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ABSTRACT 

We have measured, as a function of transverse momentum (pL) ,  

3 
the  invar iant  cross section Eda/d p f o r  t he  production of 

D', K', p, E, d, and a i n  p-nucleus co l l i s ions  a t  incident 

proton energies of 200, 300, and 400 GeV. The measurements 

were made i n  the  region of 90' i n  the  c.m. system of the  i n -  

cident proton and a s ing le  nucleon a t  r e s t .  A t  large values 

(> 0.40) of the  scal ing variable xL = 2pl/ K, where s is the  

square of the  c.m. energy, the  pion data a re  found t o  be well 

represented by an expression of the  form s'nee'ax I, w i t h  n = 

5.5 t 0.2 and a = 36.0 k 0.4. A t  x ,  < 0.35, where s imi la r  

measurements have been made a t  the  CERN ISRy our data a r e  i n  

excel lent  agreement w i t h  the  ISR data. Results f o r  o ther  

hadrons are  presented. 
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In this paper we present further results on an experiment per- 

formed a t  the Fermi National Accelerator Laboratory on the production, 

i n  p-nucleus col l is ions,  of long-lived hadrons ( K', p ,  d, and a) 

w i t h  large transverse manenta (p,). The measurements were made with a W 

target  a t  incident proton energies of 200, 300, and 400 GeV, and i n  the 

region of 90' i n  the c.m. system of the incident proton and a s ingle  

nucleon a t  rest .  Some resu l t s ,  obtained a t  200 and 300 GeV, have already 
1 

been published . Measurements were also made a t  300 GeV w i t h  Be and T i  
2 

targets ;  they are  reported i n  another paper submitted t o  t h i s  conference. 

The apparatus i s  shown schematically in F i g .  1. I t  is a single- 

arm magnetic spectrometer of 110 m length located a t  77 mrad (% 90" i n  

the proton-nucleon c.m. system) relat ive t o  the incident proton beam. 

I t  is equipped w i t h  two 27-m-long Ceren kov counters of 2 channels each, 

4 sc in t i  1 lation t r igger  counters ( A ) ,  and 4 sc in t i  11 a t i  on hodoscopes ( H )  

used fo r  reconstruction of par t ic le  tracks through the spectrometer back 
3 

t o  the 2.16-cm-long, 0.64-cm-diam W target  . The momentum acceptance 

Ap/p i s  + 5% w i t h  a sol id  angle A n  = 17 psr. A more detailed description 

of the experimental arrangement can be found i n  reference 1. 

Runs were taken a t  laboratory momenta ranging from 10 t o  120 

GeV/c, corresponding t o  p, = 0.76 t o  9.16 GeV/c. By use of the 4 Cerenkov 

channels pion, kaon, and proton yields could be measured concurrently. The 

Proton Laboratory where this experiment was performed is equipped w i t h  a 

beam s p l i t t i n g  device which makes i t  possible t o  reduce the incident proton 

intensi ty  by an arbi t rary fac tor  ( t o  a minimum intensi ty  as low as .L 10 
10 

protons/burst). T h i s  feature permitted us t o  take data a t  very low momenta, 



where the counting rates are very high, w i thout  swi tching t o  smal ler  t r i g g e r  

counters as we had t o  do a t  the beginning o f  the experiment when no beam 
4 

s p l i t t i n g  was possib le . Hence the accidental coincidences could be kept a t  

a neg l i g i b l e  l eve l  w i thout  any change i n  the apparatus. 

