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I. INTRODUCTION
The study of high transverse-momentum products in proton-proton colli-

sions is very important to our understanding of the structure and dynamics of

L ’4’

hadrons The most successful models separate the scatiering inio
two steps, first the emission of a constituent from each proton and then the
large angle scatiering of these constituents as a subprocess. In addition to
single-particle inclusive processes at high transverse momenta these hard
scattering models predict jet processes in which the products of the hard sub-
process each fragment (or decay) into several particles which amongst them-~
selves have small relative transverse momenta but which, taken together, have
a large transverse momentum relative to the incoming beam direction. The
study of such jets gives new information on the properties of the hard scatter-

kl

ing process. The correlations between single particles or jets8 on one
side and jets on the other side is particularly sensitive to the transverse
momentum of the subprocess relative to the collision axis. Anomalously large
transverse momenta have been observed for lepton pairs in the Drell-Yan

9 and this suggesis the transverse momentum of the quark

production of p g~
coustituents should be included in the description of such processes. We shall
call the constituent transverse momentum, {transverse) fluctuations.
Constituent fluctuations have generally been neglected in caleulations
because they have been assumed to be much smaller than the relevant kinema-
tic parameters of the high Py Process (total energy, detected transverse
momentum, invariaant masses). Their size was taken to be of the order of the
typical meson transverse momentum in hadronic processes, a few hundred
MeV, but it has been noted that the transverse momenta of the constituents

0

which fragment along the collision axis could be as large as 1 GeV. ! This
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remark implies a substantial spread in transverse momentum of the constita-

ents within the incident particies themselves.

-

It is evident that the effect of constituent fluctuations merits detailed study

especially in the light of striking claims that such fluctuations can strongly

4,11,12

affect the predictions for the cross section and the power-law

behavior of high transverse momentum processes. 4,6

Parton models for large transverse momentum processes A+ B~ C+X are

generally based on the probablistic expression(l) corresponding to Fig. la

1 i
3
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where the G(x) are the probability distributions in the (light cone) variable x,
and Q:xaxbs, ?;=xa /th, a:xb /xCu are the Mandelstam variables of the sub-
process, which is effectively on-shell. In general there is an incoherent sum
over the contributing hard scatiering reactions a+b—.c+d. Eq. (I.1) is nor-
mally derived in model field theories after making a rather long list of approxi-
mations, In Section II we enumerate some approximations and illustrate their
accuracy quantitatively. In fact we show that if all ieading subprocesses are
inciuded in the sum in Eq. (I.1) then Eq. (I.1) gives the exact large Drp CTOSS-
section to leading order.

It is often assumed that Eq. (1.1} can be immediately generalized to
inciude transverse fluctuations by using simple couvolutions of do/ dt (taking
S=xx8 —212';1. . T{',tl). , etc.) with probability distributions G, /A (X, 'ETa),

ab
Gy, /B (xb,'i'{"Tb) and G, Jee Kpp) Although this procedure may have heuristic
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value for small transverse fluctuations, it becomes increasingly misieading at

large kT . The difficulties are related to the following considerations.

-

(1} The interacting partons a and b are in general off-shell and spacelike:

we ¢can write
2 2
ki == [ETa +m (Xa)}

1—x
a

since Pa and pA"ka are effectively on the mass shell. (The quantity mz(xa) is
a linear combination of particle masses squared}. Thus for large kTa and/or
X 1 the subprocess dur/d%(a+ b--c+d) must be evaluated far off-shell. In the
case of (massless) gluon exchange contributions in QCD calculations, this fact
ensures that the gluon pole at t = 0 never occurs in the physical region. This
crucial effect was neglected in the early calculations of Ref. 6 where artificial
cutoffs were needed to ensure finite results for a gluon exchange model.

{2) Because of the off-shell nature of the interacting particles, the gauge-
invariance of subprocesses involviag gauge fields cannot be maintained in
simple hard scaftering models. Further, it is clear that the probabilistic
interpretation of the parton models fails; {rom the perspective of time-ordered
perturbation theory, non-classical time-orderings of the interactions mustbeinclud-

ed when the intermediate states are far off the energy shell (largek..,or x-1).

T
{3) In general there are other processes such as a+b .c+d+e where
three {or more} systems (jeis or clusters) are produced with large transverse
momentum and where the invariant mass of any pair grows with Py - The
contributions from such subprocesses give additional terms in the summation
{Eq. (I.1) and represent coherence corrections from a+b—c+d in the large

kT region. 1In soffened field theories, such contributions are non-leading by

powers of Dy - In renormalizable theories, the relative suppression is only
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logarithmic. We discuss this in detail in Section IT and HOI.

{4) The heuristic approach to transverse momentum fluctuations leads to
éonfu;io.n concerning the identification of subprocesses. For example consider
the contribution to large Py quark-jet production in pp collisions arising from
qa-—~qq shown in Fig. 2a. The radiated gluon in the figure is one source of
kT fluctuations for the interacting quarks. When such fluctuations are large (of
order pT) this contribution to the Feynman diagram is better represented by
Fig. 2b which can be identified with the parton model subprocess gg—qg. As
another exampie consider the couatribution to a high Py meson-baryon reaction
shown in Fig. 2¢. From one point of view, this is simply a high P qq —qg
scattering reaction where the q already has a substantial transverse momen-
tum fluctuation in the direction of the detector. However, because of the fact
that the interacting q at large kp < po, is far-off shell (spacelike), the mass of
the gq system in the final state can be very smalll In fact in the case of MB—
M'X, i.e., a high p., single meson trigger, the aq system can be identified
with the trigger particle. [This is actually a favored configuration since there
is no suppressioan factor (typically of order 10_2) from quark fragmentation
q—M'.} Thus from this point of view, the hard scaitering subprocess can be
considered as Mq.M'q' where the interacting constituents have negligible kT
fluctuations. Thus because of the lack of precision in the definition of hard
scattering models, two seemingly dissimilar models are actually equivalent.

Although the qﬁci_.qa subprocess has canonical p;’c scaling in a renormal-
izable theory such as QCD Bora diagrams, one easily finds that the subprocess
Mg— Mq' gives a p,}a contribution fo inclusive reactions. In fact, the subpro-

cess

jo
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(which is part of the constituent interchange model {CIM)) is consistent with the
scaling behavior and angular dependence of the subprocess extracted phenom-
énoiog:caliy from Fermilab and ISR pp-- MX data below Pp = 8 GeV assuming no
kT ﬂuctuationss.

{5) It is unnatural to coasider arbitrarily large kT fluctuations {i.e. kT
apT) as arising from an infrinsic parion momentum distribution with a hadroun.
In order for such fluctuations to occur there must be an internal hard scatter-
ing processes (obtained, for example, from the iteration of the Bethe-Salpeter
kernel), where the other coustituents or gluons take up the recoil. Thus if we
again consider Fig. 2 from the standpoint of (off-shell) qg—.qq scattering, the
production of the high Pry systems cannot be localized within a single hard
scattering subprocess.

It is clear that as long as one considers small transverse momentum fluc-
tuations satisfying

T{%a 2 E%a 2

€ Py s T K D
1—xa T 1——xb T

the ambiguities and problems discussed above should give only non-leading cor-
rections. However for k,zr ~ 0 (p,zr (1 —x)), the parton hard scattering model
becomes ill-defined.

The only reliable solution to the above list of ambiguities resulting from high
transverse momentum fluctuations is to carefully follow the guide of exact Feynman
diagram calculations. Despite such complexities we have found in some
model field theories that one can still define with some precision and numerical
accuracy a hard-scattering expansion in which the transverse momentum fluc-
tuations are implicitly included. In these model calculations, we have verified

that the complete Feynman diagram contribution can be accurately expressed at



large Py 28 a sum over distinguishable on-shell, low transverse fluctu-
ation subprocesses ab—cd, where each of the interacting systems a, b, ¢, d
z.tre' in general mulliparticle systems. The scaling behavior in Py of each
contribution can then be determined from the total number of active particles in

the subprocess, using dimensional counting rules18

. Further, the contribution
from each of the subprocesses is well-approximated by ignoring transverse
fluctuations.

i
»3,13 we have examined the

In the context of the hard-scatiering models
effect of constituent fluctuations on the cross section for detecting a particle at
large transverse momentum in proton-proton collisions, All our calculations
are for the cases where the detected particle is emitted at 90° to the collision
axis, although this is not crucial. The fluctuation-independent distribution
functions for the emission of a quark from a proton are taken from the SLAC
data on lepton-proton scatteringlé, and the transverse fluctuations are
included by multiplying these functions by various normalized x-dependent
distributions.

