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ABSTRACT 

We present a phenomenological "first look" at new Fermilab inclusive 

data on large P~.lfO production in pp and If+P collisions at e ~ 90 0 
• Pre

cm 

dictions are made using a simple model in which particles are produced at 

large transverse momentum by a single, hard, large-angle scattering between 

0+0quarks (q + q -+ q + q). In this model the ratio R = cr(pp -+ If X)/cr(lf P -+ 1T X) 

is determined by the difference in the structure functions of the 

incident proton or pion. This interpretation is consistent with the new 

8 = 90
0 

data and suggests the importance of measuring R at other e values. cm cm 
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1. Introduction. 

One of the most exciting aspects of large transverse momentum 

hadron reactions is the possibility of probing the simplest constituent 

structure and the underlying dynamics of hadronic matter at short dis

tances, ~n the case of deep inelastic lepton scattering z Bjorken scaling 

implies that a finite fraction of a nucleon's momentum is carried by
- "--'-~ Vbx__ .,~_., ~_",_,""•.••,._ 

point like constituents l ,2 (or quarks). Accordingly. in the case of 

h~dronic collisions, one expects that paEticles can be Eroduced at lar~e 

transverse momentum by a single, hard, large-angle scattering involving 
~'.._"'-- . --_._------....,--_. ..... 

these constituents3 
• On the other hand,the fact that large p~ 

==~=;;';--' 

hadronic cross sections are large (do not fall like exp(-6p~)) does not 

in itself verify the constituent nature of hadrons. Other, more conven

tional (strictly hadronic) descriptions have been used to "explain" the 

. . 4 observed product10n cross sect10ns 

One important and exciting way to investigate the constituent (quark) 

nature of hadrons is to compare the large PL invariant cross sections for 

pp ~ TIoX and TI+P ~ TIoX. Constituent quark models predict definite differences 

in these processes due to the differing quark distributi0~s within the proton 

and pion beam and/or due to differing sub-processes. 

In this paper we discuss predictions for the ratio R = cr(pp ~ TIoX)/ 

cr(TI+P ~ TIoX) based on simple constituent quark ideas. These predictions 

are compared with preliminary data from Fermilab Experiment #268, obtained 

at e = 90 0 and PI b = 100 and 200 GeV/c. Many of the points presented in cm a 

this paper do not depend on the detailed mechanism assumed for the interactions 

between quarks but merely upon the hypothesis that it is the interaction 

between constituents that is responsible for l~rge ~ hadronic production. 

In addition we stress the importance of acquiring data at angles other than 
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II. Formalism, 

All of the constituent or "hard-scattering" models which have been 

proposed to describe the hadronic process A + B +� C + Xat l~rge transverse 

momentum have the common underlying structure illustrated in Fig. 1. In 

the hard-scattering models the large transverse monlentum reaction is 

assumed to occur as the result of a single large angle scattering 

a + b + c + d of constituents a and b t followed in general by the decay 

5 or fragmentation of c into the observed particle� C Particular models 

differ in the choice of the basic interaction dO/dt (s,t; a + b + C + d). 

For quark-quark scattering this interaction is of course q + q + q + q, 

where q is a quark (Fig. 2) 2,6 In the constituent interchange model] 

(CIM) t the underlying large angle reaction involves quark-hadron scattering 

(e.g.� q + TI + q + TI). In the multiperipheral type monels, the large angle� 

8� process involves only hadrons (e.g. TI + TI + TI + TI) • 

The calculation of the cross-section corresponding to Fig. 1 has the 

following form: 

3E dO/d p (stt,u; A + B + C + X) ~ 

GA (x) GB b(~) H C(x) 1+a a + b c+ C 
x' [ TI1 d;'" (8 ~ t; a + b + c + d) ~ 

c dt 

(2.1) 

where 

t x 
c 

~ 
u ~ - u (2.2)x 

c 
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In addition, s + t + u '\t.. m 
2 -- O'lmpI'les 

t u x� , with x
c 2 s� 

1 1 I I�
Also note that x 2 = 2" xL tan "2 e and Xl = "2 xJ.. cot "2 e, where e is the 

9center of mass scattering angle • Here G (x) etc. is the probability
A-+a a 

for the constituent or fragment a to have fractional longitudinal momentum 

x in a frame where IPAI -+ 00. For the case where a is a quark the Bjorkena 

scaling function v W2 (x) is 

2 
v ~	 (x) = I e x GA (x) (2.3) 

q ~ 

q 

where x = -Q2/2mv • 

(i)� Power Counting. 

