i s t r ibu t ions  [3,4]; ( a )  by 

simulating d i g i t i z a t i o n s  of t racks  from poss ib le  background and s igna l  

reactions and processing these Monte-Carlo simulated events a s  we do t h e  

r e a l  ones. Thir teen d i f f e ren t  reac t ions  were simulated. Only a few back- 

ground react ions were found [4] t o  have s ign i f i can t  feed-through i n t o  t h e  4~ 

channel; for  these, cross  checks a r e  ava i lab le  from tine measured events and 

t h e  events from which t racks  were dropped. The most po ten t i a l ly  contaminating 

- 0  - 0 0  - + - 0  . 
react ions were those t h a t  produced a low mass n n n n n n n n n , o r  

~ ; - n ~ r ( - x ~ x ~  combination i n  t h e  forward direct ion.   ort tun at el^, however, the  

protiuccion of an even number of forward pions requi res  G p a r i t y  exchange, 

which is expected t o  be small cornlared with d i f f r a c t i v e  processes a t  these 

0 0 
er.er-ies. This is substant ia ted by t h e  observation t h a t  p A ~ r o d u c t i o n  does 

- + -  
not c s n ~ r i b u t e  s ign i f i can t ly  t o  the  rr n n p f i n a l  s ta te ,  a s  shown below. 

- + -  
We conclude from t h i s  study t h a t  background t o  events f i t t i n g  n n n p 



2 
with X < 15 is 1=6$ f o r  t a r g e t  dissociation, defined a s  M pir+n' 

< 3.3 GeV, 

and 15f3$ f o r  beam dissociat ion,  defined a s  M n - n + d  
< 3.3 GeV; t h e  l a t t e r  

background is concentrated mainly i n  t h e  1.8 < M < 3 GeV region, a s  3s 
- + -  

discussed fur ther  below. No events which f i t  x-p 4 n rc x p wi th  !4pn+n- 

2 < 3.3 GeV and x < 15 a l s o  f i t  the reac t ion  n-p -, n-~+K-p. W e  cannot 

- + -  
exclude experimentally a possible  10-302 contribution of n K K p t o  t h e  beam 

+ - 
dissociat ion sample; however, the  only known n n s t a t e  which a l s o  has a 

+ - 0 
s igni f icant  branching r a t i o  (5%) t o  K K is t h e  f , which, a s  shown below, 

contributes l i t t l e  t o  our data. Therefore w e  neglect n-K+~-p baOkground i n  

both t a rge t  and beam dissociat ion samples. We neglect contamination from np 
- - - 

-+ f i  p s  and f ron  any reactions cause< by t h e  :: (1.i:;) an6 5 (0.2;) be&n 

<---.-. - 
: Cross Sccrio;:;.-Xr f i i ? G  i cross  sect ion oil cj3-EL jiu for  n p -, 

- + -  
n n n p a t  205 GeV a f t e r  subtract ing t h e  above background est imates  and making 

corrections 141 of 5.5+0.6$ f o r  l o s s  of sho r t  r e c o i l  protons, and 7.4?2$ f o r  

f i t t i n g  inefficiency. This cross  sec t ion  i s  18+2$ of t h e  t o t a i  4-prong cross  

sect ion of 3.5 mb a t  205 GeV and 2.65 of the  24 mb t o t a l  c ross  section. For 

conparison, at  20 G e V  [l] t h e  4-prong c ross  sec t ion  is 8.52iO.i ;  mb, of which 

+62 - - + -  - + -  
only lo$, o r  8 8 0 - ~ ~  pb, is  n p + n n TI p. The cross  sec t ion  f o r  n n n p 

f a l l s  more slowly a t  high beam momentum than below 20 GeV ( ~ i g .  I), a s  might 

be ex2ected if it is  increasingly dominated by d i f f r a c t i v e  processes. Similar 

behavior is observed [&lo] fo r  e l a s t i c  sca t te r ing ,  a l s o  shown i n  Fig. 1; e.g., . 
- + -  

e l a s t i c  sca t te r ing  and n: n n p  cross sec t ions  f a l l  by the same f ract ion,  -. 30%~ 

between 20 and 205 GeV. 

- + -  
Charac ter i s t ics  of the  n n ;( p Final State.-Fig. 2 shows :.: 

n-n+n- 
vs the  

- + -  
sxa l l e r  of t h e  two M + - combinations for  each n r! n p event. Two d i s t i n c t  

!a 
c ius t e r s  of events a r e  observed, one with low M wh'ich we assoc ia te  with pion 

3 
dissociat ion and t h e  other  with low M which w e  a s soc ia t e  with nucleon dissocia- mn 



- + -  
tion. To t h e  635 pb n n n p cross  section, pion d issoc ia t ion  (M < 3.3 G ~ V )  3 
contr ibutes  about 213 (416250 pb) and nucleon d issoc ia t ion  (M dS- < 3.3 Gev) 

contr ibutes  about 113 (184t33 pb). Tlnere a r e  no events common t o  both categories  

( thus defined) and only 5.5% (35512 kb) f a l l s  i n  ne i ther  category [4,11]. NO 

0 
events f a l l  simultaneously i n  t h e  p region of M + and t h e  h0 region  of M n X- n-pJ 

0 0 
leading t o  a 90% confidence upper l i m i t  of 8.5 pb f o r  t h e  x-p -+ p A cross  

sect ion a t  205 GeV. 

