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We study in detail the effects of isolation requirements on expectations for prompt photon produc-
tion rates at DESY HERA in the first fully consistent study performed completely in next-to-leading
order (NLO) of QCD. In particular we examine whether the isolated cross section will give useful
information on the gluon content of the photon and proton. We find that the cross section turns out
to be hardly sensitive to the gluon distribution of the photon in the kinematically accessible range,
but that it depends significantly on the quark content of the photon in some regions of the kinemati-
cal variables. We show furthermore that the present knowledge of the proton’s parton distributions,
in particular, its gluon distribution, has to be improved in order to determine the photonic structure

functions in this process.

PACS number(s): 13.60.Hb, 12.38.Bx, 13.85.Qk, 14.70.Bh

L INTRODUCTION

As anticipated, first experimental data have confirmed
[1] that high energy ep scattering at the DESY ep collider
HERA is dominated by photoproduction processes where
the electron is scattered at small angles with the emission
of an almost (on-shell) real photon which scatters with
the proton. These processes are particularly interesting
since they are sensitive to the structure of the photon
as well as of the proton. An important representative of
photoproduction processes is the production of a photon
at large transverse momentum pr directly in the hard
scattering.

Large-pr prompt photon production has already been
proven to be invaluable in helping to constrain the gluon
distribution of the proton through experimental measure-
ments at both fixed target facilities and hadron collid-
ers. This is due in particular to the presence and dom-
inance of the gg — g scattering process already in the
leading order (LO), but also due to the “clean” photon
signal at fixed target facilities leading to relatively pre-
cise measurements. At colliders this last advantage is
somewhat diminished due to the much larger background
stemming from the copious production of hadronic jets
which, at given transverse momentum but for rising c.m.
system (c.m.s.) energy, increases more strongly than
prompt photon production as a consequence of the struc-
ture of the underlying subprocess cross sections. These
jets often contain one or more 7° which decay into pho-
ton pairs that may not be resolved by the calorimeter.
Furthermore, for the same reason as above, the fraction
of photons resulting from (not yet satisfactorily under-
stood) parton-to-photon fragmentation processes is also
much larger at collider energies than in fixed target ex-
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periments. In order to reduce these backgrounds and to
clearly identify the photon signal suitable isolation cuts
have to be performed [2, 3].

The utility of prompt photon production for providing
constraints on the proton’s gluon content has led to the
suggestion that it may also prove useful in constraining
the photonic gluon distribution at HERA [4]. In this con-
text the process has been studied quite extensively [5-8]
with the focus on different aspects of the process and on
the various contributions to the cross section. The most
recent and most complete such study [8] has included all
contributions to the cross section in next-to-leading or-
der (NLO), except that in that study the LO asymptotic
fragmentation functions of Ref. [9] were used. The main
shortcoming of [8] and all previous studies is that only the
fully inclusive cross section is considered. Since, however,
HERA is a collider it will be necessary to perform iso-
lation cuts in the experiment in order to unambiguously
identify the photon signal from the hadronic background,
just as it is necessary at existing hadron colliders [2, 3].
This has the effect of significantly reducing the cross sec-
tion due to a strong suppression of the fragmentation
contributions. In order to make reliable and meaning-
ful predictions it is most important that the theoretical
calculation correctly takes into account the experimental
isolation constraints.

It is expected that the first prompt photon events will
soon be observed at HERA, and we thus believe that it
is now time to provide a realistic theoretical study which
can be directly compared to experiment. Following the
success of cone algorithms to reconstruct jets at HERA
[10] we anticipate that an isolation method involving a
cone will also be applicable to the case of prompt photon
production. In a recent paper [11] we developed an effi-
cient analytical method to isolate photons which, for the
first time, correctly treats also the fragmentation contri-
bution in NLO. Application of this method to the recent
Collider Detector at Fermilab (CDF) preliminary data
[2] has given very good agreement [12] in the previously
problematic low-pr region. In this study we apply our
method to the HERA situation.
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The layout of the rest of this paper is as follows. In
Sec. II we outline the theoretical background to the cal-
culation of the fully inclusive (i.e., nonisolated) as well
as of the isolated cross section, and we give some details
of our isolation method and its application to HERA. In
Sec. III we present our results and in Sec. IV we give the
conclusions.