Assuming that the differential cross section for a + b -+ c + d 

behaves like a power at large s, t; namely, 

... 

d~ (s,t; a + b -+ c + d) ~ ~N f(~l (2.4) 
dt s sl 

then (2.1) yields a cross section of the asymptotic form 

~-

·-N
3� f 2E dcr/d p (s,t,u; A + B -+ C + X) ~ [I e (pl..2 + M ) I ( e)xJ.'� cm' rbC 

-:----------- (2.5)
where e = 1 - x J.. 

and the "forbiddeness" f is given by 

(2.6)� 
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with 
f� 

G (x) ~ (1 - x ) a�A+a a a 

f 
G ~(x ) ~ (1 - x ) c 

c c (2.7)c~ 

Thus a~-=-~xed x.L an~_~CllL:~_:__~~':E~:~~:.nc~~,, __t.he.~~~~:1~.~~_~~~.~,~~.:tion 
" " is governed by the £~~~r_.~~t=~~ence (2.4) of da/dt(a + b + c + d), whereas---....... _~ .. ,.-....,..,..,-,~-' .....,.----_..--_....-.. ------~ 

at fixed P.L and a the E dependence is governed by the distribution _ cm 
)(..L ,9c._ - ~~ alIt' b...f.Lfunctions (2.7).- (~1 r·) , 1'+' ,'''',-tf;(ii) Quark-quark Scattering. -p..\.., et-~ &.t.. "'- ~""""~ 

("cJ-3--1 )(.A-)� 
In the most naive case the differential cross'section for quar -quark� 

elastic scattering (Fig. 2b) is given by 

do ,})2 "2 "2 ~2"2 
~ (s,t; qq + qq) 21T (fIT (s + u ) / (s t ) , (2.8) 

dt 

where we have assumed the exchange of a single vector-g1uon with coupling 

2 ~2 ~ ~ 

strength g /4TI. This cross-section behaves like l/s for large s,t, which 

results [(2.4) and (2.5)] in an invariant cross section which behaves like 

1/p1 for fixed x..L and 8 ' cm 

Existing data from both FNAL and ISR clearly rule out the presence of 

such a term as the dominant mechanism for large Pi production
10 

• We are 

thus left with the following alternatives. 

1. We can abandon quark-quark scattering (arbitrarily ignore it) as� 

the dominant mechanism and look for other basic interactions like� 

qTI + qTI or q(qq) + TIN* which result in cross section behavior in more� 

llagreement with data , but which are not as esthetically pleasing. 

2. We can take the viewpoint that quark-quark scattering is indeed� 

the important mechanism for large PL hadronic scattering but that the� 
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4
above calculations which led to l/PL behavior were simply too 

naive. Perhaps the fragmentation of a quark into a pion ("dressing 

the quark") is more complicated than the distribution H o(x)
q+'IT 

12
indicates (it may contain non-scaling pieces ) or perhaps the 

basic quark-quark scattering dO/dt is not as simple as (2.8). The 

"effective" coupling constants g2 /4n of the gluon may depend on the 

A A 13 
scattering variables sand/or t in some way . 

In this paper we adopt the second viewpoint and "doctor up" the quark-

quark interaction do/dt (s,t; q + q ~ q + q) to yield the observed 

1/~~2 behavior seen at FNAL14 • Many of our results will not depend 

greatly on the details of how one modifies the quark-quark interaction 

but instead depend on the more general hypothesis that quark-quark scattering 

is indeed the important mechanism. In particular the ratio R will now be 

simply a consequence of the difference in the structure functions for the 

pion and proton beam. In Sec. IV we discuss briefly the results of other 

approaches. 

