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Predictions are presented for large-pT direct photon production in pp collisions at CERN ISR
(Ws =63 CreV), CERN collider (540 GeV), and Fermilab Tevatron (1600 CxeV) energies in perturba-
tive QCD. Two sets of gluon and other parton distributions determined from deep-inelastic scatter-
ing are used. Higher-order corrections (K factors) are approximately taken into account. Contribu-
tions from photon bremsstrahlung graphs and the related fractions of photon events accompanied
by hadrons are presented and discussed in detail.

I. INTRODUCTION

Direct photon production in hadronic collisions at large
transverse momentum (pT) has been an important test of
perturbative QCD (PQCD). '

With the successful operation of the CERN collider,
one anticipates that direct y data will soon be available at
much higher energy (v s =540 GeV). In fact, proposals
for such collider experiments have already been submit-
ted. It is therefore important to present detailed theoreti-
cal predictions at such s.

On the other hand, two experiments are underway for
large-pT pp~y+X at the CERN ISR, and results are ex-
pected to become available soon. PQCD has been suc-
cessful for pp~y+X at the ISR ' it is clearly impor-
tant to confront its predictions with data on pp —+y+X as
well, thus covering a large range of values of v s.

Finally we present predictions for pp —+y+X at
v s = 1600 GeV (Fermilab Tevatron).

For one reason, particular interest in direct y produc-
tion arises from the fact that it provides important tests
or constraints on the gluon distribution. Analyses of
deep-inelastic neutrino data have now produced detailed
forms of the gluon distribution in the nucleon, and in fact
detailed sets of parton distributions. ' It is of interest to
see to what extent these distributions will be successful in
describing the ISR and in particular the collider and
Tevatron pp —+y+X data.

The first collider data are expected to cover the range
4 &pT & 10 GeV. The corresponding values of
xT =—2pz/vs (1.5X10 &xT &3.7X10 ) are quite
small. At such small x the usual QCD determinations
and the parametrizations of the parton distributions (par-
ticularly of the gluon), including their Q dependence, '

are subject to serious uncertainties. We present detailed
predictions using two different sets of parton distribu-
tions, ' and we hope that we thus give an idea of the
magnitude of the uncertainties involved in such a theoreti-
cal calculation (this point is further discussed in Sec. V, in
relation with confronting PQCD predictions with low-xT
collider data on pp~n. +X). Similar remarks hold for

our Tevatron predictions at the lower pT.
In the past there has been some interest regarding

bremsstrahlung (brems) contributions to large-pT y pro-
duction, i.e., from the subprocesses qq —+qqy, qg~qgy,
etc. ' We present detailed predictions for brems contri-
butions as well. One reason for a particular interest is the
following. As we discuss in Sec. II, the dominant part of
such contributions is believed to correspond to the final
photon being collinear with one of the final partons.
Since the final partons materialize in hadron jets, in most
of the brems events the large-pT photon is accompanied
by hadrons. This is in contrast with events arising from
the basic QCD subprocesses [Eqs. (2.1) and (2.2) below],
where the photon is unaccompanied. Some of the pro-
posed experiments are expected to provide information
on accompanied vs unaccompanied photons, thus disen-
tangling, to some extent, the various QCD mechanisms.

Finally, in recent years there has been much work on
large corrections from higher-order PQCD contributions
(K factors). We take such corrections into account in a
rough approximation. As we discuss, their size is com-
parable to that of other theoretical uncertainties (e.g., the
form of the gluon distribution or the choice of the large
variable Q ). Thus the main purpose for presenting re-
sults with our K factors is to also give an idea of the mag-
nitude of the theoretical uncertainties regarding the ef-
fects of higher-order corrections.

Section II presents the basic formulas we use for the
fundamental QCD subprocesses and the brems contribu-
tions. Section III deals with the input information and
the uncertainties related with it and with the choice of the
certain variables. Section IV discusses the E factors. Sec-
tion V presents our results and discusses several of their
aspects. Finally, Sec. VI discusses some aspects of the
brems contributions and of our predictions regarding ac-
companied vs unaccompanied photons.

