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ABSTRACT
Consistent values for the fundamental dimensional coupling con-
stants of hadrons to their valence quarks are determined from large
momentum transfer elastic scattering, photoproduction, form factors,
and momentum distributions. We then show that the constituent inter-~
change model hard scattering subprocesses Mqg-—Mq and Bg— Bq (and
their crossing variants) are of sufficient magnitude to account for the
" normalization as well as the kinematic behavior in P angle, and s
' of single particle large transverse momentum inclusive cross sections.
The cross-over point where pT'4 scale~invariant qq — qq and gluon terms
may dominate the cross section is computed. Jet cross sections and
charge correlations are also discussed.. We also give analytic formulae
for inclusive cross sections in general hard scattering models. Spectator
and dimensional counting rules are given which determine the scaling be-

: 2
- havior in P € =M /s, and Ocm.



I. INTRODUCTION
In the last few years the phenomena of high transverse momentum physics
have become an important tool in unravelling the internal structure and basic
interaction mechanisms of hadrons. At the quark level, two competing mechanisms
have been intensively studied: quark-quark scattering and constituent interchange
mechanisms involving quark-hadron vertices only, such as qM —-gM. Both mech-

anisms are capable of producing particles at high transverse momentum. The

2
'90° inclusive cross sections are predicted to be of the form (e =5 = 1-xT)
(-4 F
Prp Qq — qq
do -8 F! qM — qM
E—35~< Pp € qd — MM
dp
-12 F* qgqB —gB
L Pp € qq — BB

if one assumes an underlying scale invariant theory. For P smaller than 8
GeV/c, the Fermilabl’ 2 and ISR3’ 4 data indicate that the pT_4 behavior is not B
present, wherea.s, the pT-8 behavior and values of F! predicted by the constit-
uent interchange model (CIM) appear to describe the cross sections for meson
production. (For example, the quoted fit to the Chicago-Princeton datal for
pp—n+Xat 9 o = 90° gives pT--S' 2 eg' 0; the CIM prediction is pT_Bég

from quark-meson scattering.) The first discussions of inclusive production of
mesons at large transverse momentum were given by Berman and Jacob, and
Berman, Bjorken, and Kogut5 who argued that scaling in electromagnetic proc-
esses must lead eventually to scale-invariant pT_4 behavior at fixed X The
CIM model, 6,7 on the other hand, was developed in order to explain exclusive

scattering at low energies. When applied to inclusive scattering, it predicts

that the numerically dominant terms from quark-meson scattering should behave



as p_,;,g . This result was based on a fundamental scale invariant quark-quark
interaction which will eventually produce a pTI‘,L behavior unless it is very strongly
suppressed. In this paper, we shall reconcile these mechanisms by studying the
relative normalizations of CIM diagrams and the quark-quark-gluon contributions.

The absence of p-,I“L terms in the meson yields has led quark scattering ad-
vocates to consider two modifications to the scale-invariant qq —~qq cross section,
chosen so as to yield approximate 1/ p,Sr behavior. One approach is to assume
scale-breaking in the structure functions and the quark-quark amplitude_. 8 Alter-
natively, scaling can be preserved in the distrii)ution functions, and the quark-
quark cross section can be chosen to fit the data (a la Feynman and Field). 9 These
approaches share several difficulties:

(a) Elastic fixed angle cross sections at large pT cannot be described using

the same basic qq — gq subprocess employed for inclusive predictions (see

ref. 7 for details).

(b) In QCD models the standard value for the gluon coupling constant (ozS~0. 3)

gives a cross section an order of magnitude below the data for Py < 5 GeV.

In the F-F model the quark-quark cross section is fit to the form

do/dt(gq — qq) = C/ st3, where C =~ 6 X 103 GeV4 which seems uncomfortably-

large. We note that the form 1/ st3 or 1/ su3 is exactly that predicted for the

qM — gM subprocess, and is in fact characteristic of spin 1/2 exchange, not

vector exchange.

(¢) Inthe F-F model the p,}lz behavior for proton produc’cion1 is not accounted

for. One can appeal to '"leading particle' effects, but then one is somewhat

embarrassed by having to omit them in estimating meson yields from pion

beams.

(d) In models with quark (or gluon) fragmentation into the observed hadron,



the away side jet is forced to carry transverse momentum of order 20% in

excess of the trigger Py Reconciling this with experiment may require very

large transverse momentum fluctuations in the hadronic wave functions.

(e) Models based on quark-quark scattering generally predict no correlations

between the charge of the trigger particle and the charge of particles in the

away side jet. However, striking correlations for high Pp K and p triggers

have been observed by the British-French-Scandinavian group at the ISR. 10

We also note that there is no theoretical justification of employmg a factorized
form for scale-violations in the AFT type model, and the actual predictions for a
model such as QCD are not known unambiguously.

In principle there could be scale-breaking corrections of the asymptotic free-
dom type to the dimensional counting rules and the CIM forms for the quark-
hadron amplitudes. However, the basic scaling prediction for the proton form
factor t2 Fp(t) — const appears to hold within ~ 5% accuracy for 4 < |tn' < 36
GeVz, suggesting that amplitudes involving color single hadron vertices may not

have strong QCD corrections. 11 Consequently our analysis here will be restricted

to a strictly scale-free theory.

As we shall review here, the dynamical forms and the quark counting predic-
tions based on CIM subprocesses are in good agreement with experiment for all
produced particle types. The uncertainty in the CIM approach has always been
in the absolute magnitude of the various contributions. We will show that the
normalization of the experimental inclusive cross sections is in reasonable agree-
ment with theoretical expectations based on form factors, structure functions,
and 90° elastic scattering measurements at low energies. We shall predict which
subprocesses should dominate production of a given particle in a given kinemat-

ical regime. Our normalizations will be seen to be inherently uncertain by factors



of 2 or 3; however, predictions for certain cross section ratios have much less
uncertainty.
In a purely scale invariant theory, the dominance of the CIM diagrams over

qq — qq contributions in the thoroughly explored experimental regime, < 8

Pp
GeV/c is in fact expected if the conventional value of o < 0.3 is used (see Sec-
tion IX). In part, this is because the trigger hadron can be formed directly in
the hard scattering CIM subprocess. Quark-quark and gluon scattering is pre-
dicted to become dominant for Pr S 8-10 GeV/c and will be an important con-
tribution to jet-trigger experiments at much lower values of O
Briefly, the organization of the paper will be as follows:
Section II. A short summary and catalogue of experimental results for
elastic and inelastic high transverse momentum cross sections and a dis-
cussion of trigger bias will be gi{ren.
Section III. A review of structure functions and related sum rules; general
formulae for elastic and inclusive cross sections; and the various contributing
CIM subprocess forms will be presented. Also coupling constants are pre-
cisely defined.
Section IV. The determination of certain important coupling constants
from elastic scattering measurements is made.
Section V. The determination of the above coupling constgmts from the be-
havior of structure functions is made and their consistency with the results
of Section IV is noted.
Section VI. Inclusive cross sections for a proton beam are described in

detail for many different particle yields. Antiproton beams are briefly

discussed.

Section VII. Inclusive cross sections for a pion beam are discussed.




Section VIII. The Inclusive-Exclusive Connection is examined.

Section IX. Inclusive cross sections based on quark-quark scattering are

computed.

Section X. Jet-Jet Cross Sections are discussed.

Sections XI and XII. A general discussion, a few remarks, and some conclu-

sions are given.

A check of our analytical approximation is made in Appendix A. A detailed
discussion of the definition of the quark-hadron coupling constants and their de-
termination from the asymptotic behavior of the meson and nucleon form factors

is given in Appendix B.

II. CATALOGUE OF EXPERIMENTAL RESULTS
We will parametrize fixed angle (900 center of mass) exclusive two-body

cross sections at large s in the form

Q-alQ-
lg
Il
=
wn

(2.1)
90°

A review of the relevant data is given in reference 7.
We employ throughout the paper pure GeV units. Inclusive large Py CTOSS sec-

1,2

tions at 90° center of mass from FNAL and the ISR3’4 can be fit to the form

(e=1—2pT/1/§ = 1-xq)

g -9 =1ef (2) *p > 02 2.2)

dp o 2 < ppp < 8 GeV/e

Table I summarizes the values for I, N, F, and E, n for the various well-known
cross sections of interest. For N and F we have chosen the nearest integer

values, and then fit the normalization constant I.



Table 1
(GeV Units)

Reaction E n
PP =~ PP 1.2 x 10° 10
p = 1p 2.0 x 10° 8
T p — 7m°n 2.5 x 10 8
Yp — 7r+n 2.6 ><10:l 7

Reaction I N F .
pp —~ 0 x 9,8,7) 4 9
op — K'x 5 4 9
pp — p X 500 6 7
p — °X 3.5 4 7

The reactions pp — K X or p X near 90° are characterized by the following be-
havior

E4Z (pp —K7X)
d p
do

d3p

I

1.0 ¢ (2.3)

+
E (pp — K X)

do =
E—5— (pp—~pX) 1.4+1.3

deU’ ~ 0.3 0-9%2.4 <p2T> ‘ 2.4)
E—3— (pp—pX)
d p

The v/ m° ratio in pp collisions is reported to be as high as 30%. 12 The
wi rP— 7° form quoted in Table I uses the measured ratio 7r+ pP— Wo/pp — 1r0
from Donaldson et al. 2

In the case of the inclus,ive cross section, it is important to establish percent-

age of trigger particles which are "prompt,' as opposed to those which arise



indirectly from a decaying high P resonance or virtual state. This percentage

roughly determined phenomenologically by examining the Xp distribution

(pT)opposite

X -

= , (2.5)
E <pT) trigger

where X Teasures the distribution in transversemomentum of a hadron pro-

duced in the hemisphere opposite the trigger pion. If the trigger = is "prompt"

then the maximum value of Xp is 1, whereas when it is the product of a resonance

(or fragmentation process) then (x > 1—the parent system (and hence the

E)max
balancing away side system) must carry more Pp than the trigger pion. The

da.ta13 appears consistent with a mean value

/(xE)maX> ~ 1.1

Using
1 prompt
(XE)max ~ 1.1 2-body resonance
1.2 3~body resonance

(calculated using the local exponent approach of Ellis et al.), 14 we obtain con-
ditions for the fraction of events that are prompt, 2-, and 3-body:

fp + f2 + f3 =1
and

+1.2f3 = 1.1

fp+ 1. 1f2

Assuming that f2 ~ f

3) We estimate for pions

fp ~ 1/3 . (2.6)

Allowing for transverse momentum fluctuations of the initial participants in the
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high Pr subprocesses results in a slight decrease in fp. This type of ratio
(which is important for the estimate of jet cross sections as discussed in Sec-
tion XI) is expected theoretically if prompt spin 1 mesons (p, K*, ... ) are pro-
duced (with the statistical weight) three times as frequently as prompt pions.

a
This yield is consistent with the experimental ratiol5
p/m ~ 1

if f;; ~ 1/3 and f ’_; ~ 1, which might be expected since the p’s are expected
to be produced indirectly by far fewer low mass resonances. The normaliza-
tion calculations in the CIM will be shown to be consistent with the prompt /total
ratio of the order of 50+ 20% (see Section VI).

The above estimate for fp is for a r trigger. Fewer K's are produced in-
directly (especially by 2-body decay), so we anticipate a somewhat smaller
total/prompt ratio for K's. These ratios can certainly be determined by same-

| side correlation measurements. This will remove the necessity of making such

rough estimates of fp and thus will provide more stringent tests of models.

III. STRUCTURE FUNCTIONS AND CROSS SECTIONS
In this section we will present general formulae applicable to the particular
reactions discussed in later sections. We will use the standard form of the hard
scattering models, where kT integrations have already been performed. 5,7 The
large Py Cross section is then given by a convolution of structure functions
Ga / A(x) and Gb /B(x), with the sum of all contributing hard scattering subpro-
cesses at+b — c+d.

