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ABSTRACT 

Measurements of the invariant  cross section Ed3a/d3p a re  presented f o r  

the production of hadrons (n, K, p and 6 )  a t  large transverse momentum (pl) 

by 200, 300, and 400 GeV protons incident on H,, D, , Be, T i  and W targets .  

The measurements were made a t  a laboratory angle o f  77 mrad, which corresponds 

t o  angles near 90" i n  the c.m. system of the incident proton and a s ingle  

nucleon a t  res t .  The range i n  p l  f o r  the data is 0.77cp156.91 GeV/c, 

corresponding t o  values of the  scal ing variable x1=2 p L / 6  from 0.06 t o  .64. 

For p-p co l l i s ions ,  the pion cross sections can be represented in  the region 
1 t - x1>.35 by the form --;i (1-xllb, w i t h  n - 8 and b 2 9. The r a t i o  of  n t o  n 
p1 

production grows as  a function of  x l  t o  a value la rger  than 2 a t  x l  .5. 

The ra t ios  of the production of K+ and protons t o  R+ and of K- and ant i -  

protons t o  *- also sca le  w i t h  xl f o r  p-p col l is ions.  The K', p and 5 f i t t e d  

values f o r  n and b a re  given. Pa r t i c l e  ra t ios  a re  also presented fo r  DZ,  Be, 

T i ,  and W t a rge ts  and the  dependences on atomic w e i g h t  ( A )  a r e  discussed. 
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I. INTRODUCTION 

I t  is only very recently, w i t h  the advent of quantum chromodynamics (QCD), 

tha t  models of large transverse momentum (pI) behavior have had a fa i r ly  f i n  
1 

theoretical foundation. Previously, several hard scattering models have each 

had str iking partial successes, such as the predictions fo r  the x13 pl/& and 

 dependences of the b, K', and p and 6 cross sections i n  the constitutent 

interchange model ( C I M J ~  or  the en+/r- ra t io  versus x l  predicted by the Field- 
3 

Feynman "black box" model. However, i n  these older models there i s  a large ad 

hoc component. 
4 

The early single part icle inclusive measurements made a t  the ISR and 
5 9 6  

Fermilab have been important i n  this evolution. The di f f icul ty  of the 

multiparticle " je t "  experiments on the one hand, and the strong theoretical 
+ - motivation from the results  of e e annihilation and from deep-inelastic lepton 

scattering on the other, have resulted i n  a great deal of theoretical analysis 

of the single part icle measurements. I t  now appears that  w i t h  a theory which 

actually predicts the sing1 e part icle spectra to be rather compl icated 

functions of x l  and p l ,  precise measurements over a wide range i n  these 

variables will again be important. 

In this paper we summarize the results  from a study a t  Fermilab of the 

production of hadrons a t  large transverse momentum. Some of these data have 
7 8 

already been published, i n  particular the cross sections and par t ic le  ra t ios  

measured w i t h  H p  and D2 targets,  and a brief summary of the atomic weight 
9 

(A )  dependence of the cross sections on 02, Be, T i  and N targets.  



We have remeasured many of the nuclear cross sections published i n  an 

earl i e r  Physical Review paper. The nuclear cross sections presented here 

have been measured w i t h  thinner targets  of larger cross sectional area, and 

we feel they are systematically bet ter  measurements than the older ones. 

In particular,  a problem, never understood i n  the older data, w i t h  the 
7 

normalization between energies now seems to  have been corrected. 

The experimental technique is simple and is thoroughly described i n  

Ref. 5. In Section 11, we briefly describe the spectrometer emphasizing the 

changes from that  description. In Section 111, we present and discuss the 

results for  pion production i n  p-p and p-d collisions. Cross sections fo r  

p-"n" coll?sions derived from a subtraction of the p-p cross sections from 

the p-d cross sections are  also given. The p-p cross sections are compared 

t o  those of the ISR. Data on the production of Ki, K-, protons and anti- 

protons i n  p-p, p-d and p-"n" collisions are presented i n  Section IV. 

Section V contains cross section data for  Be, T i  and W targets,  and a 

discussion of the i r  dependence on atomic weight (A). Section VI is a 

summary of our concl usions . 