II. BASIC FORMULAS

QCD studies of direct y production are based on the
subprocesses
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q+g q+7
0+0~g+'v (2.2)

do ~o,& s 2+t2
qg q~( )=e (2.3)

Their lowest-order differential cross sections [Born, of
O(a, )] to be denoted by doo/dt are well known, ' '6 they
are reproduced here for completeness: Xa XT

X2=Xz. ~
Z= +2 —XT 2 Xa Xb

The fragmentation function is of the form

(2.11)

Here doo/d t is the Born [of O(a, )] differential cross
section for a+b ~c+d, Dz~, the fragmentation function
c~y (momentum distribution), and for 8=90', x& is
given by Eq. (2.6), and

t2+u 2

qq =
q( )=e'

9s tu
(2.4) D ~,(z, Q2) = dy~, (z)ln

a Q
2m'

(2.12)

where s, t, u are the subprocess Mandelstam variables. In
this work we consider y production at 0=90 in the c.m.
of the colliding hadrons. Then the contribution of the
subprocess a+b~c+y to the inclusive cross section for
A+B~y+X is

do.o 2 ~ dx,E (p,s)= — F,/„(x„Q )
1 2Xa —XT

doo.
XFbgg(xb, Q') ~ +(~~&),

dt

(2.5)

where F,~z denotes momentum distribution, etc. ,
xz ——2pz/Vs and

where A is some scale. To the lowest nontrivial order

dry(z)=eq [1+(1—z)~] . (2.13)

There has been much work regarding D&~ (z, Q2) [and the
structure functions E«r(z, Q )] by summing leading-
logarithmic contributions. Then one obtains the simple
form'7

dye(z) = 1.124z
1 —0.72 In(1 —z)

(2.14)

4
d (z)=2z g a„z", (2.15)

This has the right behavior at z —1, but for smaller z it
significantly deviates from the exact result. ' A better
parametrization is provided by the forms'

Xa XT
Xb =XT X $

2Xa —XT 2 —XT
(2.6)

where for eq 9,
Photons at large pT may also arise via brerns, i.e., from

subprocesses of the type a+b~c+d+y. Typical cases
are

ap ——0.025, a ) ——0.87, a2 ———2.63,

a3 ——3.34, a4 ———1.546,
(2.16)

q+q q+q+x
q+s q+g+x
g+g q+q+x

(2.7)

(2.8)

(2.9)

and for eq = —,',
ao =0.014, a

&

——0. 15, a2 ———0.457,

a3 ——0.577, a4 ———0.272 .
(2.17)

The contribution of Eq. (2.7) has been calculated com-
pletely to O(a, ). Then it was found that its dominant
part arises from the kinematic configurations in which the

y is produced collinearly with one of the final quarks.
This part corresponds to qq~qq with a subsequent frag-
mentation q~y; the fragmentation function is propor-
tional to lnQ (see below). The remaining part ("constant
piece") is very small throughout the entire kinematic
range. " We anticipate a similar situation for all
brems-type subprocesses, and subsequently calculate the
dominant part for all of them. Then the contribution of
a+b~c+d+y to A+B~y+X is

We use the forms (2.15), but we also present certain re-
sults with, and we comment on, the forms (2.14) and
(2.13).

To the lowest nontrivial order a gluon cannot fragment
to a photon [d~&g(z)=0, corresponding to Eq. (2.13)]. In
the leading-logarithmic approximation, however, due to
transitions g —+qq with subsequent fragmentation q —+y
(or q —+y), dz&s(z)&0. We shall present results for the
subprocesses gg eggy and qg —& qg y (with g ~y) using
drys(z) of the form (2.15) with'

d~oE (pz. ,s, 8)
d p

a, =p.p21, a, = —0.03, a, = p.pp57,

a3 ——0.03, a4 ———0.015 .
(2.18)

1 dXa & dXb
+a /A Xa +b /0

Xa III. INPUT INFORMATION AND UNCERTAINTIES

doo
X —~ Dry, (z, Q ) +(A~8) .

(2.10)

To give a measure of the uncertainties involved regard-
ing the input distributions F,&z (mainly the gluon distri-
bution), we present predictions with two different sets.
This is particularly important for collider (and Tevatron)
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experiments, where at least the first data will correspond
to relatively low pz, thus very small xz.