A. Structure Functions

_ We begin by distinguishing between the full probability function Gra / A(x) (for

finding a particle or system, a, with light cone fraction x = (pg+ pz) /(pg+ pi)
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(p}: =0, pi > 0) in particle A) and its valence part GZ/ A(x) arising from the
simplest valence Fock space component (2 or 3) quarks of A. Note that the
a(0)

complete structure function Gra /A has the usual x~ Regge behavior, whereas

the valence components vanish at x — 0. In this paper we define valence quarks to
refer to quarks belonging to the minimal Fock state component, and which give the

leading behavior as x — 1. We refer to the higher Fock components as the sea.
We constrain the G's to satisfy the spectator counting rules6 as x —1 (see

Section XI) and to have a reasonable shape for small x (i.e., some flattening

off in XG). A form (Fig. 1) with these properties which yields simple integrals

in later calculations is

xG_, (x)=(1+g)f , N@/A) @1 fa 4
a/A ) = ( ga) a/A (a/A)(1-x) " x> X,
-1 n Ba A
= (L+g,)f, /5 N@2/A) (1 %) x< &, (3.1)
where
g, = 2n(3A) -1

and n(a A) is the minimum number of quarks in the spectator system.

We emphasize that the form (3.1) is only to be used in integrands and does not repre-

sent the true shape of the structure functions. The quantity fa JA is the fraction of-

total momentum carried by a in A

1
ta/a zf dx xG, /(%) , (3.2)
0
and
Py ga A -1
N(a/A) = |1 - ) (+g, xa)J (3.3)

As an example, reasonable values for u or d quarks in a proton are g, = 3 and

Qa = 0.25. N(a/A) adjusts for the shape dependence of the structure function

relative to a pure (1 -x) power and approaches 1 as }A{a — 0. Throughout the

paper if '"a" refers to a guark, it will be a quark of a given color. By way of
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reference, the distributions measured in deep inelastic electron scattering are

color sums

sz(x)=Z % xGu/p(x)+

colors
= 3 o —4_ G. ( +
g X u/px)

For simplicity, we take Gru /pcc G a/p’ but different distributions could be as-
15b
sumed.

We will give general formulae for inclusive cross sections in terms of the
parametrization (3. 1); to give absolutely normalized numerical results we
adopt the set of "standard' values given in Table II. Again we emphasize that
these values are to be used with the simplified form (3.1) inside integrals; the
parameters are chosen to yield reasonable integral properties consistent with

usual structure functions. These are taken from experiment when possible and

otherwise estimated in Section V by utilizing the convolution formula

1
9
dz .V |
Gg /A (%) =Z J £ G (’E‘)GH/A () . (3.4)
n
X

Note that to avoid double counting one of the Gr'st must be "“irreducible,'" i.e., a
valence distribution function, and the sum, Z , 18 restricted to non-overlapping
intermediate particle states (n) having no quarks in common. A simple integra-

tion yields

)
- v
fa/A h ~ fa/n f.n/a (3-9)
The value of §\<a in (3.1) which controls the flattening of xG(x) is in general ex-
pected to be less than the position of the "quasi-elastic" peak in x for the valence

component of interest. This tends to take into account the contributions of the
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Table II

Distribution Function Parameters (per color)

g
XGy a(®) = (L+g,) £, 0 N@/A) (1-x) ° (x >%)

A
a/A g, X £ /A N(a/A)
u/p 3 .2 .1 1.22
d/p 3 .2 .087 1.22
a/p 7 0 .01 1
(2q)/p 1 .6 .1 1.6
M/P 5 .3 .1 2.4
K /P 9 0 .024 1
B/P 3 .3 .12 1.6
q/r 1 .3 .083 1.1
a/m 1 .3 .083 1.1
M/ 3 .4 .1 2.1
\Y \Y4 Vv \'
f =21 = ,04 f = f- 033
u/p 2 d/p a/M ~ “q/M
1 '
2 fyp = Y= 18
M B
ZfM/p:.él ZfB/p =.72 ZfM/ﬂ- =.8
M B M _
f .17 f~, = .03 £, =) f-
2 a/p Z'q/p 2 q/T 2 083
gqg=u, d q q
£ =.3
Z (29)/p
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higher Fock states. This is illustrated in Fig. 1. For example for Gu /o’ the

most likely valence value of x is 1/3 and we choose }Qa = 0.25. The resulting

form for G is close in character to the data. For G ,» a baryon such as
u/p B/p

A or n must arise from at least the five quark wave function component of the

proton and hence the most likely ""valence' value of x is 3/5. We choose Qa =0.4

for this case. Our final results depend only weakly on the values chosen for ﬁa'

B. Elementary Exclusive Cross Sections and Coupling Definitions

In a scale invariant theory all exclusive differential cross sections at large
momentum {ransfers in the fixed angle regime can be written as a sum of terms

of the form

o
q

ST Ny Tl (3.6)

|

=7

Q.

t

where & contains the relevant coupling constants. This parametrization is
appropriate for general processes involving quarks, gluons and hadrons.

There are two critical coupling constants for quark-hadron scattering which
we now define. These are appropriate ones when at least one of the quarks in-
volved is off-shell:

(i) The coupling of a meson to its simplest valence two-quark component.
We define a standard coupling, g4/ 3, of the 7r+ to a uand d quark of one color.
The 1//3 gives the correct normalization upon summing over colors. In QCD,

g is proportional to the wave function at the "origin"

2

~ g
g o g2 F0) - —25 fd4k¢(k) , (3.7)
(2m)

where ¥ is the full Bethe-Salpeter momentum space wave function and g is the

colored gluon-spin 1/2 quark coupling. A careful discussion of the definition of
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g and ¥(0), including the effects of spin, is given in Appendix B.

(ii) We also define the constant h/ v/ 3 for the coupling of the proton to its
valence state, d + (uu), for applications where the (uu) system has a finite range
of invariant mass. The coupling is defined for a d quark with one specific color.

For simplicity we shall assume SU(3) symmetry for the couplings through-
out this paper, although we expect that some breaking may be present.

The two most important cross section prototypes for CIM applications are:

(i) The process u7r+—- u‘7r+ where u has a given color. The cross section
is given in Table III. The only contribution from the valence state is the (ut)

topology diagram where the d quark gives a pole in the u channel. The spin- 9

12\

averaged cross section is characterized by N=4, T=0, U =3, and @:<§ in )

for the spin average cross section.

(ii) The process dp — dp, for which all Born diagrams in a rgnormalizable
theory yield N =6, i.e., p,}lz behavior. In the CIM it is assumed that the most
important diagrams are those in which the gluon exchanges are internal to the -
hadron wave functions. Two exampleé are shown in Fig. 2. Diagrams in which
gluons are exchanged between quarks of different hadrons are not enhanced by
the strong binding effects of the wave functions. The first diagram, Fig. 2a,

which we adopt as our standard form, yields (for spin 1/2 quarks)

2 2
do 1 s +t
Tt (dp—dp) « 5 571 3.8)
] tu

In the diagram of Fig. 2b the upper vertex is not uniquely associated with either
the initial or the final ‘proton and for simplicity we discard it; its cross section
contribution

s2 + u2

1
* 5 "33 3-9)
s t u
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TABLE II
ELEMENTARY CIM SUB PROCESSES (Spin and Color Averaged)
do . 7D 5,2

dt s2
Subprocess D > M2 Sprrocesé D . EJAZ
M M g 8 2,2
S = = sty
M= () > of 5 dd— pp € . za
: q q = 8
q
M M qg B > o
qQ q q B
- o l 2 U = - 3 8 t2+y2
qq.— MM C 5ay t_3 dp — pd 2_/'6 ag 24
q M q
M A= An/\2 g B 24,2
Mg—rq'(ut) —><_  2aay ——{—(szwz)(—q———g) dp—pd —— af S—%t%
a q/ u S B u
q
M | NG’ Xq\2 9 M
yq—Mq’ (ut) 2/ aay T(52+ ug)(_uq_:q) q(2g) — MB C %QBQMQD %
q q (2q) B
dp—dp (ut) =— 2 &7 (2M—-Bq = 3
p—dp (ut q><q ®/ B q a X @gamep " 5
=7y (2q) q J303ce
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is sufficiently similar to that from Fig. 2a that our results are not sensitive to
this assumption. The other processes of Table III involving baryons are deter-
mined by crossing from the Fig. 2a results. These quark spin 1/2 results for
dp— dp lead to an angular distribution for elastic pp —pp scattering which is

in excellent agreement with experiment as will be demonstrated below. Defining

standard values

2) 2
-1 g - (1 b
aM—<3 4:7r) aB—<3 47r> s _ (3.10)

we give in Table III the cross section forms for all elementary processes of

interest for quarks interacting with J P. 0  mesons and J P_ —1?— baryons.
One should take special note that the vq — Mq cross form given in the table in-
corporates three additional diagrams, other than the one drawn, as required by

gauge invariance. All cross sections are those for quarks or diquark systems

of one given color. The spin 1/2 quark spin 1 vector gluon structure of QCD is

reflected in the tabulated results. For instance the gM — M cross section in
a scalar quark d>4 model is proportional to l/szu2 instead of 1/su3 as found for .
spin 1/2 quarks.

C. Exclusive and Inclusive Hadronic Cross Sections

Exclusive Processes

The exclusive scattering process AB — CD (see Fig. 3a) can be considered
as the scattering of A — C off of a quark constituent of the target B. Since the
constituent in general has some fraction, x, of the target momentum, the basic
subprocess occurs at a reduced energy and one readily shows from this quark
interchange diagram that

- 2 2 Q_(/_} cql = 8 o 1 — s
(AB — CD)—FBD(t)NCOhdt (Aq —Cq;8'=<x) s,t'=t,u’=¢xdu)

g

Q-IQ-
2l

+ permutations (A,C — B,D) (3.11)
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where the mean value theorem has been used to replace x by <x > . Note that
FBD(t) is the full transition form factor of the target (summed over attachments
to quarks of all colors) whereas d6/dt is, as always, the cross section for a
quark of one given color. Ncoh is the number of coherently interfering diagrams
which contribute. Using the standard form for d0/dt, Eq. (3.6), defining n=4+N,

-2
and taking Fo(t) = (1 -t/ M%.) for a proton target, we obtain at large s

T-N .2

3 3 44T+U
= Ee(Z (AB—CD)=1D x> Ncoh

ndo 8
s It 2 (MV) - (3.12)

|900

which is consistent with dimensional counting. 16 One expects that <x> I 1 /3
should characterize scattering from a valence component of the proton target.

Inclusive Processes

From Fig. 3a and 3b it is apparent that the direct inclusive process,
AB — CX, in which the beam does not radiate prior to interacting with a con-
stituent of the target, is obtained from the previously quoted exclusive scatter-
ing formula by replacing the form factor by the relevant target structure func-

(
tion. A simple calculation then leads to the result

do- _ 1 s .
VE, 3 (AB—CX) = = —— 32 X Gb/B (%)
Pe b,d
de | ; '
—E,E—(Ab—»Cd', s' =xs, t'=t, u'=xu) . (3.13)

The sum of b, d is over quark flavors and the explicit 3 results from the sum over
colors. The structure function G and do/dt are for quarks of one given color. The
variables used to describe inclusive scattering subprocess cross section A + B~

C + X are

S+t+u=¢/ﬂ2 = €8

3
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where.# is the total missing mass and

x1=-u/s=% g (1+2)
x2=—t/s=;xR(l—z) (3. 14)

where

_ _ wCm _cm
e—l—xR, Xp =~ E /Emax ,

and z (= cos #) is the cosine of the center-of-mass scattering angle. The on

mass-shell condition for particle C determines x in Eq. (3.13) to be

x=x2/(1-xl) . (3. 15)

Forx > é\{b one may substitute the simple forms for Gb /B and do/dt from (3.1)
and (3.6) and obtain
do N-U N-T—l—gb

° 43 ) 3@2.: (g) fy g NO/B) %y (1-x) Kigy: N
c b,d

E

(3. 16)

where the dominant dynamical variation in € and Py is contained in

KEN= € @2 +M)™

/ and the effective mass scale M is less than ~1 GeV.
The double bremsstrahlung process depicted in Fig. 4 is easily evaluated
using the G functions and dg/dt forms already discussed. The result can be

written in the form

g 49 _4 s I(a,b) K(F,N; F,*F) J(e,2) .. (3. 18)
C 3 —d
d pC a,b

Here we have employed (as appropriate for all our CIM applications) the presence

of one quark-loop color sum. The sum is over the flavors of the interacting
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constituents. In the above formula,

ptep-T@+g)T2+g)

I(a,b) = D fa/Afb/B N(a/A) N(b/B) 2 e g+ gb) (3.19)
The main dynamical behavior is contained in the K function
+ - F, 2 2-N -FT -F~
KF, N;F ,F)= € (pT+M) (1+sz) (1-sz) (3.20)

Note that the effective power of € = (1 —XR) changes as one approaches z =+ 1.