We have paid particular aitention to the effects of some common approxi-
mations to the kinematics and dynamics of such processes in both physical and
model processes. In Section IT we consider an exact model qb3 field theory
analogue of relevant processes and we use it as a theoretical laboratory to
discuss and illuminate the effects of approximations and their pitfalls. We
coutrast subprocesses which are respectively described by § and T channel
poles. The transverse fluctuations have an effect which can be directly inter-
preted in terms of a hard-scattering expansion of the full cross section
discussed in (II. C). Each term conforms to the kinematic restrictions of the

parton model in which the constituents have limited transverse momentum;



hence the necessity for grafting transverse fluctuations onto the parton model
in some approximate way is obviated.

| In Section IV we consider several physically important subprocesses and
discuss the effect of transverse fluctuations in the context of the approach
developed in section II and III. The single lepton spectrum from the Drell-Yan
process as a function of iransverse momentum derived from a rapidly falling
distribution is found to be very nearly independent of the effects of such consti-
tuent fluctuations in agreement with the discussion in section II and [II, Other
competing subprocesses for lepton-pair and single-lepton production are listed.
One model in particular is discussed15 which may be interpreted as the origin
of a dominant contribution to the transverse momentum distribution of anti-
guarks ia the proton at intermediate values of kT and which explains the
experimentally ohserved iransverse momentum distribution of p-pairs as a
function of their invariant mass. We find that at high transverse momentum the
single-lepton spectrum predicied by this process agrees with that predicted by
the naive {qa—pgi) calculation. Prompt meson production in the Constituent
Interchange Model (CIM) is briefly considered, and we discuss the quark-scat-
tering subprocess for guark-jet production. In the latter case the errors of an
on-shell approach are illustrated and the effects of quark transverse fluctua-
tions are interpreted in terms of new subprocesses contributing to quark-jet
production at high—pT.

In section V we present our conclusions and suggest a gener_al method for

analyzing countributions to high momentum transfer processes involving bound

states which is applicable to renormalizable and super-renormalizable theories.



Ii. STUDY OF AN EXACT MODEL: qb3 THEORY

In-order to study the various approximations usually made in large trans-
verse momentum calculations, we shall study in detail the behavior of the Born
diagram structure of qb3 field theory which we can evaluate exactly. The prin-
cipal features of the calculation mimic the phenomenological features of most
hard scattering models, including the p,}a behavior of the pp—#X data at fixed
Xp=2pp A and 6 om
A, Kinematics

In ¢>3 field theory we consider scattering processes of the type depicted in
Fig. la with the particles labelled by their four-momenta. All kinematic vari-
ables are defined in the usual mannerl6 and those referring fo the hard-scat-
tering subprocess (k,, k. )—(k , k,) are s, £, and Uu. We separately discuss thg
two cases shown in Fig. 1b and Fig. lc in which the subproces_s is represented
by an S-channel pole and 2 I-channel exchange respectively. The differential

crogs-section may be written as16

—k,—kg)

4
do= g4l M‘z' Cn) . 5%y o=t 1,

N

__ 1
Z 32
Ko™ Ha
@.1)

4 +,2 2

];[ d*p, 6" (p;— mp)

2n°

where
A=A (s, m2 , sz) = (s—(mA+ mB)Z) (s—(mA-mB)z)

g is the vertex coupling constant and

gz((ka+ kb)z— mz)_1 for s-pole case
M=1 2 2 2.-1 .
g ((ka— kc) —m ) for t-pole case

In the following we coansider any collinear frame where the incident parti-
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cles define the Z-direction. Momenta are denoted by k’ = (ko,'ﬁ , k3 ). We

analyze the cross section {2.1) in terms of light-cone variables16 defined by

_ .0, .3 o 3 _ 1,0 1.9 o 3
x, = R+ 1) /(83 + 1y) » X, = (k=) /0~ Pp)
(Unless otherwise stated all formulas that are given for (a,A) alone are valid

for {(a,A)— (b, B}). Then

' 1
4 {(+.,,2 2, r.2 dx )
fd 2 6 (,a_a_ua) _fd E‘ajo‘ 2(12{&) (2.2)

The parton 4-momentum k"; is determined by momentum conservation and is

not on the mass-shell but satisfies

2. 2 2
k§.=xa<Mi—Ea+“a - Fa) (2.3)
(l—xa) X

where we always fake MA < pa+ m, . We define the vertex distribution function

= 42 X, (1—x,)
Ga/A (Xa’ﬁa)- g

2(27)° (17;‘ +(1-x )(m _x Mi)-i-x )

(2.4)

The subprocess invariant cross section is given by

deg _ 1 1 2
P R

where -
A=A(S = (S +m, ) (3 2
=A(s, m, m)=(s—(m +m) (S—(m~m.})

Using (2.2) and (2.4) we can cast (2. 1) into the form of an invariant differential

cross section for detecting particle p (= kC , see Fig. 1a)

3
o dog_ 1
p i ﬂfdxad'k'adxbd'ﬁb Go/a Xy K,
A (2.5}
A do e 2 ,2 2 2
b/B( b,T{' ) = 5(s+t+u-—ka-kb—mc-md)

xb\/Zdt
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The function Ga/A (xa, 1{«f'a) was defined in such a way that the form of (2. 5)
has a fimple parion model interpretation. Gra /A (xa,'ﬁ'a)dxadli'a is 'mte;preted
as the number of partons, a, emitted by particle A with longitudinai momentum
fraction between X, and x * dxa (in the high-energy limit or iu the infinite
momentum frame} and with transverse momentum between "ﬁ'a and Ii’a+ d‘k"a.
The partons ka and kb then scatter in an independent subprocess except that the
particle flux is defined by X X, 8 and not 8. However, even though such an in-
terpretation of (2.5} is seductive in its simplicity, we must emphasize that
{2.8) is an exact representation of the process shown in Fig. 1a when interpret—.
ed as a Feynman diagram in which case the transverse momentum distribution

of the partons is predicted and is given by (2.4). The kinematic region over

which (2.5) is integrated is determined by solving the following constraints {(17):

a’ b —
gz(m +‘md)2
¢ (2.6)
, Fru-EutEi?

Pr= ~ 2 2 - M) 29

A(S,ka,kb)

where

Fos-ko-ko , t_=§—k2—m2, a=0—k - m>
a b a ¢ b c

P is the transverse momentum of kc or kd in the subprocess center-of-mass
frame. The delta function in (2.5) must also be solved to yield a relation
between the integration variabies. |

In Section I, B we will compare the exact calculation (2. 5) with various
approximations. From the form of (2.5) it is easy to infer the effective power

law behavior of the invariant eross sections for XT ~1 or XT ~0
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3 4 4 3
4 -
- I B S S 3 W 2.7
dp m 8

Pp
where Kp = 2pT /v8, and gz/iﬁz results from the integration of G(x,K) overX.
In order to estimate which kinematic regions of the integral (2.5) yield the
most important contributions to the cross section at large transverse momen-
tum we must isolate all important hard scatiering subprocesses. Following
the counting ruIes18 {which follow from dimensional analysis) each subpro-
cess at fixed Xm behaves like 1/(1% )N where N = X - {no. participating parti-
cles) —2 where A= 2 for the ¢>3 theory and A = 1 for the renormalizable theory.
The power F of (l—xT) is given by 2. (humber of spectator particles)—1. In
Fig. la-lc the subprocess selected for illustration is the one which leads to the
conventional parton model interpretation discussed earlier where kc recoils
against kd . Heowever, in both cases (ib) and (1lc}, subprocesses other than
those illustrated are equally important and these are shown riz‘lged by dotted
lines in Fig. 1d and Figs. lc and 1f respectively. These extra subprocesses

all give contributions which behave like p}g for fixed x The high transverse

T
momentum generated by the process of Fig. (1d) is produced by kc recoiling
against ﬂa. In this subprocess ka is the t-channel exchange particle and hence
ki must be assigned its exact off-shell space-like value of order —R‘i/(l—xa)
given by (2. 3). (We ought not to fix k‘z= m‘i as an gpproximation any more than
we would put the exchanged particle in the original %*charmel subprocess (fig.
le) on shell. Indeed, if we did the latter the calculation would lose all sem-
blance of credibility.) From Eq. (2.3) the off-shell value of ki depends (apart
from masses) on the value of X, and T:'i which, for the subprocess of Fig. 1d

is of the order of the pi. of the trigger particle kc . Consequently the isola-

tion of this subprocess explicitly shows the contribution that the transverse
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momentum T{'a of the parton (relative to ifs pareat ";5A) makes to the total
large—pT scattering cross section.