(I) The first set (subsequently denoted CDHS) is the
complete set of Ref. 7 including their Q dependence
(scale violations). In this the gluon distribution has the
form

+gee(x~go =5 GeV )=2.616(1+3.5x)(1—x)~.9 . (3.1)

=0.93(1+8.5x+53.57x )(1—x) (3.2)

This form, in the determination of which charm-threshold
effects are taken into account, is somewhat broader than
Eq. (3.1). Both sets CDHS and GHR are determined
from analyses of deep-inelastic-scattering structure-
function data.

Additional uncertainties in our predictions arise from
the choice of the "large" variable Q, of the scale A in the
running coupling constant a, (g ) = 12m./25 ln(Q /A2)
and of A in Eq. (2.12). We use

Q =2pr (3.3)

on account of the fact that with this choice the resulting
scale violations are known to be intermediate and we
comment on other choices. Also we use

(II) The second set (to be denoted GHR) is the complete
set of Ref. 8 (including scale violations). In this

Fg)p(x, go 4Ge——V )

dcro a, (g )X=1+ Cmdt dt '
2m

(4.1)

For the subprocesses (2.1) and (2.2), which are essential
in the QCD treatment of large-pz. y production, no com-
plete calculation of the higher-order corrections is yet
available. ' The same is true for all the subprocesses
ah~cd leading to the brems contributions [Eq. (2.10)]
(with the exception of qq'~qq', nonidentical quarks,
where complete calculations give K-2.5). Such calcula-
tions are quite lengthy, and final results are very compli-
cated and often untransparent.

Nevertheless, for several large transfer processes, m

terms similar to those of Drell-Yan dilepton production
(arising from loop graphs in the soft-gluon limit), as well
as certain collinear gluon brems configurations, have led
to a correct estimate of the bulk of the correction. In
particular, for the subprocess (2.1), which dominates
large-pz pp —ay+ X, the techniques of Ref. 20 have led to
a K factor which significantly improves agreement with
experiment (see also below). Also for the subprocess
qq~y g, which is closely related with Eq. (2.2) (and is
important in large-pz m. A~I+i +X and
pN~l+1 +X), a K factor has been determined again in
agreement with the data as well as with complete theoreti-
cal calculations.

Thus for Eqs. (2.1) and (2.2) we proceed with the results
of Refs. 20 and 22. To O(a, ) these amount to subpro-
cess cross sections of the form

A=A=0. 2 GeV . (3.4) where C is a color factor; in particular,

At ISR energies, effects due to partons' intrinsic trans-
verse momentum, (kz.) are not very important for direct y
production (see Ref 10 fo. r a detailed calculation); they
are even less important at the collider at Tevatron, where
as a function of p~, the cross section is less steep.
Nevertheless, we take them into account assuming partons
on-shell and a Gaussian distribution with modest

(k, )=0.5 Gev. (3.5)

Finally, for the cross sections doo/dt in Eq. (2.10) we
use the results of Ref. 19, without any change.

C(qg~qy) =N, CF, C(qq—~gy) =CF (4.2)

with N, =3 and CF —, in color——SU(3). Note that Eqs.
(4.2) imply comparable corrections to Eqs. (2.1) and
(2.2).24

For the subprocesses ab~cd of the brems contribu-
tions the techniques of Refs. 20—22 have also been ap-
plied and led to a set of K factors similar to those in Eq.
(4.1). We shall use the results of Ref. 25 as an indica-
tion (rough estimate) of the possible effects of higher-
order QCD corrections to the brems contributions.

IV. K FACTORS

Higher-order QCD perturbative corrections are known
to modify the Born cross sections, usually by some factor
(K factor) which is almost constant over a wide kinematic
range. Such corrections arise from loop graphs (with vir-
tual gluons) and gluon brems. In several cases, notably in
Drell-Yan dilepton production, such K factors seem to be
required by experiment.

References 10 and 16 used a strong gluon distribution
of the form

F~&&(x,go 4GeV ) =0.866(l——+9x)(1—x)

this is stronger than Eq. (3.1) and for x &0.5 about as
strong as Eq. (3.2) [for x &0.5 it is stronger than both
Eqs. (3.1) and (3.2)]. Reference 10 took also into account
the complete brems contribution of the subprocess (2.7).
Still it was found that ISR pp —+y+X data required a E
factor, roughly E-2.