11. THE APPARATUS. 

The apparatus used to  make these measurements was located i n  the Proton 

East area of Fermilab. I t  consisted of a single-arm spectrometer located a t  

an angle of 77 mrad with respect to the incident proton beam (see Fig. 1 ) -  

For the production of r e l a t i v i s t i c  (@-I ) particles, this laboratory angle 

corresponds to  77O, 88" and 96" i n  the c.m. of a target nucleon a t  res t  and 

a proton of incident energy 200, 300, or 400 GeV, respectively. Scinti l lat ion 

counter hodoscopes defined the particles ' t rajectories and measured the momenta 

to  +I%. Two 86-foot-long Cherenkov counters provided the part icle identification. 



The acceptance of the spectrometer, dQdplp, was 1.7 x lom4 steradian-96. The 

spectrometer and the beam are described i n  detail  i n  our ea r l i e r  Physical 
5 

Review paper, and consequently only those deta i ls  which are different  will -- 
be discussed here. 

A. The Hydrogen Target. 

The hydrogen target  consisted of an 8"-long, 1 "-diameter Cu flask, w i t h  

side walls 1/16" thick, and w i t h  .001 "-thick hemispherical s ta in less  steel  

end windows. The flask was cooled by a single loop of a liquid-He l ine 

which was soldered t o  the exterior  of the flask. A 30"-long cryostat w i t h  

.005"-thick A1 end windows surrounded the flask. The assembly was a t  the 

end of a long transfer  l ine  so that  the target could f i t  15 fee t  inside 

the massive shielding of the Proton East target  box. 

Liquid hydrogen (or deuterium) was formed inside the f lask by condensation 

when the flask was cooled by a 50-watt refr igerator  located approximately 25' 

upstream of the target  box. Carbon resistors indicated when the target  was 

fu l l .  An external heat source was used to  empty the target.  

The target endured rates of up to  1013 protons/pulse, although data 

were not taken a t  rates above 5 x 1012 protons/pulse. Signs of boiling i n  

the target  were searched for  by studying the counting rate versus beam 

intensity: no rate dependent effects  were found a t  rates of up to  5 x 10 12 

protons/pulse, although the target  could be inadvertently emptied (and was 

twice destroyed) by hi t t ing the edge of the flask w i t h  a single pulse of 

the beam. 



B. Target Empty Subtraction. 

A target  empty r u n  was taken w i t h  every H, or  D, run .  The typical 

subtraction was about 10% for  the p-p data and 5% for  the p-d data. T h i s  

i s  larger than one migh t  expect from the small amount of material i n  the 

beam because the rates a t  large pl  from the metal windows are enhanced by 
5 9 9  the anomalous A dependence of the cross sections. Subtractions were 

done separately for  each par t ic le  type n, K, o r  p(E) a t  each value of pl. 

C. TheNuclearTargets. 

In order to minimize possible thick target  effects ,  the measurements 
5 

presented i n  Ref. 6, obtained w i t h  targets of 0.2 interaction lengths, were 

repeated w i t h  - t h i n  targets of approximately 0.03 interaction lengths. The Be, 

T i  and W targets were each 1/4" square i n  cross section, and were 0.480 i n . ,  

0.341 i n . ,  and 0.131 in.. long, respectively. The four nuclear targets were 

mounted on top of the LH, cryostat, and each target  could be moved into the 

beam remotely. Data were taken w i t h  each target  i n  turn to reduce systematic 

errors due to structure i n  the beam s p i l l ,  targetting efficiencies, etc. 

D. LowTransverseMomentumRuns. 

In th is  experiment cross sections which span ten orders o f  magnitude 

have been measured. For low values of p l ,  where the cross sections are large, 

there i s  a problem in that  the counting rates become h i g h .  In the data taking 

and analysis described i n  Ref. 5, small sc in t i l l a t ion  counters were remotely 

moved into the spectrometer to  decrease the solid angle subtended and t h u s  

the counting rate. Since then, changes made i n  the beam transport to  the 

Proton Area a t  Fermilab allowed the beam intensity to  be adjusted easily. 

Data were t h u s  taken a t  a l l  transverse momenta w i t h  the same tr igger counters 

and hod~scopes. 



III .  RESULTS ON THE PRODUCTION OF 2 AND n- IN p-p, p-d, AND p-linll COLLISIONS. 