‘ T‘};e process of Fig. le countributes to the p,; 8 behavior of the cross
section at fixed Xm and the high transverse momentum is produced by g recoil-
ing against ﬁa. The trigger particle, kc, is then produced by fragmentation
{or decay) of q as one member of the low mass pair (kc, kd). As emphasized
above ki should be assigned its correct off-shell space-like value in order for
this subprocess {o be correctly included.

In the language used so far the effect of transverse momentum fluctuations
of a given parton is determined by analysing all possible hard-scattering sub-
processes in which that parton carries the large P momentum. Counting rules
then tell us whether such processes contribute in the leading order or not. This
procedure treats all kinematic regions democratically and never begins by
assuming that transverse momentum fluctuations may be ignored as an approx-
imation when calculating leading order effects. Thus the production of a large
Py particle can always be identified with one or more explicit hard scattering
subprocesses. Using this enumeration, one need never refer to parton model
wavefunctions with large transverse momentum fluctuations.

In the phenomenological parton model picture which is often used as an
approximation the fundamental process is defined fo be given by Fig. 1a and the
parton transverse-momentum distributions (2.4) are not necessarily deter—
mined by the internal consistency of the model. The integral expression for
the invariant cross section (2.5) is then used with various approximations to the
kinematics in order to predict the large—pT behavior of the process. The fact

that this prescription does not explicitly exhibit the democracy of Feynman dia-

gram approach discussed earlier does not detract from a given model which
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might be validated on physical grounds. However such an approach may in
some fases obscure the effects that a given approximation has on the final
result. In this context a common error is to believe that the parton transverse-
momentum fluctuations may always be included by convoluting the transverse-
momentum distribution of the parton with the cross section calculated without
fluctuations. Clearly the analysis discussed earlier cannot be interpreted in
this way and a detailed inspection of (2.5) confirms that the integral cannot be
rendered into the form of a convolution.

In the nexi subsection we discuss the effects of various common approxima-
tions to the integral (2.5), especially with regard to the breakdown of the full
processes into the relevant subprocesses as described in this section. In order
to compare later to the often made parton model assumption (i.e., simple im-

pulse approximations) we introduce an on-shell parametrization for the parions

k and k, . We define
a b

2 32 23 3
K= (1% + (x,py ) +m 1%, K, x,p;)
- (2.8)

where X, is the Feynman longitudinal momentum fraction. This leads {o a
purely ad-hoc modification of the integral (2.5) which is not kinematically con-
sistent since it puts ka and kb on the mass-shell whereas we have already seen
that momentum conservation requires ki— mi to be spacelike. The largest
error occurs when ki is farthest off-shell which irom {2.3) can be seen to be
for large 'F:': or xa_.l . We will discuss the effects of puiting the partons on
mass shell for various large Pr protoan-proton processes in section IV,

B. Effects of Approximations

The kinematic constraints which determine the region of integration in (2.5)

are given in (2.6). Other equivalent constraints may be substituted for those in
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(2.6} in terms of the external process variables s,t, u. However, in a caleu-
lation which approximates the kinematics there can be a mismatch between
aifferent sets of constraints and some may allow a region of integration to con-
tribute which would be forbidden in an exact caleulation (e.g. reaching a pole).
As an example consider the process for which the detected particle is at 90% in

the center-of-mass of the incident particles. In this case the delia function in

{(2.5) may be written, to leading crder in s and ignoring masses, as

6{s+t+u-k2—kt2)) -
N (2.9)

2

x E° x %

— 2 a“a , b )
6 (%X, 8 =ppvs (X, +xp )+ B k-g +(l=-xa)_ +(1—xb) ’
where

R-d - Py ‘-Eaﬁ 1’Eb

For 'R‘: and k’g small this gives the usuval solution

= XPpA/S
X2~ pT/ /s

which in conjunciion with the fall off (l—x)N of the distribution functions g{x, k)

Xy

determines the major countribution to the integral (2.5) to be for X0 Xp ™
2p’I‘ X\/g . For the t-exchange subprocess the pole would be reached for 'Ea e

U K, = 0. Then

b
2
sz[xap_T_ Px ]/[x _I_)E‘_:'
Vs s )l LT s

which has solutions for X, = 0 and X, = Pp \/E . However, for this particular

region we find
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X k2 X kz
~ 2 a a bbb 2
S"'Xa.xbs_(Ya_l“{b) * (1-=x) + (1-x,) = ~Pp

=

which is space-like and hence unphysical since it cannot make two on-shell
final state particles. Generally the effect of the space-like momenta of the
partons is to ensure that the main countribution to the integral is from the (well-
understood) region where X Xy ZpT Afs. We should beware of any approx-
imation which allows the integral to receive a coniribution from physically
forbidden regions. The relation between integration variables, because of the
delta function constraint, may also be altered by the approximations.

The exact expressions for the relevant kinematic variables are

2 2 2
s=(Py*pg) ., t=(Py—Po), u=(Pg—P¢)
, . 2 2
ok +k )P oxxs +k +K~2K -k + TarTp)
a b ab a b a b m—'—
a“h -
2 2
Pk ~k Y oxt +k% + m® +2F. - B+ a1 oy
a C a a c a T T
a (2.10)
2
~ 2 _ ' 2 2 L= m_m
u—(kb—kc) =X u +kb+ mc-!-ZR'b pT+ bl:CL
X, u
b
2,2 2 2
t f_ —_
.p2E|ﬁ‘2=st'u Myt —Mpa'” 2
T.” | ¢ . o
Afs, My, M)

h - . \/ . 2_ 2_ 2 _ 2 2, 2
where g pA pB+ (pA pB) MAMB ] it = "'pA' pc_' \/(pA' pC) '—:NIAMC:

t = . _ . 2 w2 m2
U= —pp Pg ‘/(pB P ~Mg M,

2 2 2 2 2 2. 2
M _K:+ka’ mbi_k‘kz)'!'kb » Moy _kc+mc

We have calculated the effects of several different approximations in the qb3

theory for the two cases where the subprocess in Fig. 1a is taken to be an
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S-channel pole or a t-channel exchange pole. The results of this investigation
are contained in Figs. 3, 4, and 5. For the light-cone parametrization we
have chosen six different approximations to the exact calculation which are:

{1) No approximation- i.e.: exact calculation.

(2} The matrix elements for the subprocess are simplified to be
2 2 _'l -
g (xaxbs - m )} 8-pole

1 %—pole

g (x,t- m?)”
(3} The correct matrix elements are used but the transverse-momenta Ea
and E’b are set equal to zero when calculating the effect of the delta-function
constraint,
{4) As (3) but the simplified matrix elements defined in (2) are used;i.e.
(4)=(3)+(2).

—_—

(5) The transverse momenta 'E'a and kb are put equal to zero everywhere
except in the parton distribution function which is trivially integrated over T{a
and R'b. The correct subprocess. matrix elements are used.

{6) As {5) but the simplified matrix element defined in (2) are used, i.e.,
(6) = (5)+(2). This corresponds to the naive impulse approximation. The
difference between (4) and (6) is in the kinematic consiraints (2.6) which are
correctly included in (4).

The resultis of tﬁese approximations for the single particle cross section at
900, s= 800 GeVz, with all particle masses set equal to 1 GeV are shown in
Figs. 3a and 3b as a ratio to the exact calculation (1). For s=800 GeV2 we
expect the range 3 GeV < Pp < 9 GeV to best illustrate our ideas since the edge

of phase-space encroaches above P = 9 GeV, and below pT=3 GeV we should

not expect to properly distinguish between leading and non-leading subprocess
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contributions. This is also the region in which parton-model calculations have
been dine to study high transverse momentum processes. From Fig. 3a in all
cases the contribution from the £-channel exchange graph is reduced in this
range by a factor of about 1.5 because of the approximations made. In the
§-channel pole process from Fig. 3b for the same range of Pp the contribution
is decreased by roughly a factor of 2 for all approximations except one. In alil
cases where a reduction occurs the reason for the decrease can be shown to be
due o the elimination {(by the pertinent approximation) of one of the extra sub-
processes discussed in Section II. A. For an example we consider approxima-
tion (2) in the t-channel exchange process in which the simplified subprocess
matrix element M= g2 (xat—mz )_1 is used. For the subprocess of Fig. 1d to
coutribute in ieading order we require €=q2rz 0 (—.m2 ), kiz —pi and the exact
mafrix element then behaves like M_ =0 (—gz/ Zniz). However, since X, ~
pp/v/s and i;‘a-pT /& we find that the simplified matrix element behaves like
—gz/ p% which consequently suppresses the contribution of the subprocess (1d)
by a factor ~4m4/pi4r with respect {o its contribution in the exact caleculation.
From (2.9) we can see explicitly that in the region discussed ahove £ can indeed
have a small absolute value since the terms depending on E’a cancel the large
negative contribution from xat‘ + kza when kaz ‘IS'T(EEC) which is the case under
consideration.