Pion Dissociation.-It i s  c l ea r  from Fig. 2 and t h e  M p ro jec t ion  i n  Fig, 
31( 

3a t h a t  t h e  pion d issoc ia t ion  sample is  dominated by a peak near 1.1 CeV. 

0 
This peak i s  associated mainly with p a s  shown by t h e  M ' d i s t r ibu t ion  

POK 
0 (snaded i n  Fig. 3 a )  and the  M + - d i s t r i b u t i o n  of Fig. ha. Tie p decay 

n n 

angular d i s t r c ~ u t i o n  ( ~ i g .  VD) fo r  PI- < i.2 GeV is  consis tent  with predoin- 
3 

2 
inance of t h e  cos 8 term expected f o r t h e  A1 S-wave np s t a t e  and has  an asym- 

metry s imi la r  t o  t h a t  observed a t  lower beam momenta [l]. In  t h e  3r( rest 

system t h e  azimuthal angle about the  beam d i r ec t ion  of t h e  normal t o  t h e  3n 

decay plane [4] is  consis tent  with isotropy, a l s o  a s  observed a t  lower energies. 

Based on lower energy r e s u l t s  [2], we do not expect t o  s e e  with our  l imited 

0 s t a t i s t i c s  a s ign i f i can t  A peak i n  Fig. 3a, nor a s ign i f i can t  f -t x + n  
3 

0 signal  i n  Fig. &a. We see no s ign i f i can t  nlc mass peaks above t h e  p , nor 

3~ mass peaks above t h e  A1. 

Fig. 5a shows p a r t i a l  c ross  sec t ions  v s  beam momentum f o r  t h r e e  M bands. 
3 

The cross  sec t ion  a t  205 GeV fo r  the  A1 region, 0.8 < M 4 1.2 GeV, is 188t30 
3 

pb; fo r  the region 1.2 < M < 1.4, it is  83k20 pb, and f o r  t h e  t h i r d  region 
3n 

(1.4 < M < 2.0 G ~ V )  it is 952% pb. I n  obtaining t h e  205 GeV c r o s s  sect ions 
3fi 

we have subtracted t h e  estimated neu t r a l s  background shown by t h e  dashed curve 

i n  Fig. 3a. Thus t h e  production c ross  sec t ion  above - 20 GeV f o r  t h e  A1 

mass region i s  constant within e r r o r s  a s  would be expected fo r  a d i f f r a c t i v e  

process. The c ross  sec t ion  f o r  t h e  higher mass regions may f a l l  somewhat 

with bean morncntum. 



The d i s t r ibu t ion  [4] o£ t h e  square of t h e  four-momentum t r a n s f e r  t from 

beam t o  3x.system fo r  t h e  Al region has  an exponential s lope of 11.6f2.7 G ~ V - ~  

2 
f o r  0.02 < -t < 0.3 GeV , consis tent  with t h a t  observed [l] a t  20 GeV (13.cX1.4 

G ~ v - ~ ) .  For M < 3.3 GeV . the s lops  is 9. &I. 2 GeVc2 f o r  0.02 < -t < 0.5 
3 

2 - 2 
Gev , similar  t o  t h e  s lope of 8.8k0.b GeV t h a t  we observe for  e l a s t i c  scat ter ing.  

+ - 
Target  iss so cia ti on.--The pn x mass spectrum (Fig. 3b) shows a prominent 

4+ 0 
peak near 1.55 GeV associated with the  peaks i n  t h e  A and A mass regions 

i n  Figs. 4c,d'. The s lope of t h e  d i s t r i b u t i o n  of four-momentum t r a n s f e r  t f r o m  

t a r g e t  t o  prn system is  12.8f2.4 G ~ v - ~  f o r  M < 3.3 GeV and -t < 0.3 =eV2. 
p n  n 

The cross  sect ion fo r  1 .  < > < 1.8 GeV i s  95519 lib, r,.i.ic'P- is  roughly half  
p: ,l 

of the  l a 5 3 3  rb t a rge t  dissociat ion cross  section. For cor?arison, a t  20 GeV 

r . -  t he  cross  sozt ion fo r  t;lc sane ;>ass rsqior, is 113111 a, rc'nich is l o s s  khan 

one-third of the  c ross  sect ion (366'32 pb) f o r .  M < 3.3 GeV. Fig. 5b shows 
pan 

t h a t  t h e  lower prrn mass region is prociuced with cross  sec t i cn  f a l l i n g  only slowly 

i f  a t  a l l  with beam momentuin above 20 GeV while t h e  higher M region f a l l s  by 
pnn 

a fac tor  two from 20 t o  205 GeV. Thus t h e  p + pzn d issoc ia t ion  c ross  sec t ion  

be;-,aves s imilar ly  t o  t h e  n + 3n as a funct ion of beam rnoinentum and of three- 

b d y  mass. 