V. RESULTS AND DISCUSSION

First of all as a test of the input distributions (CDHS
and GHR) and of our overall approach we first carry a
calculation for pp ~y+X at V s =63 GeV and compare it
with available data. The results are presented in Fig. 1.
On the whole, agreement with the data is very satisfacto-
ry, except, perhaps, at low pz (&5 GeV); in this region
agreement could be improved (if necessary) by choosing a
larger (kz ). Notice that, at least with the CDHS distri-
butions (solid curves), inclusion of our K factors improves
the overall agreement.

To compare direct y with ~ yields we introduce as
usual the ratio

y E der(/IB~yX)/d p
Edo(AB~rr X)/d p

Regarding AB—+~ X, throughout this work we try to use
experimental data as much as possible. For pp —+a +X



2530 ARGYRES, CONTOGOURIS, SANIELEVICI, AND TANAKA 29

—1
10 10 I i $ I ] l

10 10

10 &0
C9

10

U

W10
LLj

10

p (Gav) 10

10 14
p (Gcv)

o 103

&~10
X~100

0.2 04 xT 06
FIG-. 1. @@~A+Xat ISR energy. All solid curves corre-

spond to calculations using the CDHS set: sum of Born
contributions [O(a, ) and brems]; including K factors and
kT effects; a contribution of qg~qy [Eq. (2.1)] divided by
10; ~v qq ~gy [Eq. (2.2)] dlvlded by 10; —+—qg ~qgy
(with q —+y) divided by 10; —~— qq —+qqy (multiplied by
10 ); —~ gg~qqy (multiplied by 10 2); — gg~ggy
(multiplied by 2 & 10 ); —~-qg ~qg y (with g ~y) (multiplied
by 10 ). Dashed curve: sum of Born contributions [O(a, ) and
brems] using the GHR set. Experimental data: ~ pp~y+X
(Ref. 26), 0 pp ~~'+X (Ref. 26). The lower part (100&y/~')
is determined by dividing the corresponding curves of the upper
part by an interpolation through the pp ~~ +Xdata.

such data are available in detail, and we use an interpo-
lation through them in order to form (y/~ )~~ (Fig. 1,
lower part).

For pp~y+X and (y/n. )&~ several calculations have
already been presented, e.g., in Ref. 10 (without X factors)
and in Ref. 20 (with K factors). Although the present cal-
culations differ in several respects (use of more recent par-
ton distributions, inclusion of more brems subprocesses,
etc.), it can be said that the present results are not far
from those obtained in Refs. 10 and 20 with a strong
gluon distribution.

Next we turn to pp~y+X at ISR (Vs =63 GeV); our
results are shown in Fig. 2.

A point to notice is that at low pz ( (4 GeV)
pp~y+X is only slightly above pp~y+X, but as pz- tn-

0.60.40.2 X T
FIG. 2. pp —+y+X at ISR energy. Solid and dashed curves

as in Fig. 1. Dash-dotted curve: corresponding to Pp —+m +X
(see text). The lower part is determined as in Fig. 1.

creases, the former exceeds the latter more and more.
This is essentially because p contains valence antiquarks,
so as pT increases (xT increases), the contribution of sub-
processes Eq. (2.2) becomes more and more important.
Regarding the ratio

E der(pp~yX)/d p
E do.(p ~pyX)/d'p

(5.2)

we predict the following: At pT ——6 GeV, r=1.4 with
both CDHS and GHR distributions; at pT ——8 GeV,
r=1.7 with CDHS and r=1.64 with GHR. Notice the
stability of r against CDHS vs GHR. We found similar
values for r by changing the large variable from
Q =2pT to Q =pT, or by changing A. It can be said
that r is quite stable against various uncertainties of our
calculation, and this is understandable since it mainly de-
pends on the increasing importance of the subprocess (2.2)
in pp~y+X.