(iii) Quark Distributions G (x), G (x). 
p~q 1T~q 

The quark distributions within a proton are fairly well known from the 

deep inelastic electron proton l'VW.~ (~}) and electron neutron (vWi (x» scattering 

structure functton~. from (2.3} we haye 

(2.9a) 

VW;Cx) = ~ x [dP(X) + (lp(X)] + ~ x [uPCX) + Up(X)] + t x [sp(X) + SPCX)} (2. 9b) 

Data on the structure functions, together with neutrino nucleon scattering 

results that imply very little momentum carried by anti-quarks or strange 

quarks within the proton, leads to the quark distributions shown in Fig. 3a15 

CuP(x) = number of up quarks inside a proton with fractional momentum between 
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x and x + dx; dP(~) = number of down quarks ••. etc.). The distributions 

xup(x) and xdP(x) shown in Fig. Za behave like (1 - x)3 near x = 1 and 

xup(x) = xdP(x) = 0.15 at x = O. In addition the total fraction of 

momentum (area under curve) carried by charged quarks within the 

proton is 55%. 

Unfortunately the pion structure function is not known 

and thus the behavior of the quark distributions within a pion are open 

to some speculation. The most naive use of dimensional counting plus 

the Drell-Yan relation between the inelastic structure function VWZ(x) 

TI+ 16
and the pion form factor yields VW (x) ~ (1 - x) for x + 1 • FeynmanZ 

has pointed out that this result in fact neglects the fact that the pion 

has spin 0 and the quark has spin 1/2. This mismatch in the spins (which 

does not occur for the spin l/Z proton) results in a piNl structure function 

which behaves like vw;+(X) ~ constant as x + 117. For completeness we 

18consider both possibilities as shown in Fig. 3b and 3c • In both cases 

the quark distributions are normalized so that the total fraction of momentum 

carried by the quarks is similar to that for the proton (about 50%). In 

19addition the behavior at x = 0 is related viaRegge behavior (Pomeron exchange) 

to total cross sections by 

+ 
xup(x)/xu

TI 
(x) x;o+ 0tot(PP)/Otot(TIp) ~ 3/2. (2.10) 

III. Results. 

0+0Figures 4 and 5 show the preliminary data onR = o(pp + TI X)/o(TI P + TI X) 

o90 and Plab = 100 and ZOO GeV/c, respectively. At small 

PL the ratio is roughly given by 0tot(pp)/Otot(TI+p) ~ 1.5. As p~ increases 

the data at 100 and ZOO GeV/c show somewhat different behavior. At ZOO GeV/c 

the ratio I{ decreases slightly never falling much below one. At 100 GeV/c, 

on the other hand, R decreases more rapidly yielding a value ~ 0.4 at PL= 3.0 GeV/c. 



7. 
The quark-quark scattering picture predicts that. at fixed esm the 

r~io R is a universal fun~I!. of. x± (or ~) independent of Pinb. In 
3 n+ 

fact power counting (Sec. II) yields R ~ (1- xl! for xu (x) ~ constant 

? + 
~ -� the data for theand R ~ (1 - xJ!- for xu

n 
(x) (1 x). Fig. 6 shows 

two energies plotted versus xL compared with the universal curve predicted 

from the quark-quark scattering model (for the solid curve we took 
+� n+ 

nxu (x) ~ 0.25 as in Fig. 3b and the dashed curve represents xu (x) ~ (1 - x) 

as in Fig. 3c). The data do behave qualitatively like the solid curve 

0.220.although there appears to be some scale breaking near x~ = It must 

be remembered that x = 0.2 at p b = 100 GeV/c corresponds to a PI value
.L la .L-

of only 1. 3 GeV /c where there is undoubtedly some normal "hadronic 

background" (non-quark-quark scattering events). 

This qualitative success of the simple quark-quark scattering approach 

is indeed intriguing and warrants further investigation. P.articularly interesting 

quantities to investigate are the average values <Xi> of x's involved 

in the quark-quark scattering process shown in Fig. 2. Fig. 7� shows these mean� 

n+�
values calculated from the quark-quark scattering model with xu (x) as 

in Fig. 3b. Clearly at a given PL <x > is closer to one for P = 100 GeV/c a lab� 

than 200 GeV/c (actually at fixed 6 <x > is a function of Xi only). This� cm a� 

results in the predicted R being different at a given P.L for Plab = 100 and� 

200 GeV/c. As we probe the beam closer to <x > equal to one we see more and� 
a� 

more TIo,S being produced by the TI+ relative to the proton beam due to the� 

different quark distributions shown in Fig. 3d. Unfortunately even at Pi = 3.0 

GeV/c and P1ab = 100 GeV/c the average value <x > is only about 1/2. We a� 

would of course like to probe the beam more thoroughly (closer to <x > 1).�
a� 

This can be accomplished by going to higher PL values _~ by going to a� 

different e value. At e = 900 <x > = <~ >; however at e .� = 300 
em cm a b . CJll 