Factorization.-As a t e s t  of f ac to r i za t ion  we compare nucleon dissociat ion,  

* + - - + -  + - 
p + p -+ pl; n f o r  M < 3 . 3 G e V  i n  n-P + n pn n and pp -, pprc n 

pnz 

[;: a t  205 GeV. If these  two reac t ions  a s  wel l  a s  n-p and pp e l a s t i c  s ca t t e r ing  

a r e  mediated by t h e  same factor izable  exchange (e.g., ~omeron),  then w e  expect: 

-+ ~ P * I / U ( P P  + PP*) = -+ n-p)/o(pp -, PP) . 
Tine right-hand s i d e  is  0.4750.03 (i. e., 3.2z0.18 mb/6.80+0.20 mb) and t h e  l e f t -  

'na:,i s ide  is  0.63t0.15 (i.e., 1@*+33 rb/290f50 pb). T'nus, f ac to r i za t ion  is 

s a t i s f i e d  within errors.  We expect tkie M d i s t r ibu t ions  a l s o  t o  ba similar.  
Pnn 

The dotted histogram of Fig. 3b shows M + f o r  205 GeV pp + prc+x-p 171 
Pc n- 

normalized by one-half the  r a t i o  of Yp t o  pp e l a s t i c  s c a t t e r i n g  c ross  sec t ions  



(both beam and target dissociation are plotted for ~p). Fair agreement is 

- + -  
apparent with the solid histogram (M pn+n- for 205 GeV x-p -r x n n p), 

except perhaps for the 1.55 GeV peak region. Factorization in n-p -r p X  

vs p? -t px at 205 GeV is discussed in [12]. 

- + -  
conclusions.--The reaction I(-P -+ n I( n p has a cross section of 635+61 p h  

at 205 GeV. It is dominated by perilheral ic -+ and p -+ ptn dissocia- 

tion into low mass states, with mass, momentum transfer and angular distribu- 

tions similar to those obkerved for corresponding low mass states produced 

from 16 to 40 GeV. The cross sections for 104 mass (M < 3.3 G ~ V )  3% and m n  

states are 416k50 pb and lab33 pb, respectively. For' M < 1.2 GeV and 
3 

i i  < 1.8 GeV the cross sections are consistent with being independent of 
pr; 

- + -  
bean pomentum above - 20 GeV. The n rc n p and elastic scattering cross 

seccions both fall from 20 to 205 GeV b$ approximately 305. A test of factor- 

ization is satisfied for target dissociation in np and pp reactions. 
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FIGURE CAX'IOXS 

- - + -  
Fig. 1. Cross sec t ions  fo r  ( a )  n-p + n P and (b) n-p x n x p v s  beam 

momentum. Data are from [l 8,9,10]. 
t h e  smalier of t h e  two - + -  - + - 

Fig. 2. Mass of x x x v s  *+n- masses f o r  events f i t t i n g  xp -+ x fi x p 

2 
with X < 5 .  The mass resolut ion is  -'7 MeV f o r  s m a l l  M and -70 

Pnx 
MeV f o r  small M 

3' 
Fig. 3. (a) Mass of 3n system. The dashed curve is  background from events 

with undetected neut ra l  par t ic les ,  estimated lsy dropping two t r acks  from 

&prong events. Events with e i t h e r  o r  both M + between 0.61 and 0.92 
Y l  x-. 

0 GeV (p  region) a r e  cross-hatched. ( b )  14ass of ptfn- system. The dot ted 

+ - 
curve i s  from 205 GeV pp -, pn n p [7j  nornaiized by 0.5 times 

(0;rc-P -, ~-P)/o(PP -4 ~ 2 ) ) .  

+ - - - is sha6ed. 
. , (a) rr x mass fo r  x .C 3.3 GeV; rr n mass ,, ( b )  Polar angle 

3 R  

between t h e  beam and outgoing n- d i rec t ions  i n  t h e  r e s t  system for 

+ 
M < 1.2 GeV and 0.61 < M + < 0.92 GeV. (c) pn mass f o r  M < 3.3 

3fl x x- PX A 

GeV, (d) pz- mass f o r  M < 3.3 GeV. 
p n x  

- + -  
Fig.  5. (a) np -, n n rr p cross  sec t ion  vs  beam momentum for t h r e e  bands 

of 3 mass, ( b )  f o r  two bands of px+y mass. 
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