The results presented in this section have been summarized i n  a Physical 
7 

Review Letter: they are presented again for completeness. The invariant -- 
cross section ~ d ' o / d ~ p  for p ion  production i n  p-p and p-d collisions a t  200, 

300, and 400 GeV are l isted as a function of p l  i n  Table I. The cross sections 

for c- production are plotted versus p l  i n  Fig. 2 for these three beam energies. 

The data have been corrected for decay-in-flight, nuclear absorption, and 

multiple scattering as described i n  detail i n  Ref. 5. 

One additional correction that was not applied i n  Ref. 5 was made to  

the data presented here. The average transverse momentum accepted by the 

spectrometer depends on the slope of the production spectrum i n  the region 

of the spectrometer setting. Because of the energy dependence of the cross 

sections a t  large values of p l ,  the slope, and hence the average value of pl 

accepted, is different a t  200, 300, and 400 GeV. In the previous analysis 

the average accepted p l  was calculated a t  300 GeV and then was used also 

for the 200 and 400 GeV data. In this analysis the 200 and 400 GeV data 

have been corrected for this effect - the correction i s  negligible below 

p 3 GeU, and reaches a maximum of 8% a t  the largest measured values of p l .  

In addition to the s ta t is t ical  uncertainties i n  the cross sections we 

have assigned systematic errors of 5% everywhere except a t  the two lowest p~ 

values where a 10% error has been included. We estimate the overall normal ization 

is uncertain t o  20% and the transverse momentum scale i s  uncertain to  1%. We 

estimate that the ratios of IT' to  n- cross sections are uncertain to  10% due 

to possible systematic effects a t  a l l  values of p l .  



I t  has long been the expectation tha t  the inclusive production of high 

pl hadrons should scale as ~ d ~ u / d ) p  = - f (xl = 2p1/R a t  sufficiently 
D I 

1 0  'I 11 

h i j h  energies and pl. There are now expl ic i t  predictions that  the cross 
1 b 

sections should behave as sums of terms each of the form -7 (1-x1) . In 
P I  
- A 

the kinematic region we explore one term i s  expected t o  dominate. We have 

t h u s  f i t t e d  the cross sections to  a single such term. 

We have calculated a l eas t  squares f i t  i n  the region xl 2- .35. For the 
+ 

production of rr , we find n = 8.2 +- .5 and b = 9.0 + .5, w i t h  a x2 of 14.7 

for 6 degrees of freedom (DOF). For IT-, we find n = 8.5 + .5 and b = 9.9 + .5, 

w i t h  a x2 df 2.1 fo r  6 WF. Fits were also calculated fo r  the regions 

x1 "30 and xl 2 ..40 and the errors quoted above on b and n have been 

increased t o  include the results  found w i t h  different  f i t t i n g  regions. The 

results fo r  n and b are i n  good agreement w i t h  the predictions of the CIM 
2 

model of n = 8 and b = 9. Fig. 3 shows the scaling properties o f  the 2 
and i cross sections versus x l .  

These values of n are also i n  good agreement w i t h  the original value 
4 

of n = 8.24 + 0.7 obtained for  no production by the CCR collaboration i n  

p-p collisions a t  the ISR. Subsequent measurements of n by groups both a t  

the ISR and Fermilab are l i s t ed  i n  Table 11. 

A selection of single par t ic le  cross sections interpolated from ISR and 

Fermi lab data fo r  p l  > 1.5 &V/c is shown on a global plot i n  Fig. 4. The 
+ 

data are f a r  IT" o r  the average o f  n and IT- production near 90" i n  p-p 

collisions. Lines of constant cross section have been plotted on a two- 

dimensional plot of p l  versus (1-xl)  If a single term of the form 

b (1-xl) dominates the form of the cross section, the data should l i e  on 

s t ra ight  lines of slope n/b. The spacing between these lines i n  the ordinate 

i s  then , log 10 u, and in the absiissa is . 



The so l  i d  1 ines drawn on the  p l o t  are an approximation t o  our data, 

and have n = 8.4 and b = 9.45. The dashed l i n e s  are the  fit t o  the  recent 
12 

I S R d a t a o f C l a r k e t a l .  w i t h n = 6 . 6 a n d b = 9 . 6 .  
t The ra t i os  o f  a t o  n- versus pL are presented i n  Table 111. These 

r a t i o s  are p lo t ted  versus xl i n  Fig. 5; the dotted l i n e  i s  the QCD pred ic t ion  
1 3  

o f  Feynman, F i e l d  and Fox. The ind i ca t i on  of a break i n  the theore t ica l  

curve a t  xl = .3 i s  predicted t o  be due t o  the crossover o f  gluon and valence 

quark fragmentation. The 200, 300, and 400 GeV data l i e  w i t h i n  s t a t i s t i c s  

along a s ing le curve versus x l  as sca l ing  predicts.  