Plab = 200 GeV/c, for example, <xa> is considerably greate~ than <x
b
>. At 

PI 3.0 GeV/c, PI b = 200 GeV/c and e = 300 Fig. 7 shows that <x > ~ 0.8! .. a cm a� 

This results in the prediction that R ~ 0.04 (see Fig. 8) at this p , P� 
.1. lab� 

and e value.� cm 
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At any fixed 8 the quark-quark scattering model predicts that R 
cm 

is a function of only xi(or ~). Fig. 9 shows thepr~dictions at 8cm = 90
0 

and 300 together with the ranges covered for data taken with 0.5 ~ PL S 4 GeV/c 

o 0� / 0and� Plab = 200 GeV/c, Scm = 90 and 30 ; and Plab = InO GeV c, 8 = 90 .cm 

Clearly data at 8 = 300 is crucial in verifying the high x tail of the 
cm R 

predicted R. 

IV.� Summary and Conclusions. 

We make the following comments and conclusions: 

1.� The simple q + q + q + q scattering picture shown in Fig. 2a 

predicts that the ratio R is only a function of xJL at fixed 8 ' If cm 

instead the basic constituent scattering process is' not q + q + q + q 

but something more complicated like, for example, q + p + q + B* (~nd 

q + ~+ + q + ~*) then pp + ~ox and ~+p + tOX would have different Pl 

dependences (at fixed x" 8 ).
-'-� cm 

~-'--. - -. - -•..- 
2. The experimental values of R shown in Fig. 6 rule out the 

possibility that anti-quarks within the proton play an important 

role� at these energies. Terms like -qq + ~ 
0 
~ 

0 result in many more 

~o's	 being produced by the ~+ beam than by the proton beam (see 

Fig.� 6). Anti-quarks carry a much greater fraction of the momentum 

+in the ~ than in the proton (see the distributions in Fig. 3). 

3.� In the q + q + q + q scattering picture the vaLue of R ~ 1.5 

seen at small XL (Fig. 6) is a natural consequence of (2.10). The 

pion and proton structure functions are assumed to have Regge behavior19 

near x = 0 and are related at x = 0 by crtot(pp)/crtot(~+p) ~ 1.5. Once 

other terms with different structure functions are allowed this behavior 

might not be as natural. 

4. It must be remembered that we did not perform any fitting to the 

data in this paper. The predictions made are natural consequences of 

a q + q + q + q scattering picture. The pion structure function and/or 
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the modifications of do/dt could be varied slightly to make 

agreement with the data perfect. 

5. Independent of whether or not the simple quark-quark scattering 

picture is correct the kinematics shown in Fig. 7 indicate that it 

is crucial to measure R at smaller e values in order to probe the cm� 

beam closer to <x > = 1.� 
a 
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o�hadrons containing one 'IT with momentum fraction x is in general
c� 
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that the behavior near "thresholdll x = 1 of the probability that a'c ' 
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of the probability that the same hadron is one hard quark (+wee quarks). 

In fact, since the calculations are sensitive to H (x) only near x = 1 
q~~ c c 
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c 
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2
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This cross section is related via the optical theorem to the imaginary 

part of the virtual photon proton elastic amplitude. In the scaling region 
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virtual photon proton elastic scattering amplitude. Ass~ing Pomeron 
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2 ,v) 

and hence the quark distributions (2.9) are in general functions of 

2� 2both� Q and v. Only when Q and v are large does one expect scaling 

(i.e.� vW (x». Perhaps the quark distributions have a slight dependence2

on the proton momentum (i.e. Plab) and that the small scale breaking seen 

in the data will dissappear with increasing energy. 
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Figure Captions 

Fig. 1:� Illustration of the common underlying structure of 

constituent or "hard-scattering" models. The large 

transverse momentum reaction A + B ~ C + X is assumed 

to occur as a result of a single large angle scattering 

a + b ~ c + d of constituents a and b, followed in general 

by the decay or fragmentation of c into the. observed particle 

C. 

Fig.� 2: 

(a) Illustration of the quark-quark scattering model for 
+op(w+) + P ~	 W + X, where up,w (x ) is the probability

a 

for the quark q (up quark) to have fractional longitudinal 

+momentum x of the beam (proton or w ).a 

(b) Illustration of the gluon exchange mechanism for producing 

" large angle qq ~ qq scattering dcr!dt(s,t). 