II. THEORETICAL BACKGROUND

A. The inclusive cross section

As with all photoproduction processes at HERA, there
are two types of contributions to the cross section, the
so-called direct and resolved contributions [13]. In the
direct case the photon participates directly in the hard
scattering process whereas in the resolved case it inter-
acts via its partonic structure. In the case of prompt pho-
ton production there are two further subclasses in each
category, which we label the fragmentation and nonfrag-
mentation processes (Fig. 1) according to whether the
prompt photon is produced directly in the hard scatter-
ing process or via fragmentation of a final-state parton.
It has been stressed elsewhere [14] that the above sep-
aration of the subprocesses according to the initial- or
final-state coupling of the photon to the hard scattering
partons is ambiguous and no longer well defined beyond
LO. The only well-defined quantity is the sum of all the
J
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FIG. 1. Examples of (a) direct nonfragmentation, (b) di-
rect fragmentation, (c) resolved nonfragmentation, and (d)
resolved fragmentation processes (in LO) for prompt photon
production at HERA.

contributions where also scale dependences partly can-
cel out. Nevertheless we will sometimes keep the various
(i.e., direct, resolved and/or fragmentation, nonfragmen-
tation) contributions separate for convenience and for a
better comparison.

The cross section we wish to study is p(Pp)e™ (P.) —
v(Py)+ X. The fully inclusive cross sections can be writ-
ten in the forms

! dw _; .
— fa(@p, M?) i (@e, M?
E7d3 ) Z/vw 1-vw /VW/u w fo(zp, M) f2 (e, M7)

1dé;; o, (p?) .
X [;T_W(S(l - w) + —szg;r_Kij—)—y(Savawa/—l‘z?M27M12’) ) (1)

for the nonfragmentation part and

1-(1-V)/z dv 1 dw ; .
—— , M?) fi(ze, M?
E‘7d3 7[_5 Z/ ViVvW Z VW/Z 1—1) LW/UZ w fp(-'llp )fe (ze )
1dé;; a,(p? .
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for the fragmentation part, where S = (P. + P,)? and
5 = zexpS with z, = VW/zvw, ze = (1 - V)/2(1 — v).
In the latter definitions for , and ., z = 1 is understood
for the nonfragmentation case, and we have furthermore
defined V. =1+T/S, W = ~U/(S+T), v = 1+%/5, and
w= —a/(5+1t), where T = (P, — P,)?, U = (P. — P,)?,
and as usual the Mandelstam variables are defined with
upper case for the electron-proton system and lower case
for the parton-parton system. In terms of the prompt
photon’s transverse momentum pr and its HERA ep lab-
oratory frame rapidity y, V and W are expressed by

pre Y preY
1-V = VW = 3
2E. ’ 2E,’ 3)
where E. and E,, are the electron’s and the proton’s beam

energies, for which we will use E, = 30 GeV and E, =
820 GeV. This fixes the photon’s energy to

E,=prcoshy=(1-V)E.+VWE, . (4)

In Egs. (1) and (2), fi(xp, M?) and f’(ze,Mz) repre-
sent the probability of ﬁndlng parton types i,j (includ-
ing a photon in the electron case) in the proton and elec-
tron with momentum fractions z, and x., respectively,
at scale M, i.e., the proton and electron structure func-
tions, while D] (z, M%) is the usual fragmentation func-
tion at scale Mp for the fragmentation of parton ! into
a photon. The first terms in the square brackets in Egs.
(1) and (2) are the LO contributions to the hard sub-
process scattering cross sections, while the second terms
are the NLO contributions which explicitly depend on
the renormalization scale y, the factorization scale M
and the fragmentation scale Mr due to the necessity to
subtract ultraviolet and collinear poles appearing in the
perturbative calculation. Of course, when taking into ac-
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count the NLO corrections to the cross sections in Egs.
(1) and (2), parton distributions and fragmentation func-
tions, evolved in NLO of QCD in the same factorization
scheme as that chosen in the calculation of the subpro-
cess cross sections, have to be used in order to obtain a
consistent NLO result.

We make use of the Weizsiacker-Williams approxima-
tion [15] to estimate the flux of quasireal photons from
the electron beam. The structure function fI(ze, M?) is
then given by the convolution

j 2 tdy Te 2
fear = [ Y8 (Sr) 6
z. Y Y
where f; denotes the photon structure function for par-
ton j which is thus evaluated at z, = z./y. In order to
ensure that the photons participating in the reaction are
almost real, and thereby justifying the use of the real-
photon structure functions, we restrict the angle for the
scattered electrons to be less than @ = 5 degrees in the
photon spectrum
2

lf_(lgi)] 21n Eef , (6)

Me

1o

fue) = 52 |
where m, is the electron mass and a.n, the electromag-
netic coupling constant. According to the results of Ref.
[16] the error introduced by using the approximation
(6) at these small angles should not be greater than a
few percent. Note that (6), in contrast with the full
Weizsacker-Williams spectrum used in (8], should also
more closely match the experimental situation, where
some sort of tagging or antitagging will almost certainly
be necessary.