A naive procedure was employed t o  ex t rac t  p-n i nva r ian t  cross sections: 

the p-p cross sections were subtracted from the p-d cross sections presented 

i n  Table I. The a+/=- r a t i o s  fo r  p-"n" as we l l  as f o r  p-p and p-d c o l l i s i o n s  

are given i n  Table I11 and are shown i n  Fig. 5. The r e s u l t  i s  qu i te  d i f f e r e n t  

from the p-p case: the possible droop a t  large x l  may be due t o  the f a c t  t h a t  

a t  400 GeV the spectrometer i s  not  a t  90° i n  the p-n c.m., and i s  i n  f a c t  i n  

the neutron (backward) hemisphere. Because the neutron has two d quarks and 

only one u quark, one might expect somewhat more n- a t  la rge  xl. 

IV. THE PRODUCTION OF k, K-, p AND I N  P-P AND P-d COLLISIONS. 

With the two 86-foot-long gas Cherenkov counters (see Ref. 5 f o r  a 

deta i led descr ipt ion),  pion, kaon and proton cross sections were measured 

simultaneously. The data were reduced as r a t i o s  o f  kaons and protons t o  

pions as t h i s  involved only the information from the Cherenkov counters, 

and are presented free from the normalization errors we have added t o  the  

cross sec t i  ons . 



Target empty subtractions were made separately f o r  each pa r t i c l e  type. 

The pa r t i c l e  ra t ios  were then corrected fo r  decay-in-fl i g h t  f o r  the kaons and 
1 4  

pions, and f o r  the differences i n  nuclear absorption f o r  the different  

part i  cl e types as  a function of momentum. The decay-in-fl ight  correction, 

which fo r  kaons ranged from a fac tor  of 3.88 a t  p l  = 0.77 t o  a fac tor  of 1.15 

a t  a p l  of 6.91 GeV/c,was assigned a 10% e r ro r ,  which was combined in  quadrature 

w i t h  the other  errors .  The correction f o r  d i f ferent ia l  nuclear absorption, 

most s igni f icant  for  the T r a t i o  a t  low -momentum, amounted t o  l e s s  than 10%. 

Finally an overall 2% systematic uncertainty was included i n  the  f ina l  error.  

A word of caution w i t h  respect t o  the ra t ios  and cross sect ions a t  lower 

values of p l  is i n  order. Because the  transformation from a fixed laboratory 

angle ( in  this case 77 mrad) t o  the  c.m. frame depends on the  velocity of the 

par t ic le ,  the production angle a t  low values of p i  f o r  protons and ant i -  

protons is d i f f e ren t  from tha t  of pions measured a t  the same spectrometer 

se t t ing .  The production angles f o r  protons and anti-protons f o r  p l  = 0.77, 

1.16, 2.31, and 3.08 GeV a re  125O, 106", 9g0, and 93", respectively, a t  300 

GeV, while the respective pion angles a re  a l l  89". Not knowing how t o  correc t  

f o r  this, we only warn the reader. 

In Table IV we present the r a t i o  of cross sections f o r  p / 2 ( f i / ~ - )  f o r  

200, 300, and 400 GeV protons incident on hydrogen and 400 GeV protons incident 
+ + on deuterium. The corresponding data for  the  r a t i o  K /T (K-/T-) a re  l i s t e d  

in  Table V. Figure 6 shows the r a t ios  p /a  and K/rr versus pl f o r  p-p co l l i s ions  

a t  the three incident proton energies. 

Figures 7 ,  8, 9 and 10 compare our 300 GeV data w i t h  those of the Bri t ish-  
IS 

Scandinavian Collaboration obtained a t  the same energy ( K  = 23.4 GeV) and a t  

90" i n  the c.m. There is  good agreement fo r  the K/T r a t ios .  However, our p / ~  + 



data are -20% below theirs and the P/T- ratios are lower by a factor of -2 

(see Figs. g and 10 for a comparison). We note that i n  our data the largest 

correction t o  the b/a- rat i  0, the differential nuclear absorption correction, 

i s  less than 10%; however, the production angle i s  backward in the c.m. a t  

low p1. 