Fig. 3: 

(a)� The quark distributions xup(x) , xdP(x) and the anti-qIJark� 

distribution xup(x) within a proton, where u = up quarks,� 

d = down quarks, and u= anti-quarks (taken from Ref. 15).� 
.� + + 

(b)� The quark distributions xuw (x) = xCiw (x) within a w+, where 

+ 
it is assumed that vw; (x) ~ 0.25 for x ~ 1.� 

11+� 
Cc)� Same as (b) but vw (x) ~ (1 - x) for x ~ 1 (taken from Ref. 15).Z 

Cd) Comparison of the quark distributions for a proton (xup(x) + xdP(x»!2 

+� w+ -w+ 
and a w (xu (x) = xd (x) ) • 

Fig. 4: The ratio R of the 100 GeV/c invariant cross sections at 90
0 

for 

0+0PP ~ w X and w p ~ w X, plotted as a function of Pol' The data are pre

liminary results from Fermi1ab Experiment #268 (BNL!LBL!CIT collaboration). 
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Fig. 5: 'The ratio R of the 200 GeV/c invariant cross sections at 90 0 for 

a + app + TI X and TI p + TI X, plotted as a function of p~. The data are pre

liminary results from Fermilab Experiment 11268 (BNL/LBL/CIT collaboration). 

0+0� 0Fig. 6:� Shows the ratio R = o(pp + TI X)/o(n p + TI X) at e • 90 plottedcm 

versus ~, together with the predictions of the quark-quark 

+scattering model (Fig. 2a), where the TI structure function is 

n
assumed to� behave like vW2(x) ~ 0.25 (Fig. 3b, solid curve) 

TI+ 
and like vW2 (x) ~ (1 - x) (Fig. 3c, dashed curve). These models 

predict that R is a function of only x, at fixed e . Also 
-L. cm 

shown (dotted curve) is the predicted R for anti-quark-quark 

scattering,� where the proton anti-quark distribution is 

shown in Fig. 3a and xdTI+ 
(x) ~ 0.25 as in Fig. 3b. 

Fig. 7: 

(a) Shows� the mean value <x > of the proton and TIt beam at e = 900
,a cm 

= 100 GeV/c versus ~ . Note that at Scm ~ 90
0 

<x > : <~>.P1ab a 

The error bars correspond to the calculated root-mean-square devi

ations of x • 
a 

(b) Similar to (a) but for Plab = 200 GeV/c. 

(c) Similar to (a) but f~r Plab = 200 GeV/c and A = 30°. Notice cm 

that <x >b no longer equals <~)t and that for a gi~en Pol a eam 'b arget� 

,one is probing <x > closer to one than at 900 
•� 

a 

(d) Shows� the mean value <x > = <p olp k> of the observed nO c 1T quar 
oat 100 GeV/c, 6cm = 90 versus Pi' In contrast to <xa> thi~ 

quanti.ty is very close to one. At P1.. ;::: 2.0 GeV/c the observed 

1T
O is carrying 90% of the momentum of the quark from which it 

came. 
. 0 + 0

Fig. 8:� Predictions for the ratio R;::: o(PP + TI X)/a(TI p + '11' X) versus 

Pi from the quark-quark scattering model show~' in Fig. 2a and 
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'IT
where we have assumed vWZ(X) ~ 0.Z5 as shown in Fig. 3b. 

Notice the rapid variation of R with center of mass scattering 

angle e . em 
0+0Fig. 9 : Shows the predicted values for R = a(pp ~ 'IT X)/a('IT p ~ 'IT X) at 

0 Z 2 2
8 90 and 8 = 30° versus ~ (~ = xl. + xII) from the em em 

quark-quark scattering model shown in Fig. 2a and where we 
+ 

have assumed vW
'IT 

Z (x) ~ 0.Z5 as shown in Fig. 3b. The model 

predicts that R is a function of only ~ at fixed Scm' Also 

shown are the kinematic ranges covered by experiments with 

0
0.5 ~ p ~ 4.0 GeV/c and (i) Plab • 100 GeV/c, acm • 90 ; 

0
(ii) Plab = 200 GeV/e, 8em = 90 ; (iii) Plab "" ZOO GeYIc, 

a = 30°. cm 
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