The resuli of approximation (5) may be similarly explained for this %—pole
process. Even when the integrand of (2.5) is being evaluated for large Ea’ the
matrix element is approximated by its value at T{a= 0. This is very similar to
the case just discussed and because of the approximation the matrix element
again hehaves like «—gz/pz,r in a region where in the exact calculation it behaves

like —g2 /4m2. Consequently the subprocess of Fig. 1d makes a negligible
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contribution. The effects of approximations (2) and (5) ou the S-channel pole
process of Fig. 1b are analyzed in a manner identical to that above where the
processes of Figs. le and 1f become artificially suppressed.

It is interesting that the effect of approximation (3) suppresses the result
in the I-exchange case but not in the S-pole case. In this approximation the
delta-function constraint is calculated with T{-a: 'Eb = 0. The constraint then
hecomes

xaxbs—(xa+ xb) pT-J-SEO {2.11)

and for -Eaﬁ_« Py K =0 compared to the

This overestimates X, for a given x b

b
exact calculation in the same region which requires

2
2 p
X, X8 —(xa-i- xb) P Vs + ZpT - T =~0 (2.12)

1-x
a

Whichever of Egs. 2.11 and 2.12 pertains, 8 is able to assume the small values
{see 2.10) (of order of the quark mass) required for the subprﬁcesses of Fig.

e and if to countribute. For the S-pole process both X, and X, are calcuiated
to be larger in the approximate situation (Eq. 2.11) than in the exact calcula-
tion (Eq. 2.12), but there is no suppression irom the structure functions since
G(x} ~ %(1-x) and the product G(xa) . G(xb) assumes roughly equal values in the
two cases {for G (x) ~(1—X) the approximate case would be suppressed}. For the
f-exchange process no values for X xs (nga, xbg_l) are compatible with 2. 11
and$~0 (—mz) (see 2. 10) which is the requirement for the process shown in
Fig. 14 to contribute in the approximate situation. t is forced to. be O(p%) and
the result is therefore diminished because the contribution of the subprocess of
Fig. 1d is suppressed by 0 ((mz/p% )2 ). The remaining approximatioas are
superpositions of those already discussed and so their effects are easily

deduced.
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In order to test the subprocess interpretation in a different way we modi-
fied the structure functions (2. 4) so that the parton fluctuation distributions

were

G(x,B) = 6(x,5) sMiw (B2 + M ) 2

where M(x)2= m2(1~x+x2) and G(x, K} is defined in {2.4) (equal mass case).
Because of the faster fall-off in K only those subprocesses shown in Fig. 1b
and 1¢ now coniribute in the leading order. The effects of approximations (1)-
(6) are shown for the t-exchange pole and 8-channel pole processes in Figs. 3¢
and 3d respectively. As is expected there is no significant suppression in any
of the cases (note the change of scale relative to Fig. 3a and 3b) since there are
now no leading PT_ 8 subprocesses to be eliminated. This model is akin to
usual models of physical processes where it is assumed that the parton trans-
verse fluctuations fall off much faster than the transverse momentum in the
ceniral subprocess. |

We have studied the effects of the on-shell parametrization (2. 8) of the
parton momenta in which the intermediate-state partons are on the mass-shell

2_
(k=

k‘;= m2) and the results obtained for f-exchange and §-channel pole proc-
esses respectively are compared in Figs. 4a and 4b with the equivalent calcu-
lations 1‘1sing the light-cone parametrization.

There are several relevant experimental quantities which we can study in
the <p3 model in order to estimate how accurately they can be predicted for the
movre complex physical processes. The effective power analysis éuggests that
a good represeatation for the invariant cross section is
o o Axp(loxp)’  A(xp)”

p S o
3 2 2.4 2 2.2
dp (pptm”)"  (pp )
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for a fixed energy. For s=800 GeV2 we fitted the form

o ] A(1-xy) "

O
p =
3 2 2 N
dp”  (pp +mg)

o

to the calculated invariant cross section over the range 3.5 GeV SPp < 8 GeV
{(0.25 < Xy < 0.55, Xp= ZpT/J's). All masses were set equal to m= 1 GeV,
and then the scale of the transverse fluctuations is of order 1 GeVz. The
fitted values of N and F were

8-channel subprocess N=1.66= 0,14 F=4.63%0.41

t-exchange subprocess N=1.75% 0.16 F=4.63+ 0,49
The errors quoted are the square-roots of the diagonal covariance matrix-ele-

ments for the linear least-squares fit to log (po ia.g . The analytic value for

dp’

N at pr?. > mz is N=2, and for x,,—1 one predicts F—3. Deviations for N and

T
F are expected because of the mass corrections and the limited range of XT .
In general the other final staie particles do not lie in the plane defined by

the incoming particles (k A kB) and the detected particle P.-P, is the

ut

3-momentum of p out of this plane where

Pout =B (kaApa)/ Ky Apy

where all symbols denote 3-momenta. The average value of this variable is a
measure of the scale of the {ransverse fluctuations of the intermediate constitu-
ents; < Pout 2> is calculated in the exact Feynman graph calculation and is
plotted as a function of Py in Fig. 5 for both subprocesses discussed above. The
fact that Pout with Mq= 1 GeV is counsistent with measured values indicates
that the mass parameters which govern the magnitude of scale-breaking are set
correctly in this modei. It should be emphasized that even though the kTﬂuc-

tuations may give a small correction to the inclusive cross section, they still
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may countribute significantly to the physical values of heuristic quantities such
25 Pout,
C. DISCUSSION

In oxder to understand the role of parton iransverse momentum we must
consider the Feynman graph interpretation of Fig. 1a. The regions of integra-
tion from which the cross-section receives its major power-law-behaved
contributions mustbe analyzedby examining all the possible hard scattering sub-
processes. All leading-order subprocesses in Py are equally important to the
integral. For a given leading subprocess the large transverse momeuntum is by
definition generated by scatiering within the subprocess and hence ounly parti-
cles internal fo the subprocess carry large transverse momenta of order P -

The initial counstituents in the sub-scattering have only small k e. much

T (i.
iess than pT) since otherwise they would constitute the high—pT exchange
particle of a different subprocess which has already been counted or which does
not contribute in the leading order.

As an example consider the f-channel pole which has two contributing sub-
processes shown in Fig. lc and 1d. In Fig. 1c, ka and kb are the incident
constituents and q carries the large transverse momentum. In Fig. 1d Pp and
g are the incident constituents and ka. carries the large transverse momentum.
The latter subprocess isolates the contribution in which the erstwhile constitu-
ent ka has large kT . However, this particle is no longer interpreted as a con~
stituent of the incident particle but as a participant created in the subprocess.

It is now clear that constituents can be defined counsistently to have only
small transverse momenta. This is, of course, necessary for the parton-

model interpretation since it is required that the intermediate constituent state

be close to the energy-shell in old-fashioned perturbation theorylg, which in
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turn demands that the constituents have small transverse momenta. The x-
d_istri!:ltﬁztions of each constituent differ with each choice of high—pT subprocess.
In our example of the subprocess in Fig. lc we have, for both constituents
G(x) = x{1-x). For the subprocess of Fig. 1d we have for constituent Py s
G(x)=06(x~1) and for ¢, Gx}*< x (1—x)3. In this subprocess q is a constituent
from the three-body wave-function of Py the other two coustituents k 4 and ﬂb
have zero transverse momenta and are absorbed into a low mass core. We
thus recover the simple parton model interpretation of the high~pT scattering
process where all constituents have small transverse momenta. We must sum
over all possible subprocesses with the relevant constituent x-distributions in
order to obtain all the leading-order contributions of the exact approach. We
refer to this summation as the hard scattering expausion.

The results of the preceding analysis enable the following prescription to
be formulated for calculating ail leading order p,i,n f(xp, ch)'contributions to
the cross section for high Py inclusive processes. This prescription includes
all effects which were hitherto known as parton transverse fluctuations but
which are now sublated to new subprocesses.

(i} Respective constituent members (a, b} of the incident hadrons (A, B) are
chosen. " (These coustituents may be elementary fields such as quarks or gluons
or may be composites of these fields). All remaining constituents of A and B
are integrated into the respective cores (Aa, Bb} of these particles. These
spectator systems have essentially fixed masses and have no transverse
momentum.