If a t  h igh  transverse momentum the invariant cross sections for a11 types 

of hadrons factor into a power of pl and a function of the scaling variable 

x1 = 2pl/k (i.e., ~d'crld'p = f(xl)/pl), so should the ratios p / ~ + ,  T ,  and 
b $/a" Using f(xl) = (1-xl) , a  least squares f i t  i n  the region xl> 0.35 gives 

the La1 ues. for n and b presented i n  Table VI. The errors again have been 

increased as described i n  Section 111. 

These values for n and b correspond to the differences between the proton 

(or kaon) powers and those of the pion of the same charge. They are i n  good 
2 16 

agreement w i t h  the predictions of the CIM and of dimensional counting. 

Figure 11 i l lustrates the scaling properties of these ratios. 

Tables VII and VIII present the cross sections for K, p and i production 

i n  p-p and p-d collisions derived from the particle ratios and the pion cross 

sections of Table I .  A naive estimate of the p-"n" cross sections and 

particle ratios can be made from these data. 

V. HADRON PRODUCTION IN COLLISIONS OF 200, 300 and 

400 GeV PROTONS WITH Be, T i ,  and W TARGETS. 

The original intention in our earlier work i n  having three nuclear targets 

with a wide range of atomic weight ( A )  was t o  be able t o  extrapolate t o  A = l .  

We f e l t ,  naively, that f o r  the "hardN collisions only a single nucleon i n  the 

nucleus would be involved. I t  was therefore a surprise when we found that 



a1 though the cross sections d i d  extrapolate as  A', the power u is a function 

of pl and fo r  a l l  part icle types grows to  be greater than 1.0 a t  large pl, $ ¶ 

implying that  more than one nucleon is involved. This work has been verified 
17 ,18  

by other experiments, and similar behavior has been observed for  
1 8  

d i  hadron sys tems . 
Among the possible explanations of these effects  are a change i n  the 

19 
single nucleon "sea," a change i n  the c.m. energy due to  h i t t ing  a "tube" 

2 0 
of nucleons (coherent tube model ), and multiple scattering of bare quarks 

2 1 
i n  the nucleus. So f a r  however, i t  has been a f i e ld  i n  which experiment 

1 eads theory. 

The data we present here on the power law dependence i n  A of the cross 

sections taken w i t h  the t h i n  nuclear targets,  agree well w i t h  our own 

previously published data. These new data, however, include data on a 

deuterium target ,  which increase the lever arm i n  A and t h u s  improve the 

accuracy i n  a. The hydrogen points have not been included i n  the f i t s  since 

the 2 points clearly l i e  above and the a- points l i e  below the extrapolation 

t o  A = l .  

The invariant cross sections per nucleus for  the production of 2 (upper 

l ines)  and n- (lower 1 ines) are presented i n  Table IX for  Be, T i ,  and W targets. 

Due to  limitations on data taking time a t  200 and 300 GeV/c, we were not able 

t o  take as many data points as a t  400 GeV/c. 

Figure 12 shows a typical log-log p l o t  of the cross sections f o r  K- 

production per nucleus, normalized t o  a W nucleus, versus atomic weight, One 

can see that the four complex nuclei are f i t  very well by the power law fom 

A'; the point for hydrogen (a nucleus w i t h  no neutron content) does not l i e  on 
+ the f i t t ed  line. The values of a versus p l  for  rr and a- are presented i n  

Table X, and are shown i n  Fig. 13. 



The part icle rat ios p / r  and K/T for  these three nuclear targets  are 

presented i n  Table XI and Table XII, respectively. As an example, Fig. 14 

shows the i/n- ra t io  as a function of P l  for the HL, Be, and W targets.  
+ + + The part icle rat ios K /n , K-/T-, p/n , and i/n- also show a strong power 

law A dependence. These rat ios for  the four nuclear targets a t  p1=3.85 GeV/c 
+ + are  shown i n  Fig.  15. The exponent i n  the power law behavior of the K /IT 

ra t io ,  for  instance i s the difference ak (p l )  -an+(pl). As examples, the 

values of the aK-a, differences a t  400 GeV/c and the a a differences a t  
P- s 

300 GeU/c are shown i n  Figs. 16 and 17, respectively. These differences a re  

presented i n  Table X. The value of aK+-aIT+ i s  consistent w i t h  being f l a t  

a t  large pl,  but the other part icle types show a much stronger A dependence 

than that  f o r  pions a t  large pl. The values fora;, a,-, aK+, OK-, a , and a- 
P P 

are shown i n  Fig. 18. 