For an extension of this result to final state decays, see Section IX, Eq. (9.7).
In the above

F=1+ga+g]O

Fr=1+U+g, -N
and

F =1+T+g -N (3.21)

We have found that the function J(e,z) is slowly varying in € and z for

e<e=1- —;— (ﬁa + ?{b) and |z\ ‘away from 1. In this region, it is given by

t g g 1+sz+€77 -F"
J(e,z)=lfdn<1+n)a(1-n)b[-———————}
J 1+X_ 7
0J, R

1 - Xpz - € = |
iz (3.22)
1

g g
o~ f dn(1+7) 2 (1 -n) °

-1

with
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Clearly J(0,z) = 1. In our estimates we set J=~ 1, giving errors at most of order
20 percent for € ¢ A except near the very forward or backward directions for
highly asymmetric processes (g q > gb) where the mean value approximations
break down. The accuracy of this approximation is tested in Appendix A. The

effective F power is found to decrease for X < max 'Xa b
For later use it is also convenient to define a K function that is symmetric
inz

KS(F,N;F+,F_)=%[K(F,N; F+,F‘)+K(F,N;F‘,F+)] . (3.23)

which occurs in target-beam symmetric (proton-proton) reactions.



20
IV. DETERMINATION OF COUPLING CONSTANTS
FROM FIXED ANGLE ELASTIC SCATTERING
In this section we determine the coupling constants 2y and on from rela-
tively low energy fixed-angle elastic scattering data. The values for o and
ap will be used later to compute the normalization of high Pr inclusive cross
sections for the CIM subprocesses. First, consider the predicted forms for
photoproduction of pions and pion-nucleon and elastic scattering. Using the cross

sections of Table III, with )\a =1/3, }\q = 2/3 for Yyu— 1r+d, we obtain from

Eq. (3.12)
E(yp — 1r+n) =ra on% (x )-2 27 Mg 4.1)
2 -4 7.8
E(mp — ) = 7 ay, x> 2 MV (4. 2)

The experimental data are consistent with'7 with the predicted power laws in s.

The normalization factors from Table I are

+
E('Yp — T n) 1.8 -4
~ 1. 1
E(mp — D) x 10

These determine aM/ (x)2 , in two independent ways. The effective number of
coherent diagrams contributing to rp — mp is between 1 and 2. A consistent

solution for both (4.1) and (4.2) is

ay/ (xP~ 30, (4. 3)

which for (x>~ 1/4 gives a,, = 2 GevZ.

Now consider pp elastic scattering; there are 10 coherent diagrams as il-

lustrated in Fig. 5. The dominant term for the basic qp —qp scattering process
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is given in Table III and we obtain

25, .4.,.2.10,.8
E(pp——pp)—wlaB 4(X) Np2 M

. (4.4)

Experimentally E(pp —~pp)= 1.2 X 1()9 (see Table I) and, using <x> >1/4, as be-

fore, one finds

an > 10 GeV*, (4.5)

B

The CIM prediction for the quark-proton subprocess can be checked by ex-
amining the angular distribution of the pp elastic cross section about z = cosf=0. The

cross section predicted by Eq. (3.11) can be characterized by the form

- - (5,0) & (1-29) (4.6)

d4oPP = PP /dgpp -~ p
(s,2) [ =g

which is in good agreement with the experimental distribution6’ 7. The above

form of do/dt yields an effective trajectory, c«(t), which approaches -1 as t becomes

large,.r17 This can also be checked by a triple Regge analysis of pp —p + X at

large t. We can also compute the ratio of the Pp to pp cross sections at 90° by

crossing the predicted pp form of Eq. (3.11). The CIM prediction for this ratio

at 90o is

1R

do : do -
I (PP —pp)/ 35 BP —Pp) 85, 4.7
which should be compared to the experimental rati018 of roughly one hundred.
Models based on gluon exchange tend to give ratios of order 1. In the case of
np — np, there are 8 rather than 10 coherent diagrams, which gives a predicted

ratio at large angles (including a factor of two for pp)

do
_dT(np ~— 1np)

R= e = 0,32,
T (pp —Dp)
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independent of s and Ocm' The daLta19 for np — np and pp — pp fit the s—nf(ecm)
form with n = 10.40 + 0.34 and n = 9.81 + 0. 05 respectively and the ratio appears
to be independent of angle. This data also gives R = 0.34 + 0.05 for 10 <s

<24 GeVz, GCm = 90°, Finally, we point out that the predicted form for np and

Kp elastic scattering can be crossed to the reaction pp — r 7 and pp— KK'. The
resultant normalization and angular distributions are in reasonable agreement

with the datazo’ 21.
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V. DETERMINATION OF COUPLING CONSTANTS
AND MOMENT UM FRACTIONS FROM MOMENTUM DISTRIBUTIONS
In this section we will use the valence distribution functions derived from deep
inelastic scattering and e+e- reactions to determine the quark-hadron coupling con-
stants g and h. The valence part of the meson probability function is easily com-
puted from the diagram of Fig. 6a with the result

| 2 -2 2
Vv vV -
Ga/ () = Gu/w-l-(x) = /dsz _6_‘2;)3 x(1-x) [sz + Mz(x)] = % £ x(1-x ,

where

2 B 2 2 2_ 2 2
M™(x) = (l—x)mu+ xm g4 ~-X(1-x) m_= mq -x(1-X) m_

. \% . il

We remind the reader that Gu It is the distribution per color of quarks of flavor
type u. Taking mi < m(z1 , then Mz(x) = mz and is essentially constant, so that the
peak of GV(x) is at x ~1/2. The valence component of G is unimportant at small
X <0.5, but it becomes dominant because of the slow (1-x) fall-off at large x. The
e+e_ annihilation data for single pion production provides a direct measure of the
quark color-average (i.e., per color) distributions Gﬂ+/& and Gn+/u' For x~0.8
we expect that only the valence components are important, and that the crossing

. vV _ )
relation Gw/d(x)~ Gd/ﬂ+

SPEAR22 we can estimate the coefficient of x(1-x) and obtain the upper bound,

(x) is valid for x near 1. Using the x~ 0.8 data from

' 1
vV vV \4

in reasonable agreement with the more detailed fits of Ellis et 21_12 3 By integrating
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Eq. (5.1) we find

2
1 .g_} 2 v
= 3(% = 48T m fu/77+ : (.3)
\A— 1 A _ 2 . :
For fu/ﬂ_{_ = 1/30 and mq 500 MeV this yields @y =1.25 GeV™, in approximate

agreement with the previous estimate of Section IV. (Note that mq must be greater
than mp /38 for stability of the proton in our simple model in which mq is the effective
2

We will adopt Qpr = 2 GeV™ as our canonical

or dynamical mass of the quark.)
value.
A similar calculation may be performed for the nucleon structure function.

Evaluating the valence diagram of Fig. 6b, we obtain

= 2, 2 3
Voo 2 [ 2. 1n*D% X(L-x)

G n(®) —f aD fd k ~ G.4)
q/B T 3 5. 2 14
/ 4M§ 6(2m) [kT + M (x)]

where, in this case,

M%(x) = D?x + mg (1-x) -x(1-x) ms , (5.5)

and D is the mass of the diquark system. Neglecting the D2 dependence of h
yields

2 3
v 1 h 1 (1-x)
G o®) =3 Yo . (5.6)
q/B 3 2 6 2 _ 272
167 l:(l-i-Sx)Mq -x(1-x) Mp]

The weak x dependence of the denominator can be neglected and GX /B takes the

apprdximate form at large x

\% _ \% 3 ,
Gq/B (x) = 20 fq/B (1-%) , (.7)
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where fv/

/B is the fractional momentum carried by a valence quark of a given

color. The above coefficient may be estimated from deep inelastic scattering data
fo;c' X ~ 0.75 yielding f;Bg (-;—) 0.12 = 0.04. Note the similarity of this fraction

to that determined in the meson case. The correct inclusion of the color factor is
essential in obtaining similar valence momentum fractions for mesons and baryons.

2

Using mq =500 MeV, as before, and thus (1 + 3x) m§ - x(1-x) mp $0.4 GeVz, we

B 47

obtained from elastic pp scattering; we adopt ap = 10 GeV4 as our canonical value,

2
determine o, = %— <-—h—)5 10 ‘GeV4 in satisfactory agreement with the estimate -

Alternatively, we can also use the asymptotic behavior of the meson and
baryon form factors to determine M and op. This is discussed in detail in
Appendix B. The extracted values are consistent with the ones estimated above.

In addition to its valence 3 quark component, the proton also contains 5 quark
(and higher) Fock state components which give rise to the sea quark distribution.

In one extreme, the qqq qd state can be considered as a qqq baryonic system plus
a qq virtual meson-like state. Since the q and q interact over a long period of
time, at least some part of Fock state will contain color-singlet mesonic resonances.

We now turn to estimating the fraction of momentum carried by such non-
overlapping mesons in the proton and by nonoverlapping baryons in the proton.
These will be crucial for the calculations of high P inclusive cross sections based
on hadron-quark scattering subprocesses. Some, but presumably not all, of the

sea quarks can be considered as constituents of these intermediate meson systems.

Using the general folding formula, Eq. (3.4), we obtain the bound

' _V _
21\/:' fam mpstap . 6.8)
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where the M sum runs over those nonoverlapping mesons which contain an anti-

quark of the given, d, type. Thus
! ~ \
= o ¥ fajpklam> 5.9
M

where fa /p and fa‘;M both are per-color momentum fractions. Deep inelastic

VvV
< ~ — < 2
colors fd/p 3 fd/p" 0.03. For fd/

we use our earlier-estimate of 1/30, thus yielding o' fM/p’Z 0.3. We will use

neutrino scattering data indicates that 2_

Z'fM/pz 0.1
M

as a typical value since all d's need not come from the intermediate mesons. This
value will be found to be consistent with the inclusive large P data. For the fB /p

case, the same arguments yield

' sea A%
EB f5/p fq/p/(fq/B>, . 10)

where the nonoverlapping virtual baryons B containing the quark of type q (of a
given color) in a nonvalence Fock state are summed over. Again we employ
f(sl?; < 0.01 and our earlier value ¢ fg /B> ~ 0.04 (estimated from large x deep

inelastic data) to obtain Z'fB /pZ 0.25. Our nominal choice is

' 2
Z fB/p~(-§) 0.25~ 0.16
B

When computing the high Pp inclusive cross sections one must sum over all

the intermediate mesons which can interact in the hard scattering subprocesses



27
Mq — Mqg. For example, in the proton Fock state (uud Ai), each of the virtual
meson states uA , ur, dx , AXx will initiate a high Pp Mq — Mq reaction. However,
the restricted sum Y_'f

M/p
above. We will incorporate this factor of 4 by defining the "unrestricted" sum

is the fraction of momentum carried by only 1 of the

ZMfM/pz 421\/1 g /p™ 04 - 6.11)

Similarly, we estimate a similar factor of 4 for the unrestricted baryon momentum

sum, and adopt the value

ZfB/p: 4}:' B~ 07 - 5.12)
B

Finally, we shall need the related quantities for a pion beam state. We esti-

mate that
Z fM/1r~ 0.8
M

Notice that because the same quark momentum is counted more than once, the sum

of (5.11) and (5. 12) can be greater than one.