{(ii}) The transverse momenium of the constituents is neglected and the x-
distributions Ga /A (xa) and Gb /B(Xb) are determined either by analysis

or by experiment (a more detailed discussion, including hadronic constituents
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can be found in Refs. 1, 3, 18),

(iii) The high—pT trigger particle, C, is produced in the subprocess

a+b—c+ ... as afragment of the coustituent ¢ with fragmentation function
Gc/c (XC). The differential cross section for the subprocess 3—%( s) is calcu-

lated with the incident constituents a and b with zero mass. This is a good

approximation as long as X, OT X, are not close to 1. The correct value at

b

zerc transverse momentum, from (2. 3), is

2_ 2 2
fa ¥ [Mﬁ_ﬂa_ ]
(1—xa)
(iv) The inclusive cross section A+B—.C+X is given by the incoherent

sum over all relevant subprocesses and coastituents (a, b):

3
do - 2. 2 Gaa®a) Goyptp) G elie) - L
dp Subpro- b4 c
cesges :
atb—ct. .. (2.13)
. 8 do(s) o(s+i+n) dx,, dbx, dx
T
dt
(v} The structure functions to be used are defined by
P
Ga A(Xa) = f d’k’a Ga/A (xa, R'a) (see section 0T}
O

where < 1, @pp>> 0 (m). In super-renormalizabie theories (see sectionIli) the inte-
gral is insensitive to the upper limit which may be Irepla.ced by . This is
compatible with the results of approximations (5} and (6) studied earlier since
the expansion (2. 13) automatically selects kinematics with Ea: 'E’b = 0.

Ia order to avoid double cdunting in (2. 13) the undetected particles in the

final state of the subprocess a+b—c+ ld .. I must all share in the high—pT

recoil of the trigger particle (i.e. carry transverse momentum greater than
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a:pT). This means that the leading subprocesses will produce only two final
state qu—mass sysiems in general, otherwise the cross section is suppressed
by extra powers of Py Equation (2. 13) is represented pictorially in Fig. 6.
We have tested the validity of the hard scattering expansion (2. 13) for the
differential cross section and the counsequeni approximaiions by cousidering the
s-channel process in ¢>3 field theory (Fig. 1b). We compared the exact Feyn-
man graph calculation for the differential cross section with an explicit calcu-
lation {subject to the prescription stated above) of the sum of all terms
contributed by leading-order subprocesses (shown in Figs. 1b, le and if) o
(2.13). The contributions of the subprocesses shown in Figs. le and 1f involve

the fragmentation of the particle carrying momentum q into the high {rigger

particie, kc . I z is the light-cone variable describing the fragmentation then

= = 0
kp,=0,8, =907)

p 2 m2

_ m o _m
TP aaapy 0 4T w1a) (2.14)

where

PF = (pT+‘/(;§~ +m°))/ 22
Ignoring mass effects yields Ay = Pp /z but near z=1 this is a bad approxima-
tion and in our calculaiion the exact expressions (2.14) were used. The calcu-

lation was done for 5= 640, 000 GeVz and 800 G:e'\i’2 , 0.2 <x,<0.8. All masses

T
were set equal to 1 GeV. In both cases the agreement between the exact Feyn-
man graph ealculation and the result of summing ail leading terms. in the hard
scattering expansion was accurate to ~10%.

The results of this section indicate that the simple partoen model may be

successfully employed to calculate inclusive cross sections as long as we

recognize that the high transverse-momentum is always produced in a constitu-
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ent subscatter and not in the wavefunction of the incident hadrons. The sum
.over guch subscatters thea accounts for all the leading contributions from the
exact Feynman graph calculation whilst at no stage violating any of the condi-
tions for applicability of the parton model. In the next section the validity of
these resulis is discussed in the context of renormalizable field theories.
11l VAL]ZDI’i‘Y OF THE HARD SCATTERING EXPANSION
IN RENORMALIZABLE AND
SUPER-RENORMALIZABLE FIELD THEORIES

In the preceding section the hard scatfering expansion was developed by
considering explicit examples in ¢3 field theory. Because of the super-renor-
malizability of the interaction, or alternatively because of a dimensionful
coupling constant, processes calculated in q.'>3 field theory exhibit the features
of the parton model when they are considered in the appropriate kinematic
limit. The situation in renormalizable field theories is more cormplex and the
validity of the hard-scattering expansion and its parton model nature must be
reexamined in the context of these theories and specifically for QED and QCD.
We consider the representation for the single-particle inclusive differential
cross section given in (2, 5). The delta-function is accounted for by integrating

over xa,and the exact result may be written as

3 .
Edo =fdxbdkad1i'b G(x,, K ) G, K )
dp (3. 1)
", P KL K x)
All unnecessary nofation has been suppressed and the depeadence on quark
masses and on coupling constants is implicit. The function f(xT, Prys R‘a, kb’ xb)
includes all factors resulting from the X, integration as well as the differential

cross section do /df and the sundry factors which accompany it. Equation (3.1)



-27 -

is still an exact representation of the Feyaman integral under consideration and
for coEcreteness we shall consider it in the context either of the ¢3 theory S-
pole process of Fig. 1b or the QED (QCD) process of Fig. 1lg. We consider the
various regions of the Ea and T{'b integrations in (3. 1) for fixed x.{ =2pT/\/;)
in order to define the hard-scattering expansion and to isclate the power-
dependence of each term in (1/p§,). For this purpose the functions G(x, k) are
parametrized by (see Eq. (2.4)}:

(E2+m2)1+€

(3.2)

where ¢ is the dimension of the coupling constant, g. The mass scale, m, is
generally x-dependent but this makes no difference to the conclusions following.
We discuss the situafion in which the function dg/df contains four powers of the
coupling constant (Bora terms) and hence 1/g4 &g b K k., k » X,) has dimen-

sion (ma.ss)"4 {lte)

We isolate terms in the hard scaitering expansioun by
considering three integration regions 0 < Ea Sappse o < T{a < BpT;,Bpr_
ka < Py and similarly for X, ; these regions are shown ia Figure 7. (The
division of the integration regions can also be made in a covariant manner by
using 0 <,k \_ a pT etc. where kz is given in{2.3).) In order to isolate the
leading and nvon-leading contributions we expand the expression (3. 1) about m=0.
However, in order for each term to be well defined at the lower end of the -Ea

and T{b integrations a simple inspection of (3. 1) shows that we should consider

the expansion of

méngg ~ m G, (X ) G-o(xb) f(x X0 pT,E T{’ , X )dxbdzﬁ’a
dp° (R“2+ 2\ Ite (E2+m2)1+e Qe
b d kb

(3.3)
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First consider ¢ >0. For Ong{a] ’|¥b| < @ pp the integral is dominated by
__1/m4i from the lower end of the X, K integration and then, since the only
parameter with dimensions is Pp, We find that the expression (3.3} behaves

like 1/(p2T)2(1+€).

In the limit m_. 0 in (3. 1) this is the only term that sur-
vives for this region and represents a leading term in the hard-scatiering
expansion. In ¢3 ~field theory for which ¢ = 1 this pff (xT) term was exhaus-
tively analyzed in the previous section, and for the s-pole process corresponds
to the subprocess of Fig. 1b. In QED (or QCD} in the tree approximation (no
vacuum polarization) € =0, and the integral is only logarithmically divergent in
m. For 0< lf(’ai , E E'b} < @ pp we then easily find that the leading contribution
behaves like (log p%,/ m2 )2/ p4T . This corresponds to the subprocess explicitly
illustrated in Fig. lg.

For & pTil"k’al. < Bpy and no restriction on T{b from (3.3) for €>0 we find

2 2 14¢

that the integrand behaves like (p?r)"e (m”) € (pp) " <. Inthe limit of m—0

this contribution to (3.3) vanishes iike mZe'

and hence the leading contribution
in this region is suppressed by (mz/ pg )¢ relative to the leading terms. Refer-
ring to Figs. 1b and 1g this corresponds to the 2_.3 suhprocess Pyt kb_.ﬂa+ kc
(=p)+ kd’ where ka and q share in carrying the large—pT momentum. In d>3
field thébry this is a non-leading contribution since €=1 and is suppressed by
(mz/ p%) factors. In thetree gpproximation this contribution is however sup-
pressed in QED (QCDj) only by log (pi‘/ mz), The region BpTi'l?ai < pT/xT,

G< !T{b| < @pn is similarly analyzed, but it is best first to rearrange the repre-
Seuntation (3.3} to highlight a new subprocess namely that in which ka is the
internal exchange particle. For the $-pole process in ¢>3 theory this is illustra-

ted in ¥Fig. le. The "E:'a integration may then be converted to an integration over

the low momentum region of a transverse momentum variable of a new struc-
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ture (or fragmentation) function. In the case of Fig. le this variable is the
.transrerse momentum k* P characteristic of the fragmentation g— kc-i- k a In
Fig. 7 the main regions of contribution A, B, C are illustrated. A corresponds
to the subprocess of Figure 1b or 1¢, B corresponds to Figs. 1d or ie, and C
corresponds to Fig. 1f (this is a leading contribution only in the case of the S-
pole process), The same analysis of course applies to any graphs with the
same topology as Figs. lc-1f (e.g. Fig. 1g).