P i  on Producti on 

The i nva r i an t  cross sections per W nucleus, ~dcr/d'~, fo r  the 

production o f  n' i n  p-W co l l i s i ons  a t  i nc iden t  proton energies o f  200, 300, 

and 400 GeV are l i s t ed ,  as a funct ion o f  p , i n  Table I. The data have 
I 

been corrected f o r  nuclear absorption i n  the apparatus and ta rge t  (25%),  

f o r  mu1 t i p l e  Coulomb 'scat ter ing ( s i g n i f i c a n t  only below 1.5 GeV/c) , and f o r  

pion decay (e.g., 16% a t .  76 GeV/c) . The er rors  include the s t a t i s t i c a l  

er rors  ( s i g n i f i c a n t  only a t  very high momenta) and the uncer ta in t ies  i n t r o -  

duced through the app l ica t ion o f  the above correct ions and other  systematic 

sources (momentum, s o l i d  angle, etc.) .  They do no t  include, however, the 

estimated 50% uncerta inty i n  the ca l i b ra t i on  o f  the inc iden t  proton 
5 

i n t e n s i t y  . 
For the purpose o f  comparison w i t h  p-p cross sections i t  i s  

necessary t o  convert the cross sections per  nucleus i n t o  equivalent  

p-nucleon cross sections. This conversion i s  model dependent. The 

simplest way, though not  necessar i ly  the best, i s  t o  d iv ide  the cross 

sections per  nucleus by the atomic number A = 184 o f  W. Another method, 
1 

which we used i n  our previous pub l ica t ion , i s  t o  d iv ide  the cross sections 

- per nucleus by an e f f e c t i v e  number o f  nucleons defined as Aeff = crabs/ crp - 

1635/40 = 40.9, where crabs i s  the absorption cross sect ion i n  W (1635 mb) 



and a i s  the p-p t o t a l  cross sect ion (40 mb). The best  method, o f  course, 
P 

i s  the one which y i e l d s  cross sections independent o f  A. This po in t  i s  

discussed i n  reference 2. 

I n  t h i s  paper, unless ind icated otherwise, a l l  cross sections shown 

i n  the f igures are per  e f f e c t i v e  nucleon, and thus have been obtained by 

d i v i d i ng  the cross sections per  nucleus o f  Table I by 40.9. 

+ 
Figures 2 and 3 show the IT and IT- i n va r i an t  cross sections, 

respect ively,  p l o t t e d  against p a t  200, 300, and 400 GeV. For a l l  energies 
I 

and a t  la rge p the cross sections f a l l  exponential ly; they do no t  show 
I 

a manifest power law dependence. The energy dependence, very small a t  

low 5 , grows stronger as q increases. This i s  i n  agreement w i t h  the 
6 

work done a t  I S R  by the Saclay-Strasbourg group , the CERN-Columbia- 
7 8 

Rockefel l e r  group , and the B r i  t ish-Scandinavian Col laborat ion , and a t  
9 

NAL by Carey e t  a l .  
1 0  

Most o f  the theore t i ca l  models which have been proposed p red ic t  

f o r  the s ingle-pion i nc l us i ve  cross sect ion a t  IL 90' C.N. a behavior, a t  
11 

high p,, of the form g(s)f(x,) , where g(s) i s  some funct ion (general ly  

a power law) o f  s, the square o f  the c.m. energy o f  the c o l l i s i o n ,  and 

f(x,) i s  a funct ion o f  the sca l ing  var iab le  x, = 2p / 5. I f  our p ion 

data can indeed be expressed i n  such a form, then the logar i thm o f  the 

cross sect ion p l o t t e d  against  x, a t  a1 1 3 energies should y i e l d  p a r a l l e l  

curves, i r respec t i ve  o f  the absolute ca l ib ra t ion .  Figures 4 and 5 show 

t h a t  t h i s  i s  d e f i n i t e l y  so a t  x, > 0.40; mreover  f(x,) has i n  t h i s  re-  

gion the simple exponential form e-a2 . A t  xL < 0.35, however, the curves 

are s lowly converging as x, decreases. Figure 5 shows c l e a r l y  t h a t  the 



scaling region s t a r t s  a t  fixed xi (Q 0.40) rather than fixed pL. 