When we include all Fock components of the proton or meson primary states,
the usual estimate for the momentum carried by the uud quarks--summed over

color--is

3 0.5 , (5.13)

f /p =
g=uud d
and similarly that 3fu e+ = 3f€1 e+ = 0,25. In each case, this implies that quarks
with valence flavors carry, when all Fock states are included, one-half of the

primary hadron's momentum. This then allows us to complete the entrees in our

Table II of standard values.
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VI. INCLUSIVE CROSS SECTIONS FOR BARYON BEAMS
We have now determined all the ingredients required to predict the inclusive
cross sections for specific meson, baryon, antibaryon and photon induced reac-
tions. We shall employ the general inclusive formulae of Section III, especially
(3.18).

Meson Production

The leading subprocesses which contribute to large Pp inclusive reactions
are those which have the minimum P and € — 0 fall-off and the largest .overall
normalization. In the case of meson production in proton-proton collisions, the
dominant contributions based on quark-hadron interactions arise from quark-meson
scattering (qM* — qM) and the fusion process (qq — MI\_/I*), which lead to the leading

-8 11 o]

scaling behavior pT_ 8 69 and Pp € respectively for 6 om ™ 90" . The contribu-

tions from the ut diagram Fig. 7a, and fusion diagram Fig. 7b yield

do 2 6 I(T)r(s) ‘

—_— — = N(M* N .

E d3p (pp - MX) = oy 3 Z £ 1% /p fq /p (M*/p)N(q/p) 2 T(10) K (9,45,0)
M'q

32 ~ 7 DG
2 %M Z 2 /p T p N@/PIN(a/P)2 LOLEG) K_(11,47,-1)

T(12)
q,deM, M*
3 2 - 7 T(9) (5
+2 - f , N TOIG) .
5 App Z _ famas (@/p)N(q/p)2 Sz Ks(ll4:3,3)
a,qeM, M* :

6.1)

The antiquark of the produced meson in the gM* — qM subprocess may come from
any secondary meson in the proton containing the correct antiquark flavor. This

is precisely the restriction under which we derived the > fM* /p quoted in Table IL.

The allowed q's to leading order are those which are in the valence state, e.g.,
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for M = K+ only g = u contributes with 3fu/p =0.1x3=0.3.

In the qq — MM* term the q and M* sums are not independent since for a
given q only certain M*'s are present. We estimate 3 to 4 M*'s corresponding to
one spin 0 and roughly three spin 1 states of given quark composition. The result

at 900, for prompt 7r+, from the gM — gM plus fusion graphs is

E 2% (pp %) = K(9, 4) [4.5 +0.10 n(M ) 62] , 6. 2)
d’p
where n(1\7I*) is the number of states in the M* sum (~3 to 4). This equation in-
cludes the contribution from the st topology diagram of Fig. 7c. which has the
angular distribution KS(9, 4;1,0); at 90° it contributes only 1/4 of that of the dominant
ut contribution. The corrections expected from the J (xT) factor are evaluated in Ap-
pendix A,

The cross section predicted above is for a prompt T produced directly by the
subprocess; before comparing with experiment we must allow for resonance-decay
processes. In Section II we used the Xp distribution to estimate that ~1/3 of the
detected pions are "prompt." The data from the Chicago-Princeton grouplgives
a fit of the form pT-n (1-xT)F withn=8.2 and F = 9.0, consistent with the predicted

powers. Hence, the experimental rate is roughly 9K(9, 4), compared to the predic-

tion of 13.5 K(9,4). We note that at large Xp = 1, the resonance decay contri-

butions will increase the effective F power (by about 1 unit)., However for Xp ™ %,
the flattening of the structure functions (relative to a pure power) tends to com-~
pensate this small rise. See also Table V in Appendix A for a discussion of the

general accuracy of the leading power analysis.
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In the SU(3) symmetric limit the pp AKX cross section for prompt mesons
is the same as that for the prompt 1r+. However, more 7r+'s than K+'s are likely
to arise from resonance decay, and in addition some SU(3) breaking is expected,
hence, we expect K+/7r+< 1. The experimental rate is consistent with K+/7r+ ~5/9.
The rate for 7 produciisobn is somewhat smaller than for 7r+ since Gu /p /G d/p appears to in-

. + -
crease as X increases. The r and m rates must be equal, however, at Xp = 0,

. . . +, - . .
in the Feynman scaling limit, so the 7 /7 ratio must decrease as X decreases



30

to zero. As X increases, however, it should rise and saturateto a constant

value in the symmetric quark model.

The dominant K~ cross section for ¢ - 0 arises from the fusion term of

Eq. (6.2) and thus, for n(M*) =

do -
E<; (0 = K'X) ~ 015 K(11,4) . (6. 3)
d P €—0
However, for moderate € it is vital to retain various contributions with
higher ¢ powers, for example € 13, arising from the ut and st topology gK~ — gK~

graphs of Fig. 8. Each contributes a prompt cross section of approximately (at 900)

~0. TK(13, 4). (6. 4)

For Fig. 8b the K~ distribution inside a proton is normalized by taking GK- / (x) =

+
/ (x) at x — 0 (see Table II). Related higher Fock space state graphs for K , T

production have already been included via the full Gu /p quark distribution and GM /p

meson distribution functions, which represent sums over all Fock space components

starting with the minimal one. Our estimate for the K—/ K+ ratio is thus

doEP—K")_ _ 4032 14 4.6 &2
dO(pp—+K+), 1+0.1¢€

~ 0,032 (1+4.56%) .
(6.5)
Recall that the numerical approximations used are not valid for ¢ — 1. Experi-

mentally, this ratio has the same shape as the above prediction but with about 4 times

the magnitude. One sees that the fusion term dominates only for X >0.6.

If the total/prompt ratio for K~ is bigger than for K+,(6. 5) would be closer to

the experimentally observed ratio of total rates. We are not at liberty to increase
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the fusion contribution since to decreaserM/p (see Eq. (5.9)) and therefore,
presumably, 2 fM I and 2 fB /p (thereby decreasing the K+ but not the K~ cross
section) would destroy the meson beam normalizations of the next section and the
bharyon production predictions discussed below. Increasing fc-l /p significantly would
also not be consistent with deep inelastic neutrino data.

We have, in the preceding meson yield calculations, ignored the quark-diquark
fusion diagrams. We will now show that their contribution to meson production is

small. For q(qq) — K+B* we have

de 1, L)L (3) e
E —-=gagayonst %" E gy /p 2B N@/P) N(aa/p) —i—#})—) K(5,6)

dp

~ 0.4 n(B*) K(5, 6)

In order to make this estimate we have assumed that the parameter o, obtained

D’

by integrating over the diquark internal momenta, is of order o, ~ 1 GeVz.

M

For P >2 GeV/c this contribution is very small compared to the gM — gM contri-
butions unless € is quite close to zero. However, it could be an important contribu-
tion to double trigger experiments on a meson-baryon pair. We note that charge
correlations between the trigger and fast away side particles can be an important
discrimant of the contributing subprocesses. We discuss this further in Section XI.
Before leaving the discussion of meson yields let us apply our estimates to

the production of high Py pions from antiproton beams. Using the general formula

(3. 18) one sees that only the second term of Eq. (6.1) has to be modified. Since
the antiquark distribution in the antiproton is the same as quarks in a proton, one

has to multiply the second term of Eq. (6.2) by the factor

(33/2* 7 €Y (= = No oy /(f=, N@/p) * 1/€"

a/p  q/p’/ q/p

The predicted ratio of meson yields from antiproton and proton beams then
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becomes

do@pp —mx) _ 1+0.02 n(M*) 2

dopp — m) 1+ 0.02 n(M*) &

(6.6)

=1+ 0,08 (6—2— ez) ,

using n(i/I*) =4, For example, at Xp = 0.3, the ratio is predicted to be 1. 20.
In quark scattering models, it should be unity, thus there is not much difference
until X, is large. In a model with fusion only, the ratio would be 6-4, which is 4

ath=O.3.

Baryon Production

The dominant contributions in the CIM for p+ p — p + X at high Py arise
from the basic subprocesses Bq — pq and qq — pﬁ*. The first process includes
the direct contribution pq — pq in which the incident proton participates in the hard
scattering subprocess, as in Fig. 9a. Using our general formulae, (3. 16), (3 18), the

inclusive cross section is

do 2 2
E 5 (pp—px) = ag 3§q: 41,/ Na/p) X7 2K(3,6)

d'p
2 3 TG
+al 3 » fy /ot p N@/P) NB/D) 2 -Jf(LS)Ll K_(7,6;2,0)
25 -, .5 T(B)T(O
"o 3<‘1q :‘B*fq/pfﬁ/p N(a/p)N(a/p) 2 ‘Jf%'l'i()_)Ks(ll’G;'z’m '

(6.7)
Note that the two up quarks contribute coherently in the proton cross section.

These are the contributions with leading € — 0 behavior. All valence quarks par-

ticipate in p production; thus 3 ¥, fq/p'z 0.5. Also, from Section V, 2 £y ~0.72,

/P
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At 90° the cross section prediction for prompt protons is then

E %‘-’- (pp — PX) = 342 x.2

K(3,6)
dp T

+ 394 K(7, 6) + 4. 2 n(B%) K(11,6) , (6.8)

where, in common with the fusion process for mesons, we estimate n(B*) ~ 3-4.
The last term is never large, and for Xp = 1-€ 2 0.4, the indirect term K(7, 6)
dominates. The direct (leading particle) term dominates the indirect gB— gp
term when Xp > 0.5. Present data is reasonably fit by 500 K(7, 6) implying a
prompt to total ratio for protons of roughly 30 percent, the same as for pions.
The q(qq) — M*p contribution is also easily estimated by slightly altering

the earlier 1r+ production result. One finds
~ 0.7 n(M*) K(5, 6)

It is clear that this term is much smaller than the gB — gp contributions for
reasonable €.

The prompt antiproton yield from the fusion qq@ — PB* term is

E %‘-’ (pp — px)= 11 K(11,6) , (6.9)
d’p

with the total yield about 3 times larger. For Xp < 1/2, however, it is certainly
necessary to include terms for f) production with higher € powers. In particular,
one obtains a large pT— 12 615 term from pq — pq scattering. The situation is as

for K~ production: the fusion term (6.9) only dominates for small ¢, i.e., at the

edge of phase space.
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Comparison of v and 7° Yields

From our previously developed general equations, one finds at 90°

1, 2
E__.. (pp__,»yX)__aa 3 - -__A )
a°p g; M/p'a/p %373 g

N(M/p) N(a/p) 25 HOLO) k9, 3)

= (10] , (6. 10)

where we identify 7\(-1- = —7\q and }\q = AM - 7\(-1 by using the Mq — yqt subprocess for

prompt photons shown in Fig. 10a. Thus the photon cross section is predicted to

scale as pT"6(1-xT)9 at Ocm =90°. Forr® production, on the other hand, we have

do 1
B - (Pp—7X) =50y 31\24‘?qu Jola/pNM/PING/P)
6 T(DI'(G i
.2 —%(Zﬁ)—) KS(9,4,5,0) R ‘ (6:11)

where the explicit 1/2 accounts for x° =J1/2 (ul - dd) composition. The 'y/7ro

24b
ratio at 90° is (after multiplying the above x° yield by the total/prompt ~3 ratio)

do(pp — 2 5a 2 .2 2 | .2
JPB—l});-gW(pT+M)~o.oo4(pT+M) . 6.12)
do(pp—- 1) M

This is less than 1/2 the preliminary ratio reported by Darriulat et al., 12 at

P ~3 GeV/c. However, there are other CIM sources of photons, giving a pT"8
scaling behavior, from bremsstrahlung processes as well as from 7> and 7 decay.
These should give a roughly constant contribution to the y/r ratio.

The Mq — y*q subprocess with the same normalizations has been used in

Ref. (24) to successfully describe the P fall-off of massive lepton pairs from

proton and pion beams.