For € > 0 the upper limit onk'. is not important but for ¢ =0 log (p% /mz)

d

factors modified by functions of x,., occur. For both cases in the exampies

T
cited we retrieve leading contributions to the Feynman integrals. If we include
the effects of vacuum polarization in the QCD calculation then the effective
structure function behaves like 1/ ("!_{2 log(F:'Z / /\2 } in transverse momentum and
for the region 0< I'T{.al Lapg the enhancement is ounly a factor 1og(10g(p§ //\2)/
log(mz//\z)) and not Iogtpi,/m% as it was in the tree approximation. For QED,
the exact incorporation of the vacuum polarization is not understood because of
the problems inherent in the Landau singularity.

It is clear that the hard scattering expansion is most useful in soft field
theories with (fixed point) € » 0 such as qb3 theory. In the case of subprocesses
which iavolve hadronic constituents, as in the constituent interchange modelg,
the effective theory has € =1 or 2 (for mesons and baryons, respectively) if the
underlying quark field theory is renormalizable. In such models, the trans-
verse momentum fluctuations are correctly represented by the hard scattering
expansion. In the case of renormalizable theories the enhancement of ieading
terms is only logarithmic. In QED, the log(s/ mé enhancement is responsible
for the equivalent photon approximation. 20 Tn QCD, the log log factors often

exponentiate to a power of logarithms in infinite order. The non-leading terms
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are then only suppressed by a power of logarithms.

Examples of relevant physical processes are examined in the next section
.'m themcontext of the hard scaitering expansion.
IV. PROTON-PROTON REACTIONS WITH TRANSVERSE FLUCTUATIONS

B. The Origin of kT Fluctuations

A very general description of the quark distribution functions G(x, T{T) can
be based on the decomposition of the hadronic wave function shown in Fig. 8,
corresponding fo the different constituents which balance the quarks transverse

momentum. This series generates an effective I&'T distribution at large k’T

dn czc(kT) c4m2 <36m4 a1
5 F o ke e (4.1}

— ~
dep Kp kp kb

where the power of kjl"?' increases with the number of constituents sharing the

recoil. The first fterm from QCD gluon recoil holds for k%,-: 0 (p%). The k:;l
from quark or antiquark recoil is a standard CIM model contribution. The
general form for the G-function in the case of Fig. 8d where the recoil system

contains n constituentis is

2 2n-1
dxd kT (kT + Meff(x))

These rutes follow from the power-law behavior of the minimally connected

Bethe-Salpeter wavefunction from the QCD tree graphs. Here
2
Miff(x) —XMiore'!- (1-2) M —x(1-x) M?)

This describes the emission of a quark of mass Mq recoiling against a system

of mass Mc The core mass i8 a parameter of the model and in order to fit

ore’

2
the Regge behavior of the cross-section, the core mass must behave 1 as

M%ore" (Mg)z/x. The form of Eq. (4.2) ensures the covariance of the final
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results. In the case where there are spectators X at low kT , e.g. Fig. 8a-8c,
the distribution functions can be obtained from a two step process where p.H+

-

X, and the system H produces the guark at large kT with no low k., spectators.

T
This is consistent with the hard-scatiering expansion since the system H is at
low kT .

We can now consider the effect on various physical pp large Py Processes
which follow from fluctuations of the general form (4.2). In each case we have
calculated the differeniial cross section in the framework of the hard scatiering
model shown diagramatically in Fig. 9 for which the notation of Fig. la is
retained. Where appropriate the distributions G(x)} for q and q were taken

from fifs to the SLAC deep-inelastic lepton-hadron scattering dai:a]'4

B. Dreli-Yan Process

The simplest process to consider for illustration of the effects of kT fluc-
tuations is the Dreli-Yan process pp—jt 1~ X in which the subprocess is qg—
p+y_. Let us first consider the case in which the distribution is given by Eq.
(4.2) with n>2. This correspounds to the situation in which all the spectator
quarks recoil as a low mass system as shown in Fig. 8d. TIn Fig. 12 the single
¢ invariant cross section derived from this process as defined by (2.5} with
exact kinematics is plotted against P for s=600 GeVz, Gcm: 90°. The approx-
imate calculation ignoring the transverse momentum fluctuations (i.e.: the
standard parton model) is not shown since it is negligibly different from the
exact calculation. This is expected since there are no other leading subproc-
esses in this particular model of single muon production when n> 2 in (4.2).
This feature will hold true in any model where the kT fall-off is sufficiently
fast., At o 5 GeV/c, this single muon production (including color) is a factor

of about 3 below the data23 which is also shown in Fig. 12.
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The anomalously large average transverse momentum distribution of dilep-
tonszj, which grows with the pair mass, has prompted some authors to suggest
that the parton transverse momentum fluctuations are guite largew'lz. These
fluctuations might then be expected to give a boost to the single lepton cross
section. Such an eifect can only occur if there are new hard scattering sub-
processes (e. g. involving quark or gluon recoil} which can compete with the
qa_.y+p" {lepton recoil) subprocess at moderate values of p‘lfr. Such proc-
esses can be gg— g'y*,% (which is implicit in Fig. 8a), gg—v *q, ag—~aqy*,
Mg—+y*g. The last subprocess (shown in Fig. 11b) is that considered by Duong-
van, Vasavada, aad ZE?,lankenbeclerl5 and by Fontannazzg. This model fits the
lepton pair transverse momentum distribution as a function of pair mass, and
the .normalizationls of the subprocess Mg—+*q is compatible with the normali-
zatio.n3 of pp— "X at large Pp from the CIM subprocess Mq—Mq.

In principle, the effect of these subprocesses is included in the exact Feyn-
man diagram calculation of the pp—uX cross section using the first two terms
of Eq. {(4.1).

The subprocess Mg— y*q subsumes the Drell-Yan subprocess (which cor-
responds to the first (crossed) graph of Fig. 11b} when the final state quark has
small transverse momentum and hence may be counted as part of the low-mass
core, From the discussion of (IL. C) the crossed graph includes the effect of
transverse fluctuations of the anti-quark constituent in the Drell-Yan process
which arise by recoil against a single guark in the proton wavefunbtion. The
second (uncrossed) graph of Fig. 11b which is negligible in the Drell-Yan limit
{i.e. zero transverse momentum of the muon pair) is necessary for preserving
QCD gauge invariance. Hence this reaction contains extra contributions which

represent the effect of transverse fluctuations in the Drell-Yan process as well
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a8 containing the Drell-Yan process itself. As we cautioned in (II. C) we should
not dgxble count by including the qg— y* subprocess independently. We remark
that the uncrossed graph of Fig. 11b is a new hard scattering contribution which
does not contain gg-annihilation and whose contribution would Se ignored in a
naive approach to the effect of transverse fluctuations which assigns a trans-
verse momentum distribution to the anti-quark in the structure function. The
single lepton transverse momentum distribution for this model is plotfed in Fig.
12 and the results reflect the exira p,}ﬁ contribution included in the Mg—y*q
subprocess. At large Py this extra effect vanishes and the results for single-u
production from Mqg—. v*q is asympiotic to the results for single-p production
from qq— y*.

The contributions from the (p,';}) QCD subprocess qg— y*q, qg— gy*, etec.
will also increase the single-p yield. Using the hard scattering expansion these
will yield further p,;L contributions at fixed Xp and gcm and will re-normalize
the qa*—#+#_ contribution to single muons. However, because of the trigger
bias effect26 {from v *ﬁ.p.+,u_ fragmentation) these contributions are relatively
suppressed. These events are interesting and can be distinguished because
they contain a recoil quark or gluon jet25 rather than a recoil muon {(as is the
case for qa_.,u+p._).