In the scaling region (xL > 0.40) a very good f i t  is obtained, 

as seen i n  Fig. 6 ,  when the data a t  a l l  3 energies are f i t t e d  t o  the 

expression 

-n -ax,. 
~ d a / d ~ p  tX s e 

+ 
We obtain fo r  IT : n = 5.7 + 0.2, a = 36.3 + 0.4; 

fo r  IT- : n = 5.4 + 0.2, a = 36.0 + 0.4 

(Systematic uncertainties completely dominate the errors.  ) 

Comparison w i t h  ISR data. As we show i n  another paper submitted t o  t h i s  
L 

conference , the invariant cross section for  hadron production i n  effective 

p-nucleon collisions s t i l l  depends on the atomic number A. Tungsten, for  

example, i s  much more ef f ic ient  than Be i n  producing large transverse mo- 

mentum hadrons. In the scaling region, however, only the absolute cross 

section (not the shape) i s  affected. In any case Be should provide a 

more rel iable  comparison with the ISR data than W .  In Fig.  7 we compare 
7 

the TO data of the CERN-Col umbia-Rockefel l e r  (CCR) group w i t h  the average 

+ 1 2  

of the IT and IT- cross sections which we obtained w i t h  a Be target  . A t  

&= 23.8 and 23.5 GeV, where the data can be direct ly compared, the agree- 

ment i s  very good indeed. (At low p , where the s dependence is very small, 
.L 

6 

our data agree also very well w i t h  those of the Saclay-Strasbourg and 
8 

Bri tish-Scandinavi an col laborations. ) 

In the scaling region (xL> 0.40), where our data are well repre- 

sented by the expression 



there are no data from the ISR,  and hence no comparison i s  possible. It 

i s  i n t e res t i ng  t o  note, however, t h a t  i n  the i n t e r v a l  0.1 < x,< 0.35, 

-4.1 
where the CCR data show an energy dependence o f  s , our cross sections 

have an energy dependence ranging from s 
-2.9 -5.4 

a t  xL= 0.1 t o  s a t  

xL= 0.35 , wi t h  an average o f  2. s -4*25, i n  good agreement w i t h  the CCR 

resu l t .  This po in t  i s  i l l u s t r a t e d  i n  Fig. 8 where we show as a funct ion 

o f  x,, the value n obtained from the fit o f  the Be cross sections t o  

- n 
s f (xi). This r e s u l t  suggests t h a t  i f  the I S R  measurements were ex- 

tended beyond x = 0.40, they might e x h i b i t  a scal ing behavior s i m i l a r  t o  
.L 

-5.5 
our data, i n  p a r t i c u l a r  an energy dependence % s . 

Kaon Producti  on 

+ 
The K- y ie l ds  r e l a t i v e  t o  pions o f  the same charge are given i n  

Table 11. Figure 9 shows those r a t i o s  as functions o f  pL. We see t h a t  

+ + 
K /IT i s  essen t i a l l y  independent o f  s, r i s i n g  from % 0.2 a t  pL = 0.76 

GeV/c t o  2. 0.55 a t  4 GeV/c and beyond. The K-/IT- r a t i o ,  a l so  independent 

o f  s w i t h i n  the er rors  a t  very low pL (< 1 GeV/c) , does have, however, 

a d e f i n i t e  energy dependence a t  p,> 2 GeV/c. I n  fac t ,  i n  t h i s  region, 

i t  i s  r a the r  we1 1 represented by an expression o f  the form K F(p, ) , 

where F(p,) i s  a s lowly varying funct ion w i t h  a broad maximum a t  p 2.5 

GeV/c and dropping by a factor  of 2. 2 a t  p s 6 GeV/c. It may be appro- 

p r i a t e  here t o  note t h a t  the r a t i o  has a s i m i l a r  behavior, i n  par- 

t i cul a r  a 6 dependence (F(pI), however, drops o f f  fas te r ) .  

I f  the ~'/r' r a t i o s  are p l o t t e d  against the sca l ing var iab le  

+ + 
X~ = 2pl/K, as i n  Fig. 10, one sees from the K /r behavior t h a t  the 



+ 
K cross section scales  in  the same way as the  pions. A t  xL> 0.40 a 

t -n -axL 
f i t  of the K cross sect ions  t o  s e y ie lds  

n = 5.3 t 0.4 and a = 35.0 t 1.5, 

i n  agreement, w i t h i n  the  e r ro r s ,  w i t h  the  pion values. 