35

VII. INCLUSIVE CROSS SECTIONS FOR PION BEAMS

In this section, the inclusive production of mesons, baryons and antibaryons
at large transverse momentum by pion beams will be discussed. The compari-
son of yields from pion and proton beams is a very important constraint on any
model and on the values of the parameters used to describe the data.

The meson yield from a pion beam arises in the CIM from the 5 dominant
diagrams illustrated in Fig. 11, corresponding to the direct basic process,
M*q — Mq (where the M* can arise from the beam or target), M*q— Mg,
qq — MM* and qq — M*M. Not all of these contribute to the yield of all mesons.
For example, there is no direct diagram for the K~ yield from a pion beam. The
respective contribution of these terms to the inclusive cross section easily fol-

lows from our general formula:

do _ .2
Egg—p('lrp—» MX)= ), 3 . fq/pN(q/p) x; 4K(3,4)
3
2 E 2° T(5)I'(5) .
o ® Lo Fophae NN/ =) KT, 433, 0)

3
2 23 r@yr (7 ‘
+a? 3 > g /m* 5/ ae /pN(q/n)N(M*/p)———J—l—(—l K(7,4; -2, 5)

q,q, M* Te)
1 2 - T35
3o ZZ,M* £y /ot /nN@/P NG/ m) HEEE K, 431, -1) + K65, 45-3, 9)

(7.1)
The sums are restricted according to the quantum number of the produced meson
(e.g., only g=d contributes for the direct contribution to 7r+p — WOX).
. . o .
I we take ZfM* . EfB* /p 0.8 then this formula gives for =~ production

(including the factor of 1/2 for the 7° — dd, uu coupling) at 90°,
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E—%T—(Tr-*.p_. ©X) = 1.4 x K@3,4)
d'p

+ K(7,4) [4. T+ K(5, 4) [. 04] n(M*)

~K(7,4) [4. 7+ 0.04nd%) e 2+ 1.4xTe'4] . (1.2

The corrections from J( XT) are evaluated in Appendix A, Table V. The most
important contribution for Xy < 0.4 is the K(7,4) term which arises from meson-
quark scattering. For n(lﬁ*) = 4 the fusion term dominates the M-q term for

X > 0.8. The direct 7r+q — 7r°q term dominates the indirect gM — qM contri-

bution when X5 S 0.5. The present experimental results are compatible with

the fit 3.5 K(7,4) for x <o0. 5, confirming that the direct term does not domi-

T

nate in that region. We predict that a transition should appear in the data: Near

90°, as x., increases above =0.5, the do ~e7 p,_r8 behavior will change to a

T

do ~63p&,8 behavior. The occurrence of such a transition is an important test

of the normalization and dynamics of the CIM approach.

|

For small x..., the direct and annihilation terms can be neglected in Eq. (7.2)

T’

to yield a simplified result. In the same region of Xops the prediction for pp — x°

is also simple and one finds that the ratio is expressible as (taking N(M/p) ~ N(M/7))

2
dotr'p 1) _ 23 2| H) N/ * 5 Eg N0/
=€ 4 . (7.3)

do(pp — 1°) %: fq/p N(a/p)

The momentum fraction fM /p has cancelled as well as az and the prompt/total
roughly
ratio. The experimental value2 for the above ratio isf/~0. 6€ 2 ,whereas Eq. (7.3)

predicts ~1.0 6_2. Corrections to this ratio and to the difference in effective

F powers are given in Appendix A. Chase and Stirling (Ref. 6) have also predicted
a ratio similar to (7.3). We don't consider the present discrepancy to be serious.
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Let us now turn to predictions for two reactions which have not yet been
measured, namely 7p — pX and mp —» pX. The first reaction has several importaut
terms, which are illustrated in Fig. 12. These 5 contributions (a-e) scale as

p%lz at fixed ¢ and 6 and take the form respectively

E d—-—(ﬂ‘p-—» p) —az 3 f /WN(q/w) X (1- 2) (1+(1-x )2>2K(1,6)
p q

+a 323 Mthﬂx(bﬁ)+x.uxQ]2Ka6)

2 V. T35 ,
+al3 Z fy/niRi/p N@/MN(B /p)—(—l-%()—lK(S,G,0,0)

q,B!

Vs o —4 T(3)TY5 _
ol 3 qz‘; f5/mip NG/ MNE/p 27 Ik (5, 6:-2, -2)

+a? 3 f-
q::‘B* a/x'a/p

N@/mN@/p) 27 HEOk s, 630, -2)

(7.4)
Using the nominal values of the constants this cross section becomes at 90° (again

note that u quark contributions are coheréent)

i,(-% T) @+(1~le)>K0“&

+ 110 K(5,6) , _ (7.5)

E———(7r p— p) =.556 X
dp

where n(]§*) ~4 is the estimated number of baryon resonances of a given quark

composition. These two terms become comparable for x,.., ~ 0.3 with the second

T

term dominating for smaller x For this latter region of small X if only the

T
dominant terms are retained, the 7/p yield at 6 = /2 takes the simple form
o2 2 fM /oN(M/)
do(rp —7) _*M 2<2+M3 5.5 m MWp 7.6)
do(mp — p) 2 € \Pp 7 )

B 2 g /pNE/p)
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This ratio can be used to check a new combination of the couplings used in the

model. Using our nominal values, this becomes

c0.15 & (1) a.n

where we expect MZ <1 GeVz.
The antiproton yield with leading ¢ power arises from the last term only,
the fusion graph. The general formula is
do - 2 ~ -2
E-3% 'y ~5) =o%nBY 3 D, £, £ N@/mN@/p) 2
p B §q Vmd/p

) I‘-@%{—G@ K(5,6;-4,2) (7.8)

and at 90°, the nominal value is

= 1.2 p(B* K(5,6)
Using n(B*) = n(B*) = 4 as a nominal value, the ratio of pyield to p yield for

small x5, at 90° is

do(rp— D) _ 1 \
—i—p—-lda(np =3 - 04 (3 nB®) (7.9)

As for K~ and p production in proton beams, important background contributions
with higher ¢ powers are expected, and these can be estimated in the same

manner as before.
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VII. INCLUSIVE-EXCLUSIVE CONNECTION
In the limit € — 0, a direct inclusive process such as that for Fig. 3 is
expected to smoothly connect to its corresponding exclusive process, in this
case Fig. 3a. Following Bjorken and Kogut25 this can be made quantitative by

integrating the inclusive cross section over a finite range in missing mass:

inc
do=xf Lau?rde-[ sk b0
At Ep A dt 4t

(8.1)

Using our general formula, Eq. (3.16), for direct processes, we obtain for a
proton target

inc
g = sN+4 do~ "_ D 33‘: £ y N(/p) 2(:‘»+T+Nf zddﬂz('ﬂz__Mz):a .
q /P AM p

in dt

Using the definition of E o0’ Eq. (3.12), the ratio between inclusive and exclusive

scattering becomes

. N-T

inc .. — <X> 2 2 3
=12 ,  f , N(q/p) ~——5— dtt " (M —1\/12 . (8.2)
Eq g /v M, 4.//{2 v

Now let us apply this to 7r+p and pp scattering. For both of these processes,

N-T=4., In addition, since M., measures the rate of falloff of the nucleon form

\4

factor and hence provides a measure of the coherence of the proton wave function,

we choose A = M__, and achieve the form

V’

E. 4 4

inc _ <xX> 2 _
E =3 % fq/pN(q/p) o [<Mp+ Myy) Mi]
A%
3
, § fy/p N/ \
~ 0.8 (0.5)(1.2) (3 <x>) s (8.3)

which indeed is of order one for our nominal values for the momentum fraction
fq/p’ the shape function N(q/p),and <x> =1/3 (see Table II). Note that this com-
parison does not account for the coherence of various amplitudes at the exclusive

limit.
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IX. THE CROSS-OVER BETWEEN CIM
AND QUARK-QUARK SCATTERING SUBPROCESSES
As we have emphasized, subprocesses based on quark-hadron interactions
must occur in any quark-parton model. In the preceding section we have shown
that the magnitude of the qq-M and qqq-B couplings (determined from form
factors and exclusive processes) lead to inclusive high Py Cross sections con-
sistent with the experimentally observed normalization and scaling behavior for
P < 8 GeV/c. In this section we will compare the scale-invariant contribution
from quark-quark scattering expected in lowest order QCD with the CIM contri-
butions, and we estimate the crossing point in Pp where a p,}4 scaling behavior
can be expected to dominate. In our calculations large scale-breaking effects
in the structure functions will be assumed to be a.bsent.26 We also need only
consider the scattering of valence quarks, since only a small fraction of the
momentum of the proton is carried by sea quarks. In addition one expects
scale-invariant p:1‘4 contributions in QCD from gluon-quark and gluon-gluon
interactions; these however require knowledge of gluon distributions which are
highly model devendent. Estimates of QCD contributions are made in Ref. 8,
but for completeness, we will ‘repeat some of their discussion within our calcu-
~ lational framework.
The differential cross section for quark-quark scattering from the lowest
order QCD diagrams shown in Fig. 13 is8
2

do _ "% |4 sz+u2 s2+t2 8 s2
dt (qan qan) Sz 9 ——tz——" + 6013 —Tlg— - ’2-7— aft- GOZﬁ (9. 1)

This cross section is spin and color averaged and includes interference terms

between t-channel and u-channel graphs that are present when @ =8. The color
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coupling o, = gi /47 is defined by the interaction Lagrangian

( g ::gspr = A \PA“ ,Tr)\52l=2 . - (9.2)

we can safely neglect antiquarks and the qq scattering contributions.

In the case of the jet trigger cross section from qaqﬁ_. qaqﬁ, we must
distinguish carefully the cases @ =8 and @ #8. In the latter case the jet trigger
receives a contribution from either of the final state quarks and the cross sec-
tion- should be doubled. For the case a =8, the cross section already accounts
for both trigger possibilities. The 90° jet trigger cross section can be computed
in a convenient analytic form from Eq. (3.18). The factor which changes from
term to term in this formula is 2F+ FE 24+T+U.

The various terms in the bracket of Eq. (9.1) then give

[(2 +1) + 0, ,(2 241 - 5 aﬂzz] g‘ 4'[5+ 6013] , (9.3)

which, when weighted by the fq /o factors, gives

:o|u>

0.3)% [22/3]

o
'S

2% x { 2(0.3)(0.2)[5] ud+du . (9.4)
0.2)% [22/3]  dd
For triggering on a jet arising from either a u or a d quark we take
uu + 2(ud + du) +dd ,
while for a u trigger only we use

uu + (ud + du)
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Thus

do uord _ 2 4,4 T(5)I(5) . 12.15
-k, 05[]

(9.5)
This analytic form is a useful characterization of the QCD qq jet cross section.