When the photon participates directly in the hard
scattering (j = <), the appropriate structure function
must be modified. This is achieved by replacing the
photon structure function f; (ze/y, M?) by a é function
(1 — z./y) in Eq. (5), which leads to fJ(z.,M2) =
Fyje(@e)-

In LO the subprocesses

g+g—=v+q g+d—=>v+g (7
contribute to the nonfragmentation part of the resolved
contribution [Fig. 1(c)]. In NLO there are higher order
corrections to these as well as other new processes. The
subprocess cross sections for all the NLO contributions
have been calculated in Refs. [17, 18] where also all the
processes are listed. Both calculations were performed
using the modified minimal subtraction (MS) factoriza-
tion scheme and give identical results [18] except for mi-
nor differences which arise from the correct spin averag-
ing for incoming gluons in the MS scheme used in [18].
In our present calculation we use our own results [18]
for the NLO subprocess cross sections for the resolved
nonfragmentation part.

For the resolved fragmentation contributions
[Fig. 1(d)], in LO the contributing subprocesses are the
same as those for jet production and are listed, for exam-
ple, in Refs. [6, 8]. There are many new contributions in
NLO which were all calculated for inclusive hadron pro-

duction in [19]. We use these subprocess cross sections
in our calculation.

In the case of the direct nonfragmentation contribution
[Fig. 1(a)], in LO the only process is

Y+g—=v+4q . (8)
In NLO we have

Yy+g—=v+aq(+9), y+g—o>rv+q+q . (9)

Both processes have been calculated before [4], but in our
calculation we obtained them from our own results [18]
for the subprocess cross sections for

gtag—ov+q(+g), g+g—=v+q+q (10)

(given in the Appendix of [18]) by removing non-Abelian
couplings and adjusting color factors.

The final set of contributions we need are the direct
fragmentation contributions [Fig. 1(b)] which in LO are

Y+g—q+g, Y+g—=aqa+q , (11)

where one of the outgoing particles fragments into the
photon. The NLO corrections have again both been cal-
culated twice, first in [20] and more recently in [21]. A
detailed comparison showed them to be identical [21] ex-
cept again for the incoming photon and gluon spin av-
eraging. In our calculation we use the subprocess cross
sections obtained in Ref. [21] for this part of the cross
section.

B. The isolated cross section

All the NLO subprocess cross sections we referred to
in the preceding subsection have been calculated for the
case of inclusive particle production. Thus all the mo-
menta of the unobserved outgoing partons have been
fully integrated over. This procedure does not imme-
diately allow one to perform cuts to match the isolation
criteria used in collider experiments. With the aim of
correctly addressing the long-standing problem of prop-
erly including the fragmentation contributions to the iso-
lated hadronic prompt photon cross section in NLO, we
have recently developed a method of modifying the in-
clusive cross section by the addition of extra subtrac-
tion pieces which, when combined with the fully inclu-
sive predictions, match the experimental definition of
the isolated cross section to a high degree of accuracy
[11]. Owur method, which also turned out to be suc-
cessful phenomenologically [12], was checked by com-
parison with “exact” results calculated using the more
time-consuming Monte Carlo approach and was shown
to be accurate over a wide range of the isolation param-
eters [11]. As was stressed in Ref. [11], it is the speed
and simplicity of our approach which allows a consistent
treatment of the NLO fragmentation contributions which
are extremely long and complicated. In this subsection
we briefly outline the essential aspects of our isolation
method and its extension to the HERA situation and
refer the reader to Ref. [11] for a detailed account.