L i t t l e  energy dependence i n  a is seen. In Fig. 19 the value fo r  a f o r  

each part icle type is plotted versus beam energy for  three values of pl; 

0.77 GeV/c, 3.08 GeV/c, and 4.62 GeV/c. 

In the analysis of Ref 5, lacking hydrogen data we extrapolated the 

nuclear target  data t o  A=l . These extrapolations were then used to  extract  

the energy dependence parameter n i n  the expression for  the cross section 
I Ed30/d3p = 7 f(xl). For IT- production a value of n = 10.8 + 0.4 was 
PI 

found, i n  disagreement w i t h  the value of n = 8.5.t.5 reported here using the 

hydrogen target.  I f  we now extrapolate the above nuclear data t o  A=l i n  the 

same way as i n  Ref. 5,  we find n = 8.720.5, i n  agreement w i t h  the hydrogen 

data. 



Extensive reanalysis of our previous results  indicates that  the most 

l ikely reason fo r  the discrepancy was an e r ror  i n  the relat ive normalization 

of the runs a t  the three different energies (a 20% er ror  i n  the normalization 

between the 200 and 400 GeV data wou1 d account fo r  the discrepancy) . In the 

present data the relative normalization i s  much more rel iable fo r  the following 

reasons: (1) the transverse dimensions of the targets were large compared to 

the beam s ize  so tha t  a l l  the beam monitored by the secondary emission monitor 

s t r ikes  the target.  (2) The targets  were t h i n  so that  a l l  the produced part icles 

exited from the downstream face of the target.  (3) The data a t  200 and 300 

GeV were taken simultaneously, the Fermilab accelerator del ivering both 200 

and 300 GeV protons during the same acceleration cycle. 

VI . CONCLUSIONS 

We have measured the invariant cross sections a t  = 90° for  the 

production of n+, n-, K', K-, p and b's for  0.77 -< p l  6.9 GeV/c. The incident 

beam was 200, 300, and 400 GeV protons incident on H,, D,, Be, T i  and W targets. 

The main conclusions are: 

1. The invariant cross sections i n  p-p collisions scale versus xlfor 
1 b 

XI > .35, and are f i t  we1 1 by the form 7 (I-xl) . The values of n and b 
P l  a. 

L 

are i n  good agreement w i t h  the predictions of the CIM model. In particular 

the value of n fo r  proton production i s  different  from that  for  the other particles. 

2. The rat io of T* t o  ri produced i n  p-p collisions is observed to  grow 

to  be much larger than one a t  large xl ,  and i s  observed to  scale w i t h  energy. 
1 3  

I t  agrees w i t h  QCD predictions of Feynman, Field and Fox. Proton-neutron 

cross sections for  the production of the above charged hadrons have been 

derived from p-d and p-p data, and the / ra t io  i s  close to  one as expected. 

3. Data from deuterium, beryllium, titanium, and tungsten targets  confirm 

and extend our previous measurements of the atomic weight dependence. 
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FIGURE CAPTIONS 

FIG. 1. The spectrometer. 

FIG. 2. The invar ian t  cross sect ion Ed3a/d3p f o r  the production o f  a- versus 

p l  f o r  200, 300 and 400 GeV proton-proton co l l i s i ons .  

+ 
FIG. 3. The scal ing propert ies of the a and IT- cross sections versus 

x1 = 2p1/& The cross sections have been mu1 t i p 1  i e d  by where n i s  the 

best f i t  value. The s o l i d  l i n e  i s  the f i t t e d  parametrization. The f it i s  

over the region x l  > .35. 

FIG. 4. A global p l o t  o f  l i nes  o f  constant cross sect ion derived from I S R  

and Fermilab high energy data on so and (a' + n-)/2 cross sections near 90°. 