Figure 2, lower part, presents (y /m ) . For
pp —+m +X' we use the indicated cross section (dash-
dotted curve of upper part); this is taken to be the same as
pp~m' +X (Fig. 1), as is supported by recent data ~ and
by theoretical calculations. We predict (y/m )- =1 at
p~ —9—10 GeV, depending on whether we use GHR or
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FICx. 3. pp ~y+X at the collider. Solid and dashed curves
as in Fig. 1, but with multiplication factors as indicated. Dash-
dotted curve: corresponding to pp —+m +X (see text). The
lower part is determined as in Fig. 1.

CDHS distributions. At higher pr, (y/m ) is predicted
to significantly exceed 1.

Now we consider pp —+y+X at the collider, and present
our results in Fig. 3. As in Figs. 1 and 2, solid squares
(upper curve) correspond to the sum of all contributions
with K factors and kz. effects calculated with CDHS dis-
tributions; solid circles to the sum of the corresponding
Born terms (with CDHS); and the dashed curve is the sum
of Born contributions with GHR.

Regarding pp~m +X in the ratio (y/n. )- we proceed
as follows. For pz-(4. 5 GeV we interpolate through
available data; for pz. &4.5 GeV, we use the theoretical
calculation of Ref. 25 with the overall normalization
slightly adjusted to fit the data well at pr &4.5 GeV.
Anyway, our Edo.(pp~m X)/d p is also shown in Fig.
3, upper part. Then Fig. 3, lower part, shows our predic-
tions for (y/m )- . With CDHS distributions we predict
(y/~ )zz

—1 at pr —50 GeV; with GHR at pz —40 GeV.
It is significant that Ref. 29 has a similar prediction al-
though it uses a different set of parton distributions,

Fgz~(x, QO =1.8 GeV ) —(1—x)
In the range 15 &pz- &30 GeV there are some prelimi-

nary data for pp ~neutral + X, where neutral =y, n. , or
Regarding y they can be summarized by stating

(y/jet) & 10 . Our predictions are consistent with this
result.

Note that in the entire pz- range of Fig. 3 the contribu-
tion of the subprocess Eq. (2.1) exceeds that of (2.2). The
same is true in pp~y+X at vs =63 GeV (Fig. 2) for
pz &7. The reason is that the corresponding xz. ( &0.2) is
small, so that Ez&z(x, Q ) is bigger than Ez~z(x, Q ). '

Of course, as xz increases, the subprocess (2.2) becomes
more and more important.

As we discussed in the Introduction, at the lower pz- the
corresponding xz. at the collider are very small and, in
principle, our predictions are subject to serious uncertain-
ties. Notice, however, that the CDHS and GHR predic-
tions (solid circles vs dashed curves, both total Born)
differ little (at xz &0.1). Perhaps this indicates that our
predictions are not completely untrustworthy. Further-
more, for pp~m. +X, Ref. 25 obtained good agreement
with collider data down to pr ——2(x~—7.5.10 ) with
both the CDHS and GHR set. In general m. production is
more complicated than direct photon production (presence
of fragmentation functions, greater importance of (kz. ),
etc). Thus we see no reason to completely distrust our re-
sults at the lower pz-.

At a fixed pz. , the predicted direct y yields at the collid-
er are significantly higher than those at ISR. As an ex-
ample, consider pz- ——10 GeV. With CDHS, pp —+@+Xat
Ms =540 GeV exceeds pp ~y+X at v s =63 GeV by two
orders of magnitude, and pp~y+X at Ms =63 GeV by a
factor of 60; with GHR it exceeds the former by a factor
of 70 and the latter by a factor of 30.

On the other hand, at a fixed relatively low pr( & 10),
our predicted collider ratios (y/m ) are well below the
corresponding ISR ratios. This is because at such pz- the
m. cross sections increase even more. The reason is that at
the corresponding collider xz (&0.04) pp —&~ +X (and
pp~jet+X) receives a strong contribution from the sub-
process gg~gg; to O(a, ) there is no such contribu-
tion to pp —my+ X (for the brems contribution of
gg~ggy, see Fig. 3 and the next section).

Finally our predictions for pp~y+X at Tevatron ener-
gy (vs =1600 GeV) are presented in Fig. 4 (some nota-
tion and scales as Fig. 3). Several of the remarks regard-
ing collider predictions are the same, as, e.g., regarding
the relative magnitude of the subprocesses (2.1) and (2.2).
Notice that again the CDHS and GHR predictions differ
little at the lower p~, and this gives some confidence in
our predictions although the corresponding xz are very
low. Since at such energies there is no experimental infor-
mation on pp —+m. +X, we prefer to present no predictions
on the ratio y/rr .