The isolation technique used at hadron colliders is to
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draw an isolation cone, radius R = 1/A¢@? + Ay?, around
the photon, with the photon at the center, in the rapidity
(y) azimuthal angle (¢) plane (Fig. 2). The amount of
hadronic energy allowed inside the cone is then restricted
to be below a certain fraction € of the photon’s energy,
that is,

Ehaa < 5E'y (12)

with FEhaq the hadronic energy and E, the photon’s
energy. Thus we need to find some way of removing
from the inclusive cross section those contributions where
there is hadronic energy Fhaq > €E, in the cone around
the photon. In LO where only 2 — 2 scattering is con-
sidered the photon is always isolated in the nonfragmen-
tation case, while in the fragmentation case a simple cut,
z > 1/(1+¢€), on the fragmentation variable z appearing
in Eq. (2) suffices [22]. In NLO where 2 — 3 scattering
processes are explicitly considered, the nonfragmentation
contributions can produce hadronic energy in the isola-
tion cone only through a final-state parton radiating into
the cone (see Fig. 2). The correctly isolated cross section
must prevent such a parton from carrying more energy
than eE,. We achieve the isolation of the nonfragmen-
tation contribution by introducing a subtraction piece in
the following way [11]:

d3 :ﬁ;);fr dsa-li'xx:)cr}fr d3 xsllcl)gfr
E’Y d3 ( é-) 'Y d3p7 - ey d ( 6)

(13)

where 9§ is the opening of a geometrical cone centered on
the photon. In [11] it was shown how the subtraction
cross section E,d305uP. /d3p. (e, ), needed for eliminat-
ing the excess hadronic energy in the cone, can be easily
and accurately calculated in the small-cone approxima-
tion, i.e., by assuming that the cone around the photon
is narrow. In this approximation all matrix elements can
be considered in the collinear limit, assuming that the
photon and the parton radiated into the cone move par-
allel. In those cases where a quark is collinear to the pho-
ton, the leading contribution to the subtraction piece is
O(In §)+const for small §, and terms of O(62) and higher
can be neglected. For the subprocesses ¢g§ — ygg and
q9 — vqg, however, it may be possible that a soft gluon
is radiated into the cone. In this instance, although the
contribution is O(4?), it can be potentially large due to
the soft singularity in the matrix elements [22]. It turns

FIG. 2. Definition of the isolation cone, radius R, for
prompt photon production at colliders. The figure is also an
example for a nonfragmentation NLO process with hadronic
energy in the isolation cone due to a parton radiating into the
cone (see [11]).

out that this singularity is tamed by the presence of the
energy resolution parameter ¢, leading to a logarithmic
dependence on € [22,11]. The final schematic form of
the subtraction cross section for the nonfragmentation
contributions is thus

d3 subf
an dsnon 'y ( 6)
where A, B, and C are functions of the kinematic vari-
ables. Simple analytic expressions for the subtraction
piece are given in Ref. [11]. Let us note that in the
small-cone approximation § is related to the experimen-
tal cone size R via
R

§= coshy (15)

Alné + B+ Cé%Ine , (14)

In the case of the fragmentation contributions the sit-
uation is rather more complicated in NLO because not
only the hadronic energy due to the parton fragmenting
into the photon is present, but also one of the other final-
state partons may come into the cone (Fig. 3). Thus in
addition to the usual cut on the fragmentation variable
z as in the LO case, 2 > 1/(1 + €), a subtraction piece
is necessary to remove the excess energy from the addi-
tional parton, such that the sum of the hadronic energies
in the cone satisfies Eq. (12). The fragmentation contri-
bution to the isolated cross section may thus be written
[11]

5 oke
‘Y d3 ( 6)
dsgfzzl/(H-f) 3 __sub
=F o8 —FE frag (¢,8). (16
T dpy "oy, @0 (19

The subprocess cross sections to be used in the fragmen-
tation subtraction piece E,d%0f%/d®p,(e,8) were also
calculated in Ref. [11] using techniques similar to those
outlined above for the nonfragmentation case, and are all
listed in the Appendix there. The subtraction piece has

the general form

3 sub

E f“‘g(e §)=€e*[In6(A+A'lne)+B] , (17)

v d3
with new coefficients A, A’, and B, and where a > 1.
Note that in this case we have neglected the pieces
O(462%In€) since these are regulated by the factor €* which
causes the whole contribution to vanish as € — 0.

FIG. 3. Example for a NLO fragmentation process with
an additional nonfragmenting parton entering the isolation
cone, giving rise to additional hadronic energy in the cone
(see [11]).
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In Ref. [11] we have proven the good accuracy of our
approximation over a wide range of the isolation param-
eters € and §. Although our results in [11] have been
derived for the purely hadronic isolated prompt photon
cross section, generalization to the HERA situation is
straightforward. We only have to additionally adapt our
results to the direct processes, i.e., the case of unresolved
incoming photons. The subprocess cross sections for the
direct nonfragmentation subtraction piece can be easily
obtained from those for the resolved nonfragmentation
piece listed in Ref. [11] by, as before, removing non-
Abelian couplings and adjusting color factors. For the
direct fragmentation subtraction piece which again takes
the form (17), the subprocess cross sections are easily cal-
culated following the method given in [11] and are also
closely related to those for the resolved fragmentation
subtraction piece, so we do not list them here.