The K-/IT- r a t i o ,  on the  contrary,  does not appear t o  sca le  

although t h i s  cannot be completely ruled out because, a t  x L  > 0.45, the  

e r rors  coul d conceivably accommodate para1 l e l  curves. 

Finally,  i t  should be noted t h a t  our kaon data a r e  i n  agreement 
1 3  

w i t h  the resu l t s  of the  Bri tish-Scandinavian Collaboration . (For ex- 

+ +  
ample, a t  p, = 0.5 GeV/c and 6= 30.6 GeV they obtained K /IT = 0.17 and 

K-/T- = 0.13.) 

Proton and Antiproton Production 

In Table I11 we give the  proton and antiproton y ie lds  r e l a t i ve  

t o  pions of the  same charge. A plo t  of these ra t ios  as a function of 

p is  shown i n  Fig .  11. As p, decreases from IL 1.5 GeV/c both r a t i o s  
I 

decrease and tend t o  become s independent. T h i s  fea ture ,  a l so  observed 

w i t h  kaons, indicates t ha t  the  invar iant  cross sect ions  of pa r t i c l e s  

heavier than pions do not r i s e  w i t h  decreasing pA as f a s t  as pions i n  

+ 
t h i s  region. In f a c t ,  the K-, p ,  and p cross sections plotted against  

pL f a l l  off almost exponentially a l l  the  way from Q, 1 t o  7 GeV/c, t he  

protons showing the  smallest  s dependence. 

As already mentioned above the  q n -  r a t i o  shows, a t  5- 1.5 GeV/c, 

the same Kdependence a t  fixed %as the  K-/IT- r a t i o ,  b u t  i t  f a l l s  off  



fas ter  w i t h  increasing p* , dropping by a f a c t o r  o f  .L 10 from p, = 1.5 

t o  6 GeV/c. 

+ 
When p l o t t e d  against x,, as i n  Fig. 12, ne i the r  the p / r  nor the 

- - 
p/n r a t i o  seems t o  scale as the pions and K+ do. However, the e r ro rs  are 

again s u f f i c i e n t l y  large, espec ia l ly  i n  the case o f  $-IT-, t o  accommodate 

near ly  para1 l e l  curves a t  x, > 0.45. 

As w i t h  kaons our p and p r esu l t s  agree w i t h  those o f  the B r i t i s h -  
1 3  

Scandinavian Col laborat ion who, a t  p, = 0.5 GeV/c and VF = 30.6 GeV 

+ 
measured p/n = 0.15 and Fin- = 0.07. The comparison between the proton 

data should no t  be taken too l i t e r a l l y  though because there i s  evidence, 

as seen i n  reference 2, t h a t  nuclear matter has a s i g n i f i c a n t  in f luence on 

+ 
the p/n r a t i o .  

Deuteron and Antideuteron Production 

I n  Table I V  we present the d/r+, a/;, d/p, and a/F r a t i o s  obtained 

a t  300 GeV. The d/? and a/n- r a t i o s  are a lso displayed i n  Fig. 11. 

A d i r e c t  comparison of our a cross sections w i t h  data obtained a t  
14 1 5  

the I S R  and NAL i s  d i f f i c u l t  because they were measured under qu i t e  
1 5  

d i f f e r e n t  condit ions. A t  300 GeV Appel e t  a l .  obtained w i t h  a W ta rge t  

and i n  the forward d i r ec t i on  (pl = 0)  a t  30 GeV/c lab. momentum, a r a t i o  
- - 14 
d/n low5.  A t  the I S R  the Bri t ish-Scandinavian Col laborat ion observed 

- - 
d/n = 5 X a t  pL = 0.7 GeV/c and K = 53 Gee. We observe a/n- = 

1.4 X 1 0 ' ~  a t  pL = 2.3 GeV/c. This large r e l a t i v e  y i e l d  seems t o  confirm 

what had already been apparent w i t h  p production, namely, t h a t  heavy 

pa r t i c l es  are more copiously produced r e l a t i v e  t o  pions a t  h igh pL. 