In order to compute the cross section for the production of a specific hadron

h one must incorporate the final state fragmentation function Dy /

x
do =~ (laz do
E 35— (p;py— hx) = * f —2—Dh/q(z) E 5 (p;py—~ q;8,t/z,u/z) (9.6)
d'p q X% do
Using
1-z f do
D=d(—i—L and  E-SL =IK(F,N) , 9.7)
d'p
we obtain at 90° (defining z = w + (1-w) XT)
£ (pp— h) = TAIR(FHH,N) Sxp) 9. 8)
dp aq
where

1
j(xT) =[0 dw (l—w)f W [w+(1—w) XT]ZN-F—3

We approximate the integral using the mean value theorem (<w> = F/(f+F)) and
find

3~ N1+)T(1+F) (
= T(2++F)

f+F )3+F~2N 0.9)
F+fxT 4

The last factor is relatively slowly varying. For typical values f=1, F=7, N=2,

it varies from 2.3 at XT=0 to 1 at XT=1. For very small X (<0.1) the above

approximation is not adequate and must be supplemented.
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As an example, for quarks decaying to mesons, f=1, Eq. (9.9) gives the
suppression factor

T (1+) T(1+F) _ 1 1
T (2H+F)  (1+F)(2+F) Fz

For the 7r+ cross section, a reasonable fit to the quark fragmentation

functions gives DW.;.../u (or c—l)(z) =1,0 (1-z)/z. Equation (9.8) then gives at 90°

E%(pp—»q—» ) = K(9,2) a2(0.035) . (9. 10)
d'p

where we evaluated J (XT) at xT=0. 3. The ratio of this contribution to the data

(or the CIM prediction) is 0.0044 o v, or 4 X 10™* pr for & _=0.3. Thus the

CIM p,_I,8 terms can dominate the cross section for Pr < 7 GeV/c. The cross-

over moves to Pp = 10 GeV/c for ozs=0. 15. The above result is not sensitive

to the form of Dh /q for reasonable fits to the fragmentation data obtained from

e+e_ annihilation and deep inelastic scattering. The total yield can be succinctly

written in the form

B3 =4 [(%8 +(0,.1155>2 (—19)4] < (9-11)

dp Pp Py

which may orove convenient in fitting the large Py data. Equation (9.11) implies
for o = 15 a change in the P power (at fixed €) from neff=7' 5 at DT=6 to

neff:4' 8 at pT=14 GeV.
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X. JET-JET CROSS SECTIONS

We turn now to the calculation of the cross section for jet production at
large transverse momentum obtained from the CIM hard scattering subprocesses.
In the CIM the jets consist of single hadrons, multiparticle resonances, as well
as quark and antiquark jets which arise from subprocesses such as Mq— Maq,

Bq — Bg, and MM — qq. We shall also make comparisons with the jet trigger
cross sections calculated from quark-quark scattering in Section IX. It should
be emphasized that the relationshio of the predicted jet cross sections may not
be simply related to what is measured experimentally in calorimeter trigger
experiments, due to the effects of resolution, background particles, and missed
hadrons. Furthermore there may well be contributions from multiple-scattering
processes or multiple high Pr reactions in the same event which can complicate
the jet trigger.

Let us now estimate the jet-jet cross section in pp collisions. In the CIM,
the cross section for producinga single prompt meson or proton is expected to
be 1/4 to 1/2 the observed inclusive cross section. The remainder is made up
by production of resonances which decay into the observed meson. In a jet
trigger all the decay products of a given resonance are seen which effectively
means that we must multiply our prompt cross sections by the number of possible
resonances. In addition, a jet trigger also can catch the decay products of the
quark which normally balances the trigger meson in the CIM diagrams. We
proceed to quantitatively estimate these effects (discussing only those diagrams
which are important).

The important subprocesses are:

a) Mq-—- M*q: either M* or g may be the jet. We estimate the number

of M*'s which can participate as N(M*) »9+3 X 9 = 36 corresponding to the
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spin 0 and spin 1 meson nonets with statistical weighting. In support of this we
cite the p cross section which experimentally is approximately equal to the
total 7 cross section. 15 Since more p's are presumably prompt as compared

to the pions (not decay products of still higher resonances), we are led to (see also
Ref. 14)

1
n{prompt) _ 37 (total) 1
p(prompt) ~  p(total) ~ 3

In the following we take N(M*) =40 as a reasonable estimate; note that the previ-
ously employed n(M*) is that portion of N(M*) resonances which can be produced

by quarks of a given type; i.e., n(M*) ~1/9 N(M*) ~ 3-4,

Including both the quark jet and meson resonance trigger, we have for
qM — gM*,

E %Q? (pp— jet (meson induced)) ~ 80 E -%0— (pp— w(prompnt))
dp d’p

~ 27T E —‘?39— (pp — T(total)) (10.1)
d’p

The above prompt ratio of 1/3, as discussed in Section II, also leads to reason-
able Xp distributions: dN/ de must extend beyond xE=1, and the many non-
prompt 7's guarantee this.

b) Bqg-—- B*q: either the baryon system B* or the quark may be the jet.
The entire octet and decouplet, N(B*)=8+(2) 10 =28 can contribute. Allowing
another 25 percent from still higher baryon states, gives the estimate N(B*)~35,
and

E ig— (pp— jet (baryon induced)) = 70 E fsl (pp— p(prompt))
P P

~23 E —%E (op— p(total)) , (10.2)
d’p

where we again employ an estimated prompt/total ratio of 1/3.
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Combining a) and b) we have

E

CIM
9 -8 7 -12> . (10.3)

dc’3 (pp_.jet)=27<se pT>+23<500€ Py
d’p

The numbers in parentheses are the pp— 7 and pp— p large P single particle
cross sections. The contribution of the direct processes for baryon production
and the MM — qQ subprocesses are relatively small.

Comparing these results with the p,;,4 67 jet cross section, Eq. (9.5),
arising from q-q scattering, we see that the CIM terms are dominant until
pp = 4.6 (6.5) GeV/c for a =0.3 (0.15).

Including both the CIM and qq — qq contributions, the total jet/measured

single pion cross section is predicted to be

0.3 a2p4
_ 1400 : s T
R=27+ 54t 5 , (10. 4)
€ Pp €

where we have taken E da/d3p (op— mX) = 869/p8T for the 1r+, T average. For
\,/s_= 23.7 GeV (plab=300 GeV/c) and ozs=0.3, this gives R=62, 55, and 172 at
Pp=3, 4, and 6 GeV/c respectively. Thus we expect a jet/single ratio greater
than 50 and increasing rapidly at higher Oy values. The ultimate ratio at large
pp—once the qq — qq scattering contribution dominates the single particle cross
section—is R=72€—2. The last term can be further enhanced by glue-quark and

glue-glue interactions which have been estimated in Ref. 8. 27
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XI. DISCUSSION
The analytic results, Egs. (9.7) and (3. 18), for general reactions
A+B —~ C+X are extremely useful, not only for high D reactions, but also for
calculations in other contexts, e.g., the two photon processes e e —e e
e e —ee yy—e e CX, and single lepton production in hadron collisions. The
results are a realization of the dimensional and spectator counting rules at

large Py and large Ocm

2D ctive

do _ 2 >
8. E(pT+M2 Fl&0 )

P subprocesses

2-1, ctive
L oS/(.2 > F
(pat? Feo,) (11.1)
e~ 0
2 . . . . -
where e~1—xR— M" /5. Here D otive 1S the number of active fields in the high P

subprocess (e.g., n =4 for qq — qq, 6 for gM— qM, 8 for gB — gB)and

active

— _ — - T + — . s
F ZHSpect 1 where HSpect n(aA) + n(bB) + n(Cc) is the minimum number of
elementary constituents required in the fragmentations A— a, B—~ b, ¢c— C

(e.g., ng C=5 and F =9 for qq—~ gqq or gM —~ qM in pp— MX).

pe
The spectator counting prediction for Ga / A(x) at x-1 is Ga / A(x)oc (1-x)

2n(aA)-1
where n(aA) is the number of fast elementary constituents of the bound state A
which are left behind after fragmentation. Examples are szp ~ Gq /B (1—x)3,
GM /B ~ (1—x)5, Gq /M ‘~ (1—x)1. These predictions are again bésed on the short
distance behavior of lowest order terms in renormalizable perturbation theories
assuming a finite Bethe-Salpeter wave function at the origin. (In cases where a ‘
is a fermion and A is a boson (or vice-versa) the power can be increased by 1
from svin effects, although this effect is generally cancelled by nonleading cor-
rections. In the case of elementary bremsstrahlung in oerturbation' theory one

has Gv’e(x) ~a/T log(s/m2) -1+ (1—x)2)/x, etc., where the logarithm arises

from the —ET integration. )
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In general, one predicts that aside from normalization effects the sub-

processes with the minimum n (minimum pT-1 power) will dominate the

active
cross section at large s and small €. Thus, given the fact that the qq — qq
term has a small predicted normalization as shown in Section VI, the dominant
terms (for p
process (Fig. 7a):
-4
+
E '%—O—(pp—» 10 KTX)~ 1 & (p,zr+M2) £0)
d'p

Here M2 represents terms of order <T{,I? >, m(zl, etc. All other quark-hadron

subprocesses lead to a higher power of 1/ PpOr €. In the case of K~ production,
the dominant contribution at high Pp and very small ¢ will come from the "fusion"

subprocess qq — K M (Fig. Tb)

g 99 g e“(p,zl,ﬂwz)—4 £0) ,

whereas at moderate €, the gM— qM 513 terms discussed in the text, Eq. (6.4),
will dominéte. A comparison of the CIM predictions with the experimentalists'
fits to the Chicago-Princeton data1 for pp— 7ri, Ki, pX is shown in Table IV.
The agreement is very good. For example, as shown in Fig. 14, the best fit
quoted for the ecm=90° data for pp— 7T+X is p,},s'z (l—xT)g' 0 (with uncertainties
in n and F order #0.5). The relative decrease of the 7r_/7r+ ratio from ~unity
as X, increases evidently reflects the relative suppression of the d/u quark ratio
in the proton structure function at large x as remarked in Section VI.

An important check on the identification of the underlying subprocesses is

the angular dependence of its cross section. The leading CIM contribution to

+ . + +
pp — 1 X arises fromur — ur :

2
yie’ 3
+
d—‘f (ur — ur’) =—-—Ai/[ <—_13—z> . (11.3)

dt 8
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Scaling predictions for E d(r/d3p =C p%n (1-x.)

F

Large P Process Leading CIM'SubDrocess Predicted Observed (CP)1
n//F n//F
+ +
pp — 1 X QM — qrr 8//9 8.2//9.0
T qM —qm’ 8//9 8.5//9.9
K’ qM — gk 8//9 8.4//8.8
K~ qq — MK~ 8//11 8.9//11.17
gM — gK~ 8//13
pp — pX 4B — ap 12//1 11.7//6.8
P — pX qq — Bp 12//11 (8.8//14.2)
gqB —~qp 12//15
p — X qM — qm 8//1
qq — M 8//5
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The angular dependence of the subprocess can be determined from experiment
either from the correlated angular dependence of the away side jet28 or the
angular dependence of the pp— 7X inclusive cross sections. 9 Both analyses

indicate that the data are best fit with the form,

(o))

&>|<q

I'_l

-

e T
(equivalent because of the pp symmetry). This coincides with the CIM prediction
(Eq. (11.3)) for the angular dependence reflecting elementary spin 1/2 exchange.
It should be emphasized, though, that phenomenological analyses which use the
opposite side jet distribution can be complicated by spectator effects unless the
particles in the jet are required to have a sufficiently large D

Since the value of the basic quark-hadron couplings %y and o p are deter-
mined by exclusive processes, predictions of the CIM for inclusive reactions
are almost completely constrained: the model predicts the Py PowWer, (l-xR)
power, and angular shape, as well as the normalization for each contributing
subprocess. As an example, for K (1r+) production in proton-proton collision
the dominant CIM subprocesses is uK+_. uK’ which contributes (in GeV units)

using (Eq. (6.1))

9
E &cilai (op—~K'X) ~ 3 & [(“XRZ)_S td 'XRZ)~5:| ' (11.4)
p Pr

This estimate has theoretical uncertainties of a factor of 2. This can be com-

pared to the fit to the CP datal at 90°, Edo-/dsp(pp—>K+X) ~ 5(1—XT)8' 4£0. 5/

. 3£0. . . .
p,8r 80 5. Thus the normalization of the gM —qM amplitude as determined from
exclusive reactions and form factors is of the correct size to account for the

FNAL data. The prediction for 7 is similar but somewhat higher due to the

larger number of decay channels and to possible SU(3) breaking effects.
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The leading CIM contribution to K~ production at very large X is expected
to be due to the "fusion" subprocesses qq— MM. For K~ production this includes
uu— K+K_, di — K°K™ as well as K* contributions. Specifically, at 90°, the

yield for pp— K X is

11
0.02 —68-— (11.5)

Prp

for the contribution of the single subprocess uu — K'K™ alone. The calculation

includes a factor of 1/3 from the fact that quarks of the same color must annihi-
late and 1/2 from the spin crossing factor. This is useful for an estimate of
how often a K trigger will be balanced on the away side by exactly one particle,
the K+, in the CIM. Taking all the prompt fusion contributions, the coefficient
in Eq. (11.5) is increased to ~0.16. Additionally, one can expect a contribution
of order 0.8 (l—xT)ls/pST at 90° from K u— K u s-channel subprocesses, etc.
Thus the fusion subprocesses will not dominate K~ production until X > 0.6.