The s o l i d . l i n e s  approximate the f i t s  t o  our data, and have n = 8.4 and 

b = 9.45. The dashed l i n e s  are the f i t  o f  Ref. 12. 

FIG. 5. The r a t i o  o f  a+ t o  f production versus x l  f o r  200, 300, and 400 

GeV inc ident  protons. The l e f t  hand p l o t  i s  fo r  p-p co l l i s i ons ;  the r i g h t  

hand f o r  p-"n" co l l i s ions .  The dashed l i n e  i s  the Feynman-Field-Fox QCD 

predic t ion o f  Ref. 13 f o r  6 = 19.4 GeV/c2. 

FIG. 6. The p a r t i c l e  r a t i o s  p / ~  and K/T versus p l  f o r  200, 300 and 400 

GeV p-p c o l l  is ions. 

+ + 
FIG. 7. A comparison o f  the K /IT r a t i o  versus p l  wi th  the B-S 

Collaboration (Ref. 15) a t  6 = 23.4 GeV/c2. 



FIG. 8. A comparison of the K-/n- ra t io  versus pL w i t h  the B-S 

Collaboration (Ref. 15) a t  JF = 23.4 GeV/c2. 

f FIG. 9. A comparison of the p / ~  rat io versus pl w i t h  the B-S 

Collaboration (Ref. 15) a t  5 = 23.4 GeV/c2. 

FIG. 10. A comparison o f  the G/n- ra t io  versus pl w i t h  the B-S 

Collaboration (Ref. 15) a t  & = 23.4 GeV/c2. 

FIG. 11. The scal i n g  properties of the K/T and p/n par t ic le  production 

rat ios i n  200, 300, and 400 GeV p-p collisions. The sol id 1 ine indicates 

the best f i t  for  x l  2 0.35. 

FIG. 12. A plot of the ra t io  of the cross section fo r  the production of 

n- per nucleus fo r  H 2 ,  D2,  Be, T i ,  and W targets ,  normalized t o  the W yield, 

plotted versus the atomic weight.  The sol id l ine is the power law f i t  of 

the form ~ ~ ( ~ 1 ) .  The f i t  is only t o  the four complex nucleus data points. 

FIG. 13. The value of the power a i n  the f i t  Aa versus pl fo r  ? and n- 

production on DP, Be, Ti, and W nuclei a t  fi = 27.4 GeV. The 1 ines, which 
+ are identical for  n and n-, are  drawn t o  guide the eye. 

+ 
FIG. 14. The p/a and b/a- ratios as a function of pl fo r  p-p, p-Be, and 

p-W targets.  One can see the s t rong A dependence a t  large pl. 



FIG. 15. A p l o t  o f  the p a r t i c l e  r a t i o s  versus atomic weight A a t  a pl o f  

3.85 GeV/c. The l i nes  are f i t s  o f  the form A A ~ ( P  ) 

FIG. 16. The value o f  t he  differences aK - a, derived from the p a r t i c l e  

r a t i o s  versus pl a t  400 GeV/c. The l i n e s  are drawn t o  guide the eye. 

FIG. 17. The value o f  the di f ferences a - an derived from the p a r t i c l e  
P 

r a t i o s  versus p l  a t  300 GeV/c. The l i nes  are drawn t o  guide the eye. 

FIG. 18; The power a of the A dependence of the invar ian t  cross sect ion 
- 

versus pl f o r  the production o f  hadrons by 400 GeV protons; (a) n', (b) n , 

(c) K', (d) K-, (e) p, and ( f )  i .  Unless indicated, the er ro rs  are smaller 

than o r  equal t o  the s ize o f  the points.  

FIG. 19. The energy dependence of the power a of the A dependence of the 

invar ian t  cross sect ion f o r  the production o f  hadrons by protons. The points  

w i th  open c i r c l e s  are f o r  p l  = 0.77 GeV/c, w i t h  closed c i r c l e s  f o r  pl = 3.08 

GeV/c, and open squares fo r  p l  = 4.62 GeV/c; (a) n', (b) n-, (c )  K', 

(d) K ,  (e) p, ( f )  . Unless indicated, the er ro rs  are smaller than o r  equal 

t o  the s ize o f  the points.  
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TABLE I V  
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p-d 
400 GeV 

0.21 2 0.01 
0.075 k 0.003 

0.37 + 0.01 
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0.091 + 0.005 
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