We conclude this section with a few remarks on the un-
certainties in our calculations. As we stated, the differ-
ence between CDHS- and GHR-based results gives a mea-
sure of the uncertainties in the parton (particularly gluon)
distribution. Regarding the choice of Q~, we have also
carried calculations with Q =pz-, the predicted total
E do. /d p increase by a factor & 1.5. Changing the scale
A in a, (Q ) from 4 =0.2 to A=0.5 GeV enhances the to-
tal E d cr/d p by a factor —1.35. The higher-order
corrections (X factors) are positive and fairly large, as in
Drell-Yan dilepton production and in other large transfer
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FIG. 4. pp~y+X at ~s= 1600 GeV. Solid and dashed
curves as in Fig. 1, but with multiplication factors as indicated
(same as Fig. 3).

processes. ' However, their magnitude is comparable to
that of various uncertainties. For example, in all Figs.
1—4, at relatively large xT the effect of the K factors is
roughly the same as replacing the CDHS by the GHR set.

We have not considered higher-twist contributions.
These may be important near kinematic end points.
Since we are restricted to 0=90 we do not anticipate ap-
preciable effects.

5.0
CL

IcL

1.0

0.5

Vs = 540 GQV

we find that the resulting R differs little from Eq. (6.1).
Then, in view of the involved approximations, it is suffi-
cient to proceed with Eq. (6.1).

The magnitude of the brems contributions (and of R)
depends rather significantly on the exact form of the frag-
mentation functions, i.e., of dr~~(z) [and to a lesser extent
on dry(z)]. The detailed brems contributions of Figs.
1—4 are calculated with the forms of Ref. 18 [Eqs.
(2.15)—(2.18)] and with the CDHS set. However, below
we present certain results corresponding to the forms
(2.13) and (2.14) as well.

As a general remark, in all Figs. 1—4 the most impor-
tant brems contribution arises from qg~qgy (with q~y)
for most of the xT range considered. Next in importance
is qq~qqy, which eventually (as xT increases) dominates
(see in particular Fig. 4, v s =1600 GeV). These features
are easily understood in terms of the dominance of Fg&~ at
low x. The contribution from gg~qqy is way below; the
reason lies in the form of the cross section and the color
factor of gg —+qq. ' The contributions from g~y frag-
mentation are understandably low. An exception is
gg~ggy at low pT at the collider and Tevatron, which
competes with qq~qqy. This is due to the importance of
the subprocess gg —+gg at the low collider and Tevatron
pT's (very low xT.)

We now turn to the ratios R(AB), Figs 5—7. . All
presented ratios correspond to the CDHS set except for
the long-dashed curve which corresponds to CxHR [with
dr&~(z) of Eq. (2.15)]. The highest (dash-dotted) curve in
Figs. 5 and 6 corresponds to dr&~(z) of Eq. (2.13), and the
lowest (short-dashed) curve in all Figs. 5—7 to Eq. (2.14).

VI. BREMS CONTRIBUTIONS:
ACCOMPANIED VS UNACCOMPANIED PHOTONS

I

10
I

20 30 40 50 60
p (6QV)

We now discuss in some detail the brems contributions;
the reasons for particular interest were stated in the Intro-
duction.

For the physical process AB~y+X consider the Born
term of the brems contribution given by Eq. (2.10). The
sum of such contributions are denoted by
E do. (AoB;bre m)/dsp. Consider also the Born contribu-
tions from the O(a, ) subprocesses Eqs. (2.1) and (2.2),
given by Eq. (2.5); the sum of them is denoted by
Edoo(AB;a, )ld p. We shall introduce the ratio

E doo(AB;brems) Id pR(AB)—: (6.1)
Edcro(AB;a, )/d p

According to the Introduction this should give a reason-
able measure of the ratio of accompanied vs unaccom-
panied events. Of course, we can also introduce E factors
and construct the corrected cross sections
E der(AB;brems)ld p and E do(AB;a, )Id p. H.owever,
with our simple K factors [Eqs. (4.1), (4.2), and Ref. 25]