C. Single Pion Production

We have analyzed the leading constituent interchange process for the
production of prompt pions, pp—7X, in a way similar to the analysis of the
previous subsection. The subprocess under consideration, meson+ ¢— 7q, is
shown in Fig. 1lc and the quark is given a mass of 1 GeV. The full distribution
function (i. e. including transverse momentum} of the meson in the proton ié

taken from ref. 3.
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The inclusion of transverse fluctuations with rapidly falling distributions
(N>3 in {4.2)) makes a negligible coatribution to the differential cross section
.as we should expect in the light of the previous discussion. To discuss the
effect of constituent transverse fluctuations in general, we need to discuss sub-
processes such as meson + meson— nqa. A simple power analysis shows that
the coniribution falls like p,_rlz compared o the leading p,}g CIM countribution.
Thus the effect is more rapidly damped than the corresponding modification by

non-leading subprocesses (e.g. Mg— y*q) in direct u production27

b, Quark-Quark Scatiering Subprocesses

We can also investigate the effecis of transverse fiuctuations with respect
to the QCD scattering processes, qgq—qq, 9g— g, gg—gg, which are expected
to be particulariy relevant to high Py jet production in hadron collisions.

As we emphasized in the introduction, the use of on-shell constituent kine-
matics cannot be justified and requires arbitrary cut-offs in the calculatiouns.

In order to see explicitly the source of difficulties in this procedure we have
calculated the QCD qq—gq subprocess contributions using the on-shell paramet-
rization (2. 8).

If transverse fluctuations are now introduced, the regions of infegrations
surrounding the { and U poles countribute. This singular enhancement must be
regulated; e.g. by a fictitious gluon mass or a linear cutoff in the integration
region. The consequent result is thus not only regulator dependent but is domi-
nated be a region of integration, which ia faet does not actually contribute in the
exact calculations.

The features of such calculations are exemplified in Figs. 13 and 14, the
offects of various on-shell qgq—qq models are compared with the calculations

with exact off-shell kinematics. Four cases are considered: (1) no transverse
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T
2n=4; (3) a normalized exp (—3kT) distribution where <k

momentum; (2) a rapidly falling distribution~k,” derived from Eq. (4.2} with

> 2/3 GeV; and (4)

a normalized exp (—3k§,) distribution with <kT>= .51 GeV. The gluon mass was
set to M, oraf10 M. with qu 300 MeV.

In Fig. 13 we plot the contributions fo the inclusive cross section Edscr/

1
3 pT

all other variables have been integrated over. The results for cases (1), {2)

d3p dxa at s= 800 GeV =4 GeV/e, ecmz 90° as a function of X where
with either off-shell or on-shell kinematics all coincide at the scale used in the
figure and are shown as curve {2). Curve {b) represents case {3) with off-sheil

- kinematics and curves (c¢) and (d) represent case (3) with on-shell kinematics

for Mg = Mq, J10 Mq respectively. The exact kinematics calculation

shown as curve (a) shows that the region of X, 2 0.08 (which is the kine-
matic boundary) does not contribute to the cross section for any choice of trans-
verse fluctuations. However, for case (3) which has a moderately falling exp(-3kT)
distribution, the on-shell calculation receives large confributions from the xa~0
region which is sensitive to the %_2 pole. The effeet of this region is
governed strongly by the gluon mass as illustrated in curves (¢} and {d) of Fig. 13
which correspond to the two cited choices of Mg' Near X, = 0 the ratio of

the two curves is 1:100 reflecting the M; dominance of the cross section. In
case (2), for on-shell kinematics, the xa—-O region contribuies but is numeri-~
cally suppressed for these values of Mg by the strongly damped distribution.

The corresponding inclusive cross sections for pp—q+Xare shown in Fig. 14,
The on-shell calculation with e °FT is anomalously high {curve (d)) compared to
the off-shell kinematics calculation with e-3kT {curve (b)). Curve {a) represents
cases (1) and {2) and curve {c} represents case (4) with either off-shell or

on - shell kinematics. It is clear that the spurious on-shell contribution
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is not physical but is a result of the breakdown of the on-shell approxi-
mation when including transverse fluctuations. The method of regulating the
@ole is arbitrary and tantamount to choosing the final result at will.

As we have discussed in Sections II and I, the true effect of transverse
momentum fluctuations can be determined by the hard scattering expansion.
From this point of view, it is clear why the inclusion of transverse momentum
fluctuations with exponential or power law k;l (n>4) distributions causes
negligible change in the differential cross sections. These contributions can be
identified with non-leading processes in the hard scaitering expansion relative
to the leading p','l? terms. As discussed in the introduction to this section
with reference {o Fig. 8 and Eq. (4.1) it is possible to generate less steeply
falling distributions by recoiling the active constituent against other constitu-
ents in the incoming hadrons. The leading terms correspond to simply gluon
recoil which can be analyzed from the Feynman graphs by canéidering aill 2.3
subprocesses in QCD, e.g. Qq_. qqg. To leading logarithmic order, the 2.3
contributions can be represented by all possible 2.2 QCD hard scattering sub-
processes. As shown in Fig. 2a and 2b the effects of gluon bremsstirahlung in
qqa scattering can be reinterpreted in terms of the hard scattering subprocess
qq—qgq with gluon emission along the initial and final quark lines, plus the
subprocess gg—qg. Figure 2a can be identified with the jet topology of stand-
ard gqq—qq scattering. Figure 2b is distinguished by the appearance of the
gluon jet in place of a quark jet. The remainder of the 2-3 qq— qcig subprocess
corresponds to 3 jet production processes and is a logarithmically non-leading
term in the hard scattering expansion. These contributions include the effects

associated with the first term of Eq. (4. 1) aud thereby treat the t{ransverse
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momentum distribution of quarks in a consistent gauge-invariant way.
All of the above QCD Born contributions generate only p? contributions to
the inclusive cross sections modulo logarithms. Contributions with higher p_,Iz.

are generated by diagrams such as those shown in Fig. 10 where a quark

recoilg in the wavefunctions via the exchange of internal gluons. One of these

contributions (Fig. 10b) can be identified with diquark + glue_.qq subprocesses
which are suppressed modulo logarithms by a factor of fz / p?[, in QCD where {
is a dimensional constant which arises from the integration over the relative
momentum of the diquark system.

In a similar manner one can generate higher power fall-off contributions
corresponding t{o the other terms in Eq. (4.1), Fig. 8, These correspond to
subprocesses based on hadron-quark interactions, such as Mg Mg {see Fig.
2¢). Although such contributions have nominal pTIE? fali-off, they can femporar-
ily dominate the QCD p;% terms at moderate Py in single particle production
because of (a) the trigger bias ef’iect26 (p% or p,% > Py {triggex)} and (b} possi-
ble enhancements due to the binding of color singlets.

V. CONCLUSBIONS

As we have shown in this paper, the effects of constituent transverse
momentum fluctuations are in general very complex. The exact ireatment
requires consideration of off-shell and coherence effects and ultimately sub-
processes involving multijet final states. The hard scattering expansion, how-
ever, can be used to theoretically isolate the origin of all large trénsverse
momentum exchanges within a set of hard scattering subprocesses, yielding a
tractable, systematic expansion of the inclusive cross section at high Prp in
the case of ¢3 field theory or the constituent interchange model (which focuses

on quark-hadron scattering subprocesses}, the hard scattering expansion yields
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a series in inverse powers of p,% at fixed x Within the expected numerical

T
accuricy the sum of the leading parfon model terms in the hard scatteriag
expansion for ¢3 theory was shown to reproduce the cross section obtained
from an exact calculation of the Feynman amplitudes. The indication from per-
turbation theory is that in the case of asymptotically free theories such as QCD,
the series is in inverse powers of log (Iog(pi//\z)).
We have also shown that the effect of transverse momentum fluctuations in

qq scattering calculations are of min.or importance in inclusive cross sections
if (1} the correct off-shell kinematics are used, and (2) the kT distribution
functions reflect non-leading subprocesses. z8 We emphasize that the neglect
of the essential off-shell nature of the constituents when considering the trans-
verse momentum distribution violates momenium conservation and allows otherwise
forbidden-kinematic regions suchast=0 or small X and X, to contribute. These
pathologies in turn lead to divergencies which must be arbitrariiy regulated.

Of course for fast falling distributors such as exp (-31(,%), it can be seen
from Fig. 13 that for on-shell kinematics the contributions from small x and X
are negligible although non-zero, The consequence of this fact is, however,

that only small values of k,, are relevant and as shown in Fig. 14, curve {c), the

T
correction at moderate P (~3-4 GeV) is less than the order of 30%. This
result can be easily verified by using the mean value theorem for integrals which
dictates the replacement (pi, +m2)_.(pT—_T)2+ m2 in the final answer where
ETN <kT>.