The value of Ap~ 10 GeV4 allowed us to predict the normalization of cross
sections for baryon and antibaryon production. The leading CIM processes are
gB — q'B' and qq— BB'. The predictions are consistent with the FNAL and ISR
data as discussed in the text.

It is interesting to see how charge correlations between the trigger charge

and the charge of fast particles on the away side arise. In the ISR domain, where
X is small (~0.3), the dominant CIM subprocesses for Ki production are

gM — ¢'K and qM — q'K* .~ g'K . The various recoil quark systems ¢' involved
in the direct product of kaons are shown in Fig. 15. (Notice that the strange
meson M in Fig. 15a is found in a proton Fock state components with > 5 quarks,
and the recoil quark has a roughly equal chance (assuming SU(3) symmetry) to

be an s or d or either of the two u-quarks.) As shown in the figure, the quark
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system opposite the trigger is always positively charged for a K™, and roughly
neutral (or slightly positive) for the K. (The s-pole contribution of Fig. 15b

is suppressed by a factor of 24 at 900.) The same results are maintained when
decays of K* — K are included. In the case of the fusion contributions for K,
the recoil system tends to have charge 0 or +1, so again the K tends to be
balanced by positive charge. The charge correlations for p and p are predicted
to be similar to those for K+ and K~ triggers, respectively.

Since the CIM processes always involve flavored quark exchange, charge
correlations between the trigger and away side systems occur naturally. In
contrast, such correlations are generally expected to be negligible for qq scattering
via colored gluon exchange. It would also be interesting to determine the charge
and strangeness configurations of the spectator systems in the beam directions
accompanying a particular high Pr trigger. As emphasized elsewhere, 29 the
charge flow associated with massive lepton pair production provides an ideal
laboratory for the study of quantum number transfer in high energy reactions.

We have also seen in Section IX that contributions to single particle produc-
tion from the p,}fl subprocess qq— qq are small (for @ _ < 0.15) until p,> 10 GeV/e,
see Eq. (9.11), due to the suppression from the effects of single particle trigger
bias. Other p_T4 subprocesses, such as gq— gq, qq — gg and gg — gg, are
similarly suppressed.

However, there are additional processes present within the QCD framework
which are not suppressed by trigger bias. At first glance the most important
example is gluon + quark — meson + quark. This process yields p,}6 behavior
in the inclusive cross section. Using rough estimates it seems to dominate all
the above mechanisms at all but the highest Py values. However the gauge invari-

ant structure of QCD leads to a remarkable cancellation among the various
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diagrams contributing to this process. As a result it may not play an important
role in single particle inclusive scattering, but deserves further study.

While the above p,;L processes are probably not dominant for single particle
yields uatil P is ver& large, measurements involving a jet trigger with large
total transverse momentum o‘,:{, are important since the natural suppression of
quark-quark scattering (and other processes involving gluon jets: Mq — gq,
gq—gd, qq —gg, gg— gg, etc.) due to bias from the single particle trigger is
removed.

In order to interpret such jet measurements it is crucial to be able to
distinguish the various possible contributions. This requires knowledge of the
scaling behavior in p% and X% of the cross section and the nature of the source
of the hadronic jets. At large Py 2 jet can arise from a quark, multiquark,
gluon or hadronic system. Empirical means of discriminating between them
will include (1) quantum number retention, (2) the power law behavior in the
momentum fraction x of the leading particle, and (3) the associated multiplicities.

An important theoretical and experimental question is how to define a large
Pr jet trigger which does not confuse contributions from spectator particles. In
addition, the large values reported for <p%ut> may indicate contributions from
processes involving more than 2 — 2 collisions. It may be possible to resolve
some of these questions by studying a "quark' jet trigger at hiéh 7p,'i, in deep
inelastic lepton scattering where we "know'" the subprocess is fq — (q. |

The cross sections for p+p— jet + X with a calorimeter trigger, as defined
in Ref. 30, is observed to be quite large. At Plap = 200 GeV/c, the ratio
R= EJ do/d?’pj(pp —jet + X)/E dO‘/dgp(pp—» 1r+X) appears to be in the range

200-400 for Pr ~5 GeV. This appears to be too large to be completely accounted
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for by the CIM subprocesses, Mq— Mg, MM — qq, q + qq— M +B, gB - gB,
qq— MM. Using Eq. (10.4), for a total jet trigger one obtains a ratio R of
order 50 for the above kinematics. The leading processes in the CIM scale as
E; d<7/d3pJ ~ p,}S(l-x,l,J)9 .
The contribution to the jet trigger from the scale-invariant qq — qq process

from Eq. (10.4) is (in GeV units)

N
J Pr

3. _ 2
E; do/d Py =2.5 0 (1-xy
Asymptotic freedom-type modifications to the structure functions, or oiuark
constant can give logarithmic modifications to this result. However, it should

be emphasized that the exponential factors which have been computed for gauge

theories to exclusive quark-quark scattering, are not applicable to inclusive

reactions, since the quarks are allowed to radiate. We emphasize that any
proposed scale-violation from kT fluctuations, structure functions, or quark
form factor effects must not in total exceed the scale violations seen in

4 3 . . . X
Pr Edo/d"p (up — pX) at fixed X and Gcm' Double counting should be avoided.

The qq — qq contribution to the jet trigger from Eq. (10.4), for o =0.3

2

_ _ o 2 4, o
at p,, =200 GeV/e, =5 GeVis R= 0.3 o pT/(l Xp)” = 70. Other QCD

Pr
processes involving gluons are roughly double this contribution. Thus it is
possible that the CIM processes, combined with scale~invariant QCD contribu-
tions, can give jet cross sections just below the observed values. In order for
this picture to be a viable and consistent explanation, however, the jet cross

section at p,‘]I_, > 5 GeV should begin to approach p,}%j behavior at fixed x nd

T &

fem®



55

XII. CONCLUSIONS

The experimental data for single particle and jet cross sections, charge,
momentum, and angular correlations are now so extensive that the constraints
on fundamental models have become overwhelmingly restrictive.

If sufficient scale-breaking is assumed—either in the structure functions
and/or the scattering amplitude—then it is always possible to interpret the
single particle cross sections in terms of an effective quark-quark scattering
cross section. However, as we have emphasized here, it is difficult to under-
stand the input normalizations and the strong charge correlations and momentum
correlations measured by the BSF collaboration, 10 as well as the Pr behavior
for baryon production. Further, there is no obvious explanation or connection
with exclusive large Dy data.

On the other hand, the CIM, together with dimensional and spectator counting
rules predicts the dynamical forms and normalizations of inclusive and exclusive
cross sections in terms of two fundamental coupling constants which can for
instance be determined (in fact, overdetermined) from low energy fixed angle
exclusive scattering, form factor asymptotics or momentum distributions. The
scaling laws of the CIM assume a underlying scale-free theory (modulo logarithmic
corrections) characteristic of renormalizable perturbation theories. Given that
the coupling o of QCD is numerically small plus the strong trigger bias sup-
pression of quark jet fragmentation, the leading subprocesses for single particle
yields then arise most naturally from quark-hadron scattering amplitudes. We

emphasize that the gM — qM, gB — gB contributions and their crossing variants

are an essential component in any model including QCD. The calculated sub-

+
process cross section for 7ri, or K production in pp collisions is do/dt (QM — qM)

2
= 7ron/ su3, where o ., is determined by the valence meson wave function renor-

M

malization. This form then yields the observed P 0 s XTdepe.ndence as

cm
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well as the magnitude of the inclusive cross sections. However, as we have
discussed in Section X, it does not seem possible for the quark-hadron and
quark-quark processes to account for the reported large jet cross section.

As we have emphasized, processes based on quark-hadron scattering can

-12
Pp

scaling behavior, due to the absence of trigger bias and the relatively large size

dominate large—pT single particle inclusive reactions, despite their p,}s,

of o and eg. The CIM terms are predicted to dominate the qq — qq scale-
invariant contributions for Py below ~7 GeV, assuming oes=0. 3. The cross-
over point in pi, is controlled by the ratios on/ozS and (« B/ozs)l/z. For
inclusive meson yields one needs an estimate of the normalization of the GM /B(x)
structure functions for virtual qq meson-like states. These were fixed approxi-
mately by normalizing to the measured antiquark momentum fractions. The
Pps €5 and angular dependence of inclusive meson and baryon production reac-
tions can then be understood in terms of a minimal set of two subprocesses,
aM — qM, gB — gB, and their crossing variants. The normalization of each
subprocess contribution has been approximately computed. Detailed predictions
for other beams (including photons and leptons) can be made using the simple
general formula Eq. (3.18). There are also many important tests of the model
involving correlations between particles on the same side, away side, and beam
fragmentation regions. Occasional events are predicted to occur with a single
particle in both the trigger and away side systems, via the qq — MM and qq — BB
subprocesses. These may occur at a larger rate in MB and BB collisions.

It is useful to distinguish three regions in transverse momentum for hadronic
inclusive reactions at high energies:

(A) The asymptotically scale-free, large Py region (above Py~ 7 GeV for

single particles, and P ™~ 5 GeV for jets), where the simple perturbation theory
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contributions for QCD are expected to dominate if o = 0.3. In this region, in
which strong interactions take their most elementary form, one will be able to
study the properties of quark and gluon jets, as well as multiquark jets in the
spectator regions.

(B) The moderate by Zone, where the CIM diagrams are predicted to

-12
3 pT *

depending on the detected particle. In this region (roughly 2 < Pr< 7 GeV

dominate giving scaling law contributions of the form p,l_,8 . at fixed

X
for single particle reactions), one can trace the quantum number flow char-
acteristic of duality diagrams. Thus, the dynamical structure of hadron wave
functions can be studied in detail in this region. In the case of exclusive reac-
tions, Regge behavior takes its most basic form, with trajectories «(t) receding
to negative integers, or in the case of Compton scattering to a J=0 fixed pole.
(C) The most complicated region is at low Pp where the cross sections
Feynman-scale and many different coherent, diffractive, Regge, and resonance/
cluster phenomena operate. In the central rapidity regions correlations with
the quantum numbers of the incident particles become negligible, but the multi-
plicity in the central region may well be related to the same color confinement

dynamics in the e+e— — hadrons. Furthermore, the fragmentation regions with

xzcmmax
L L /P

spectator quark counting rules can be used to discriminate the basic hadronic

— *1 can also be related to off-shell hadron dynamics, and

mechanics at low transverse momentum.

The transition regions between (A) and (B) or (B) and (C) are clearly com-
plicated since several different mechanisms compete, but phenomena in such
regions could be important for the study of interference effects, etc. Photon/
hadron comparisons are especially important; in regions (A) we predict

v/m ~ const. at fixed X; in region (B) v/m ~ ozp?r.
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We note that in the CIM several different areas of hadron phenomenology
become interconnected: (a) form factors, (b) large t and u exclusive reactions

(c) Regge behavior at large t, (d) particle yields for x; near +1 at low t, and

L
(e) large Pp inclusive reactions. The model satisfies the correspondence :
principle, in the sense of Bjorken and Kogut,25 and provides a smooth connec-
tion between these various regions and phenomena.

We have tried to show in this paper that the normalization of the various
CIM contributions to inclusive scattering are fixed by external constraints and
are not arbitrary. They are of a reasonable size to explain the moderate trans-

verse momentum single particle yields (p..< 7 GeV/c) and qualitative features
T

of the charge correlations. The CIM is consistent with QCD, for example,

whereas arbitrarily omitting the CIM diagrams would not be internally consistent.

The CIM calculational rules, however, do not explicitly include any logarithmic
variations which are expected in such asymptotically free theories (mostly for
reasons of simplicity).