I I I I I I I I I

0.5

0.5

0.01
2

I I I

6 10
I I

"4 18 P (GQV)T

5. Ratios + (pp ) =Edo(pp:brems)/d p/E d~o(pp.
a, )/d p, which approximately correspond to events of photons
accompanied vs unaccompanied by hadrons (see text). Solid
curves: using dy/q(z) of Eq. (2.15} and the CDHS set, long
dashed curves: same dy/q(z) and the GHR set; short dashed
curves: using dy/q(z) of Eq. (2.14) and CDHS; dash-dotted
curves: dy/q(z) of Eq. (2.13) and CDHS. Upper part: collider
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FIG. 7. Ratios R (pp ) =Edo-0(pp; brems)/d p/E do.o(pp;
ct, )/d p « ~s=1600GeV. Physical meaning and lines as in
Fig. 5.

FIG. 6. Ratios R (pp ) =Edao(pp; brems)/d p/E dao(pp;
a, )/d p at ISR. Physical meaning and lines as in Fig. 5.

The solid curve corresponds to Eq. (2.15); here for reasons
of comparison we have neglected the (generally small)
contributions corresponding to g~y fragmentation.

The first remark is that in all Figs. 5—7 the two sets of
distributions (CDHS and GHR) lead to very similar
R (AB), when, of course, the same dr/e(z) is used. This is
gratifying, for it indicates a stability against the various
uncertainties.

We see that R(pp) at the collider (Fig. 5, upper part)
and Tevatron (Fig. 7) is sizable (&20%%uo for pT &30 GeV
at the collider and pT & 80 GeV at Tevatron). In particu-
lar, at collider pT(10 GeV and Tevatron pT (20 GeV,
R (pp ) —1; however, in this very low-xT range our
theoretical reservations should be kept in mind.

At Vs =63 GeV R(pp) is sizable only at low pr( &6
GeV), and it decreases fast with pT. In general, this de-
crease is due to the presence of the fragmentation func-
tion.

Note that R(pp) at ISR is non-negligible throughout
the entire pT range. In particular, note the difference in

pT dependence between R(pp) and R(pp). This can be
understood in terms of the completely different role of the
subprocess qq —+gy in pp~y+X vs pp~y+X. In the
former, this subprocess is of minor importance for all pz.
(Fig. 1); in the latter it dominates all contributions for
p~ & 7 GeV, and as we discussed in Sec. V, it significantly
enhances the cross section of pp ~y+X relative to
pp —&y+X. As a result, R(pp) is a monotonically de-
creasing function of pT.

The fact that R(pp) at ISR shows some increase for
pT ) 10 GeV is understood from the fact that at such pT
the ratio of the contribution of qq~qqy to that of
qg~qy increases with pr (Fig. 1, open circles vs up-

pointing triangles). This is because qq~qqy involves
valence quarks; and the importance of Fe/~(x, Q ) relative
to Fs/z(x, g ) increases with x (i.e., with xr).

In Figs. 5 and 6 we also show R (AB) calculated with
dr/e(z) of Eq. (2.13); this gives the largest R(AB), in par-
ticular at the larger pT. The same is true for Vs =1600
GeV (not shown in Fig. 7). The reason is that this dr/e(z)
decreases slowly wi.'th z, and as z —+1 tends to a constant
limit (=1). The resulting R(pp) exceed by factors of 2 or
more the ratios obtained with Eqs. (2.15) and (2.14). Note
that Ref. 32 has obtained brems contributions exceeding
those of the basic QCD subprocesses I'Eqs. (2.1) and (2.2)];
the reason is essentially that they used dr/q(z) of Eq.
(2.13). There are, however, theoretical reasons for dr/e(z)
dropping rather fast with z and, in fact, for vanishing at
z= l. ' ' Thus we believe that Eq. (2.13) overestimates
the brems contributions. In this we are in accord with
Ref. 14.

Noted added in proof. After the completion of this
work we received a report [E. Berger, E. Braaten, and R.
Field, Florida Report No. UFTP-83-20 (unpublished)],
which in part deals with the same subject. Although its
input parton distributions are different, the results are
very similar to ours.
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