Alternatively for slowly falling distributions with on-shell kinematics
spurious contributions are picked up from singular regions as seen from

Figs. 13 and 14. This is clearly incorrect. A comparison with the canonical

form for the differeniial cross-section
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3
do -4 7
E—3 ocpT (1—XT)
dp

-

at &, ., = 90° for qg—qq is shown in Fig. 15. For the exp (—Sk,zr) distribution,
even though <kT >~.511 GeV, the deviation from the curve with no smearing
{curve {a)) is of the same order of magnitude as the deviations induced by inass
effects and rapidly disappear with increasing Drp- For the exp (—31{,1,) distribu-
tion, which falls off much more slowly, the off-shell curve (b) in Fig. 15 does
exhibit an increase from the canonical form at low P As we have already
argued the contributions associated with increases of this kind should be identi-
- fied with other, non-leading, subprocesses in the systematic way described in
Section HI.
1t should be emphasized that it is in principle impossible {o treat consti-

tuent transverse momentum fluctuations as a phenomenon distinct from the hard
scattering subprocess; the same basic interactions must account for both. For
example, as has been discussed in Refs. 15, 29 and Section IV, the Py distribu-
tion of high mass lepton pairs in pp—. £+E_X which is ofien ascribed to the
intrinsic quark and anti-quark distributions in the proton is, from a different
perspective, the distribution for high P massive photon reactions which is
usually eonsidered as arising from a standard hard scattering subprocess.
Thus theoretically it is most advaatageous to localize all the large transverse
momentum exchanges explicitly within hard scatiering subprocesses.

From another perspective, the central difficulty of large kT fluctnations is
the fact that they cannot be treated as a classical effect. This can be seen in
the framework of the Drell-Yan time-ordered perturbation theory analysis. 30

The lifetime of a constituent is of the order T lite ™ x(1-x)P/ ki‘ and the time of

. N _ 2
interaction is of order 7 int = P/(pT -kT) . Thu§ for large kT » Tife €20 be
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less than Tint > just the reverse of what is assumed for the validity of the
parton model expansion. In covariant language a far off-shell line cannot be
considered as a classical particle, but must be considered as part of a larger
process.

Finally, our considerations in this paper suggest a compuiational proce-
dure which in principle yields the correct asymptotic form for cross sections
at large Pr and takes into acecount the complications of the hadronic wave-
functions:

(1) Starting from a given field theory, one constructs the coupled set of

multiparticle Wavefunc‘d.ons31 ¥y, (k xi) in time-ordered periurbation theory

Ti’
using the standard light-cone variables. 16 The effective potential is covariantly
cut-off so that intermediate states which are far off-shell are excluded:32

2 2 2
(M - H_] =0 (M- H +e pp) Ve (5.1)

where Ho = % (m? + k?[‘i) /Xi . As in SectionIIl, we define the guantity oz2<<1 in
order to separate explicit hard scattering processes from the implicit soft proc-
esses already contained in the wavefunction via (5.1). Given these wave-
functions, one can unambiguously compute the structure functions specific to
the constituents of each interacting hadron.

{2) All relevant hard scattering contributions fo the large Pp Process are
now computed using Eq. (2.13). A given hard-scattering subprocess is includ-
ed in the perturbation expansion only if

2 2 2 2 2
-z .
M i (kg mi)/xil > @ P (5.2}

where the sum is over the constituents of the bound state of mass M; i.e., all

large energy denominators are isolated in subprocess. For an exact calcula-

tion the subprocess cross section itself must be computed with the correct off-



shell parametrization. This, however, is only a correction of order .

A% example of this procedure applied to deep inelastic ep scattering is
illustrated in Fig. 16. If the energy decominator for the indicated intermediate
state in Fig. 16a or 18b satisfies the criteria (5.2) with oezp%_.oezQz, then these
diagrams represent the hard scattering contributions (a) eq— eqg and (b) eg—
eqq. Otherwise these contributions are automatically included in the eq-—eq
subprocess with the respective |qqqg> and |qqqqa> wavefunctious satisfying
Eqg. (5.1). Of course, when one builds phenomenological meodels, the sum of
contributions from all subprocesses together with the assumed form of the
wavefunctions and resulting distributions Ga /A (x, EI‘ , QZ) must match the
observed deep inelastic lepion scatiering cross sections.

The above procedure, specialized to electron scattering on a quark target,
reproduces the Alterelli—Parisi33 equations for leading logarithms in QCD.
More generally this procedure allows one to sort out the contributions which can
be associated with the bound state wavefunctions (including scaling violations)
from those which can be associated with large momenium i{ransfer, and in
principle accounts for all non-leading terms.
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FIGURE CAPTIONS
antributions to the hard-scatiering process:
{a} Example of hard-scatiering subprocess and definition of momenta.
{b) 8-pole subprocess in ¢3 field theory.
{c) ?;—pole subprocess in qbg field theory.
(d) The subprocess other than that of Fig. lc¢ contributing in leading order
to the T-pole hard scattering expansion in ¢° field theory.
{e) and (f): The two subprocesses other than that of Fig. 1b contributing in
leading order to the 8-pole hard scaitering expansion in ¢3 field theory.
{(f) QCD (or QED) analogue of the ¢>3 field theory 8-pole scattering process.
{(a) quark + quark—. quark + quark (giuon brehmsstrahlung contribution).
(b} quark + gluon— gluon + quark.
{c} The rearrangement of the qq-.qq subscatter in M+ B scattering to show
the contributing subprocess M+ g .M+ q.
The ratio of variocus aﬁproximate calculations fo the exact calculation
Versus p., (8=800 GeVz, m=1 GeV} for high—pT scattering in ¢3 field theory.
The curves are labelled by the number of the particular approximation as
given in section I1B.
(a) t-pole subprocess.
{(b) S-pole subprocess.
(c) T-pole subprocess with (k;‘}, k,';) distribution replaced by (lgz;,+ M(xz)_4.
The contribution of the subprocess of Fig. 1d is then Suppreséed.
(d} As (c) but for §-pole subprocess. The contributions of Fig. 1le and 1f
are suppressed.

Ratio of on-shell kinematics calculation to exact calculation versus P

-2
{(5=800 GeVz, m=1 GeV) for (i) no transverse fluctuations (ii) (ki-&-M(x)z)



L

transverse momentum distribution, (logarithmic scale)

10.

11,

12.

13.

{a) %~p01e subprocess.

-

(b) E‘-—pole subprocess.

< {poutl Z,, Qdistribution versus Prp (5=800 GeVz, m=1 GeV) for

(a) T-pole subprocess

{3)] §-pole subprocess.

Representation of hard scattering expansion.

A, B, C are the main areas of ('F:’a, R’b) space countributing to the ¢3 field
theory inclusive high~pT scattering. «,B,y<1lao Dops 5pT, YPp>> mq.
These regions correspond to the different subprocesses shown in Fig, 1.
The origin of quark transverse-momentum in the hadron wavefunction
showing the various recoil constituents and the remaining low-mass, low-
kT core X. BSee Eqn. 4.1,

Generic Hadroan + Hadron—.( high—pT trigger) + X.

Examples of subprocesses contributing to the hard scattering expansion
contained in the qq--gq subscattering process for proton-proton scattering.
(a} quark+quark-.quark+quark (quark recoil contribution).

(b} diquark+ gluon_.. quark + quark.

(a) Drell-Yan subscatter qq—.p p~ .

(b} CIM subscatter Mg y* (i 1} q.

(c} CIM subscatter Mg—7q.

Edso/dp.‘s for single-p production at high-p, versus Py for =600 GeV?
(2) Drell-Yan qg— ptp ™.

(b) CIM Ma— (1" p7)q.

(c) data (ref. 23).

E 640 versus x for quark jet production {(gqg— qq) for s =800 GeV2 and
dpSdx
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pT:4GeV where X is the light-cone variable of one constituent. The nor-
malization ig arbitrary. The curves shown are:
{(2) Eases (1) and (2) {given in Section IV D) for either on-shell or ofi-shell
kinematics (these all coincide at this scale).
(b} Off-shell kinematics with normalised e-3kT distribution (case 3).
{c} On-shell kinematics with normalised e"3kT distribution (case 3) for
M =M.

g g
{d) As (c) but for Mg =.J10 Mq.

B 51_3% for production of a quark jet at 90° versus Py for s=800 GeVz. The

cu(:}'%es shown are:

(2)As (2) in Fig. 13

(b) As (b} in Fig. 13.

(c) Normalised e 35T gistribution (case (4) Section IV D) for either on-shell

or off-shell kinematics,

(d) As (d) in Fig. 13.
3
do 4 7
27+ lo |:E © P/ (1-X1) ]
g o T T

for the cases (a) - (d) given in Fig. 14,
Contributions to ep scattering from (a) ]qqqg> wavefunctions and

() |gaqqq > wavefunctions.
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