We thus see that a theory of short distance hadronic processes patterned
after asymptotically free QCD is tenable. CIM processes based on quark-hadron
. scattering are required for theoretical completeness and describe the experi-
mental data at intermediate Pp- Quark-quark scattering and related processes
involving gluons will dominate at high values of Dy the precise crossover point
depends on the value of @ - Thus a rather complete model of short distance
processes exists which is consistent with a fundamental quark-quark interaction,

in particular QCD, and which enjoys considerable phenomenological success.
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APPENDIX A

Accuracy of General Formula (3. 18)
The hard scattering formula for processes not involving final state fragmen-
tation (applicable to CIM prompt processes and also quark or gluon jet cross sec-

tions) can be written in the form7

do

E—— (A+B—C+D)=
a’p
1-2%,) 2
25 (! ¥ a o (ZL\p (Ze\&(o Pro
T et 2 a/A\1+z/ b/B\1I-z ] dt 2’
ab 1-z 1-z
-(1- 2x1) ' ab,~Cd

(A.1)

where F(x)=xG(x), and the integration variable z is the cosine of the scattering
angle in the subprocess center of mass. The overall kinematics are specified by

X, =-u/s, X ——t/s and pT, with e =1- -Xp = -x X, (see Eq. (3.14)). The lead-

1
ing behavior at large Pp and € —0 is given by Eq. (3.18). To illustrate the ac-

curacy of this latter form, we compare the two formulae for the case of the

/\A3

gM - gM (ut) subprocess contribution to pp—MZX. Here dcr/ dt= waM /su , and -
we tak(i FIY,I._/p(X) = 6(1-x)° for x >0. 3, Fq/p(x)= 4(1 —X) for x >0.2, and constant
otherwise, as in Eq. (3.1). For pion beams, we use FM/T‘_(X) = 4:(1—x)3 for x>0.4

as in Table II.

Equation (3. 18) then gives for Gcm = 90°:
9
5 (1~%7)
2 2 T
E %3 (0= MX) =57 ay —g—
a’p Pr

In Table V we show the ratio of (A.1) to (A.2) {the quantity defined as J (xT) in

Eq. (3.18)] as a function of X at 900, and also the effective power Feff of

€= (l-xT) obtained for pT8 Eda/dSp from (A.1). We see that for Xy >0. 3, the
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simple form (A. 2) is accurate in normalization to within 25 percent. Furthermore ,
we - see that the power behavior (1 --XT)9 predicted by the spectator counting rule

(F=2n -1) is accurate to within ~1/2 units for X >0.4, and the effective F

31

spect
power decreases below this point.

It should be emphasized that the effective power Feff is in general expected

to decrease in regions where the structure functions F(x) are flat; i.e., for Xp <

min (Xa’ xb). Thus, a fit to Feff over the region 0.2 <Xp < 0.4 for the above ex-
ample should give a value of Feff ~6 for pp—M and feff ~5 for mp — M, yield-

ing a ratio that varies as AFe ~1. On the other hand, for x., >0.6, AFe

{f T

equals 2 to high accuracy in agreement with the spectator counting rules.

ff

Table V

Accuracy of General Formula (3. 18)

Xp dep M) Fopp) I M) F () (FEp) - F(m0) 4
.1 .37 3.8 .42 3.8 0
.2 .63 5.0 .58 4.5 0.5
.3 .99 6.3 .77 5.0 1.3
.4 1.23 8.6 1.00 5.6 3.0
.5 1.19 9.3 1.14 6.9 2.4
.6 1.13 9.2 1.10 7.2 2.0
7 1.09 9.1 1.05 7.1 2.0
.8 1.05 9.0 1.02 7.0 2.0
.9 1.02 9.0 1.01 7.0 2.0
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Appendix B
Coupling Constant Consistency

In Sections III, IV, V we have shown that the values QU ~1.2 GeVz, and
oy~ 10 GeV4 for the meson qq and baryon qqq couplings are consistent with the
" normalization of large angle elastic reactions and the momentum distribution func-
tions. We demonstrate here that a similar consistency is present when comparing
the above determinations to that obtained from the asymptotic behavior of meson
and baryon form factors at large t. We also define here the relationship'of o
and ap to the Bethe-Salpeter wavefunction.

Let us consider the q-q Bethe-Salpeter wavefunction ¥(p,k) for the bound

state pseudo-scalar‘meson: We define

¥, k) = (m+ 5B - k) 7 Y(k) (m -5 B - ) (B.1)

where ¥ (k) is the usual amputated vertex function, ¢(k), divided by the propagators
[(p/ 2—k)2—m2] [(p /2 + k)z- mz] . The calculation of high p,, processes require knowl-
edge of ¥ (p,{) at large relative momentum £. One can iterate the Bethe-Salpeter
equation once and obtain

4

¥(p,0 = (m - 5 B +ﬁ)"1f (‘; 1;4. Ve ¥ eK)m-3p-0"0 (B.2)
m 1

In the case of single gluon exchange, for large { we can approximate V(£-k)~

VL) N')/aagsz 'y];x / !22. Furthermore, in the region of integration where k is small,

we can drop the k dependence in the Dirac numerator of the equation for ¥ (p, k),

thereby obtaining at large relative momentum,
2

18 ~ -
‘ll(p,ﬂ)z(m-%lé+,£) 1 -;2-25—ya(%p+m)y5y°‘¢(0)(m-%¢—,z) 1. B3
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The quantity 4
~ d 'k
<b<0>=2mf — V& . (B.4)

2m) i

can be directly identified with the nonrelativistic wavefunction at the origin. The

approximations are justified as long as the integration over K converges. In

asymptotic freedom theories, one obtains a mild logarithmic divergence11 which

can reflect itself in corresponding logarithmic modifications to the final scaling

laws.

We can now calculate the quark-meson scattering amplitude of Fig: 16 at

large momentum transfer. For a quark of one specific color we have

M=T P+ Y, (m+ 5 @AYV v+ 5 @+ Py Pu)

x Poes wp i, (B.5)

where C is a color factor to be defined shortly. The spin-averaged square of the

matrix element for It[, lu|>> m2 is

1 %p; P{Iz = 1652 (gsz)‘lc2 70 . (B. 6)
' ins

The color factor per average color quark in SU(n) is

2 .2 :

_11l@-1" 16 - |
C=5 7 S5+ =5 (forn=3) , (B.7) |

where our normalization is conventional (see the text, Section IX). Thus ]



su
E—’]T(% %—i)z —1—3-' . (B.8)
su
We can now identify
oy =3 %§=§§<g:$(0»2 : - (B.9)
i.e., the dimensional coupling constant g is
g=4g’ ¥ (0I5 (B. 10)

Let us now turn to the form factor calculation. In a naive approach one is
tempted to obtain the asymptotic behavior at large t from the graphs in which
only one wavefunction is iterated (see Fig. 17). However, the x-integration in the
d4£ loop (x is the lightcone fraction of momentum carried by the quark struck by
the photon) then becomes singular at x —1,

- MY

= 1lax }

and extreme values of the quark momenta are probed. The wave function
imation is thus not applicable for the main loop integration over £. Accordingly,

we must iterate the Bethe-Salpeter kernel once more and calculate the graph of

Fig. 18. 32 We shall use the general Lorentz frame (P is arbitrary) (see e.g.,

Appendix B, Ref. 7)



2 2
p=(® + g5 Op, P-7p)
2 =2 2 +9
m + m+
p-L= <(1 X) P + 4(1_11;13 » by, (1-%) P 4(12)1))
2 - 2
q=<';—;‘-s —CTT, - qJI‘>, (B.]_l)

where q2 = —T;’,I‘? , andx= (11.0 + £3) / (po-lj p3) is the usual light-cone/infinite mo-

mentum fraction carried by the struck quark. The matrix element is

da* 1 o 8
M= — Tr m+5p+d)y m+L+d)y, (m+L)y
B en® 2 K

(m + 5y, (m - p +A>va] <$<0) gj)z

-1
%[ﬂz(p-n)z(uq)zpf pzz] cr . (B.12)

Here the color factor is C' = 16/3 (we sum over colors for the form factor).

’

Using standard techniques--i.e., picking up the (p-ﬁ)2 pole where pl2 = %22

2 2
= 3(£ + q)“~~the above integral reduces to

\ Py “
2 e 2,2
16 f Lo oty Goed?Te ]
3 2(1-x)f n? ) ,
where
D=7 (1-X5_4(E§ + M2(x))2((fT + (1-x) q’T)z + M2(x))>
and

M2(x) = mc? - x (1-x) M2 | (B. 13)
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The trace reduces at large qz = -ﬁ',i =

Tr [-—] = P x @-%° 4o, (B.14)
where I\N/I2 (x) is a complicated combination of quark and meson masses. There

. . —’ - - —" _’
are two important regions of the QT 1ntegrat10n——-£T~ 0 and ET»»-T]’T (1-x), pro-

viding an extra factor of 2. ertmg./ll = F(t)(2p + q ) we obtain at large t

@2 ¥ 007 ax(1-%” t#%ex)
F(t)~ 5
© 2(1'X) @2mn° T2+ M@’ ¢
~ (RS B @2 Fop? . (B.15)
M7x)~ 9r

Substituting in terms of gz, or rather on, we have

tF (t) ~ (B. 16)

M ()

Since 1\7[2(x) ~ Mz(x), it is clear that the coefficient of 1/t is of order 0.25-1.0 GeV_2

if @y = 1.2 GreV2 . In a monopole fit to data, one has

tF(t) ~ M2~ 0.5 (GeV)>

Clearly, the agreement is acceptable.

In the baryon case where ap = 10, one similarly can show that the asymptotic
behavior of the proton form factor is also satisfactorily normalized. The larger
value of g, compared to e is required, in part, in order to compehsate the
more strongly damped x integral in the baryon case. One finds « f dx x(l-x)

vS. « J dx x(1-x) in the baryon-meson cases, respectively.
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FIGURE CAPTIONS
(a) A schematic of the simplified structure functions used to estimate rates
in the text. (b) The manner in which the higher Fock states enter to produce
the total structure function.
Two examples of graphs that contribute to quark-proton scattering.
(a) Typical exclusive scattering contribution to MB — MB arising from
constituent interchange. (b) The corresponding inclusive direct process
for MB — MX illustrating the simple connection to the structure function.
The double bremsstrahlung contribution to the prompt inclusive rate for
A + B—C +X. The hard scattering contribution for the cross section is
given in Eq. (1).
The various coherent contributions to elastic proton-proton scattering
and their respective weightings.
The momentum routings and the coupling constants used to compute the
valence contributions to the (a) meson and (b) baryon structure functions
a;nd sum rules.
Various contributions to pp —» MX reactions. {a) The (ut) graph for the
gM — gM basic process. (b) The (st) graph for the fusion process -
qq — MM*,  (c) 'The (st) graph for:the gM — qM basic process. Wave
functions are not shown for the meson states.
The two dominant contributions to the L3 term in the pp — K X yield;
(a) the strangeness arising from the target and (b) the beam.
Baryon production from proton beams; (a) the direct scattering graph,
(b) beam bremsstrahlung (of a mesonic spectator system), and (c) the

fusion process, are shown.
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Illustrating the simple and direct relation between (a) photon and (b) meson
production for one type of basic process.

The five important contributions to meson production by meson beams.

The direct process is (a), and the quark-meson process in which the
intermediate meson arises from the (b) incident meson and (c) proton

target are also shown. The two possible fusion processes are shown in

(d) and (e).

The five dominant contributions to baryon (and antibaryon) production by
meson beams.

Lowest order diagrams for quark-quark scattering via gluon exchange.

Scaling law fit to the cross section pp — 7r+X, Gc.m. 5900, Xp = 2pT/\/_s_ >0.3.
From Ref, 1.

Dominant CIM diagrams for Mq— Kiq' illustrating the final state charge
correlations.

Diagram for quark-meson scattering using the iteration of the gluon exchange
kernel in both Bethe-Salpeter wavefunctions.

Diagrams for meson form factor at large momentum transfer.in which only
one wavefunction is iterated.

Diagram for meson form factor using the iteration of the gluon exchange kernel

in both Bethe Salpeter kernels.
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