This concludes our discussion of the theoretical back-
ground to the calculation. In the next section we present
our results for HERA.

III. NUMERICAL RESULTS

As stated in the Introduction the main aim of this
study is to see whether prompt photon production at
HERA will still yield enough events in interesting and
accessible kinematic regions to give useful information on
the parton, and in particular the gluon, distributions in
the photon and proton after isolation requirements have
been taken into account. Our motivation is, of course, to
address our current incomplete knowledge of these distri-
butions particularly in the photon case, where they are
a severe handicap to our ability to describe photopro-
duction processes, and therefore to test QCD theory in
this area. Our study is the first fully consistent study of
prompt photon production at HERA in NLO since for
the first time fragmentation functions evolved in NLO
are used. Furthermore, as mentioned before, it is the
very first study altogether which deals with the exper-
imentally relevant isolated prompt photon cross section
at HERA.

There are now many different sets of parametrizations
of the photonic parton distributions available. Most
of these agree reasonably well on the quark distribu-
tions, but they can have very different gluon distribu-
tions reflecting the different assumptions made at the in-
put scales which vary widely due to a lack of constraints
on the gluon distribution. In our study we will compare
predictions made with the Gliick, Reya, Vogt (GRV) [23]
and the Gordon, Storrow (GS) [24] photon distributions
which are both available in NLO. We transform the GRV
NLO parametrizations into the MS scheme in order to
be consistent with the choice of the factorization scheme
adopted in the calculation of the various NLO subprocess
cross sections. It would be expected that differences be-
tween the various proton distribution parametrizations
are not likely to be significant in the regions probed by
prompt photon production at HERA, since recent proton
structure function measurements [25] are accommodated
by all modern parametrizations. We nevertheless test
this assumption by making a comparison of the predic-

tions given by the GRV [26], Martin-Roberts-Stirling set
A [MRS(A)] [27], and CTEQ2M (28] versions. For the
fragmentation functions we use those of GRV, Ref. [29],
which are also available in NLO. In the following we take
the GRV photon and proton distributions as our stan-
dard since they match exactly in the choice of values of
the QCD scale parameter A, and also match those of our
choice of NLO fragmentation functions. Whenever differ-
ent proton and photon distributions are used we always
use the value of A corresponding to the proton distribu-
tions.

In all inclusive (i.e., nonisolated) calculations we
choose the renormalization and factorization scales to be
u =M = Mp = pr /2. For isolated cross sections follow-
ing the suggestion made in Ref. [22] we use Rpr for the
fragmentation scale Mr but keep the other scales as in
the inclusive case. The scales 4 = M = pr/2 were pre-
ferred by the CDF data on hadronic prompt photon pro-
duction [12]. We work in the HERA ep laboratory frame
and take positive rapidity to correspond to the proton
forward direction in order to match the convention used
by the HERA experimentalists [10]. We choose the en-
ergy resolution parameter € = 0.1 and the isolation cone
size R = 0.4 throughout. Dependence of the (hadronic)
cross section on these parameters was studied extensively
in Ref. [11], and the values chosen are optimum values
where our approximation is very accurate and which are
still such that the reduction in the cross section relative
to the inclusive case is not too severe. They are also not
too far from the fixed value of R = 0.7 and the average
value of € = 0.15 used by the CDF Collaboration [2] or
the R = 0.4 of the DO experiment [3], and should be
thus applicable at HERA. We note that our values for
R and ¢ are large enough to make a resummation of the
logarithms in 6 (or R) and € appearing in Egs. (14) and
(17) unnecessary [22]. We take Ny = 4 active flavors
throughout.