However, heavy ant ipar t ic le  production f a l l s  off f a s t e r  w i t h  increasing 

pL than t h e i r  counterpart. T h i s  feature is  i l l u s t r a t ed  i n  Fig. 13. 
16-1 9 

Many models have been proposed and tested t o  explain deuteron 

(and antideuteron) formation a t  lower energies. A mechanism which seems 

t o  account roughly fo r  the observed rates involves the pairing of a neutron 

(antineutron) and a proton (anti  proton) of approximately equal momenta. 

The character is t ics  of a l l  these models is that  they provide a connection 

between the number of deuterons (antideuterons) emerging a t  a given angle 

and momentum, and the corresponding number of protons (antiprotons) a t  

tha t  angle but a t  half tha t  momentum. A di rec t  consequence of such models, 
19 

already put t o  a t e s t  when antideuterons were f i r s t  observed , i s  the 

following relation: 
2 

where p '  is  the emerging deuteron (antideuteron) momentum. I t  is c lear  

from Fig .  13 tha t  such a relation i s  reasonably well s a t i s f i ed ,  within 

the e r rors ,  by our 300-GeV data. 
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FIGURE CAPTIONS 

Fig. 1. Experimental arrangement 

Fig. 2. I nva r i an t  cross sect ion per ef fect ive nucleon (see t e x t )  f o r  

+ 
n mesons produced a t  Q 90" c.m. i n  p-W co l l i s i ons .  

Fig. 3. I nva r i an t  cross sect ion per e f f e c t i v e  nucleon f o r  T- mesons 

produced a t  IL 90' c.m. i n  p-W co l l i s ions .  

- 
Fig. 4. n production cross sect ion versus xL. 

- 
Fig. 5. T production cross sect ion versus x, i n  the sca l ing region. 

3 
Fig. 6. P l o t  o f  the funct ion ~ ~ * ~ ~ d o ( s - ) / d  p versus x,. 

t 
Fig. 7. The average o f  the T and T- i n va r i an t  cross sections per 

e f f e c t i v e  nucleon i n  p-Be co l l i s i ons ,  and the no cross sect ion 

i n  p-p co l l i s ions .  

Fig. 8. The exponent n obtained from the  f i t  o f  the funct ion s - ~ ~ ( x J  

+ 
t o  the average T- cross sections shown i n  Fig. 7. 

Fig. 9. Kaon abundance r e l a t i v e  t o  pions versus p . 
i 

Fig. 10. Kaon abundance r e l a t i v e  t o  pions versus x, = 2p I 6  

Fig. 11. Proton, antiproton, deuteron, and a n t i  deuteron abundances 

r e l a t i v e  t o  pions o f  the same charge versus pL. 

Fig. 12. Proton and ant iproton abundances re1 a t i  ve t o  pions versus 

Fig. 13. Pa r t i c l e -an t i pa r t i c l e  r a t i o s  versus p 
L' 



TABLE CAPTIONS 

+ 
Table I. Invariant cross section per nucleus for  IT- mesons produced 

a t  Q 90' c.m. i n  p-W collisions.  A t  each p, value the top 

+ 
l ine refers t o  IT and the bottom l ine t o  IT-. Errors do not 

include the uncertainty i n  the absolute calibration. Cross 

sections per effective nucleon (see t ex t )  are obtained by 

dividing the l i s ted  cross sections by 40.9. 

confidence limit 

+ + 
Table 11. K 1, (top l ine)  and K-/IT- (bottom l ine)  cross section rat ios .  

+ 
Table 111.  IT (top l ine)  and F/IT- (bottom l ine)  cross section rat ios .  

Table IV. d/c, d/p (top l ine)  and a/;, z/i (bottom l ine)  cross section 

ra t i  0s. 
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