In Fig. 4(a) we show the rapidity distribution of the
cross section at pr = 5 GeV using our standard par-
ton distributions. The solid curve is the fully inclusive
prediction containing both resolved and direct, fragmen-
tation and nonfragmentation contributions. The dashed
curve represents the corresponding full isolated predic-
tion. This is only shown over a rapidity range in which
we are certain that our approximation is still accurate
[11]. There is an approximately 15% reduction in the full
cross section which is not too severe, meaning that pre-
vious conclusions [5-8] concerning the measurability of
the cross section are still valid. In Fig. 4(a) we also show
the effects of isolation on the fragmentation contributions
only (i.e., on the sum of direct fragmentation and re-
solved fragmentation). The dash-dotted line is the result
for the inclusive fragmentation contribution, whereas the
dotted one represents the isolated fragmentation piece.
In this case, as expected, the effect of isolation is a very
significant reduction of this contribution relative to the
inclusive case. In some respects this is a positive devel-
opment since the dependence of the cross section on the
poorly known fragmentation functions is correspondingly
reduced leading to much “cleaner” predictions. On the
other hand it also means that measurement of the cross
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section at HERA will not yield any new information on
the fragmentation functions if, as expected, isolation is a
requirement.

Choosing a rapidity y = 2, a roughly central value in
the asymmetrical HERA ep laboratory frame, we show
in Fig. 4(b) similar curves as in Fig. 4(a) but now as
a function of pr. The effects of isolation on the cross
section hardly depend on pr. This is expected since the
isolation parameters chosen do not depend on pr. At
pr = 5 GeV we can expect ~ 6000 events per year if
HERA reaches the integrated luminosity of 200/pb, but
due to the steep fall-off of the cross section with pr the
cross section will hardly be measurable beyond pr = 15
GeV, where at most 100 events can be expected. Since we
do not expect that our perturbative analysis is valid far
below pr ~ 5 GeV or zr = 2pr/+/s ~ 0.03, the effective
range in pr for measurement of the cross section will be
5 GeV < pr <15 GeV.

Henceforth we shall only consider the isolated cross
section. Furthermore all cross sections shown from now
on will always include their respective non-fragmentation
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FIG. 4. (a) Comparison of the fully inclusive (solid line),

full isolated (dashed line), inclusive fragmentation (dash-
dotted line) and isolated fragmentation (dotted line) cross
sections for prompt photon production at HERA at pr = 5
GeV as a function of rapidity y. (b) Same as (a) but for pr
distributions at rapidity y = 2. All curves use our standard
parameters as described in the text.

piece as well as their fragmentation contribution. In
Fig. 5(a) we compare the resolved (solid line) and di-
rect (dashed line) contributions to the isolated cross sec-
tion at pr = 5 GeV as a function of rapidity. Before
discussing the results shown, it is interesting to observe
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FIG. 5. (a) Rapidity distributions of the resolved (solid

line) and direct (dashed line) contributions to the isolated
cross section at pr = 5 GeV for our standard parameters.
Note that both contributions include both their respective
nonfragmentation and fragmentation pieces. (b) Same as (a)
for pr distributions at y = 2. (c) same as (a) at pr = 10
GeV.
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from Egs. (1)—(3) that for pr =5 GeV and y = —1, z,
and z. are approximately bounded by 0.001 < z, < 1,
0.23 < z, <1, whereas at y = 2 we have 0.02 < z, <1,
0.01 < z. < 1. We see from Fig. 5(a) that the direct
contribution has a peak toward the negative rapidity di-
rection, obviously corresponding to the probing of the
proton at small z, by an energetic photon. In the case
of the resolved contribution, there are two peaks. The
peak at y = 3 should correspond to the probing of the
photon distributions at small ., and if, as expected, the
cross section is dominated by initial quark-gluon scatter-
ing, then the cross section should be sensitive to g7, the
photonic gluon distribution, in this region. By the same
token, it should be sensitive to the quark distributions ¢?
at rather large z, of the proton, in this region, so pro-
vided these are known, g7 can be extracted in principle.
The somewhat larger peak in the resolved component
around y = 0 is, as we shall see, due to the probing of the
protonic gluon distribution at small x, by the photonic
quark distributions, ¢”, at large x,. We shall examine
these features in more detail later in this section.

Figure 5(b), which compares the resolved (solid line)
and direct (dashed line) contributions as functions of pr
at y = 2, shows the expected dominance [8] of the di-
rect contribution at larger pr. We see that, even at
pr = 5 GeV, the resolved contribution is only slightly
larger than the direct for this particular choice of struc-
ture functions. When the GS parton distributions [24]
are used for the photon we find that the resolved contri-
bution is only larger than the direct at pz values slightly
less than 5 GeV at y = 2. All this means that we can
hardly expect the cross section to show much sensitiv-
ity to the photon distributions for pr much larger than
about 5 GeV. This is confirmed in Fig. 5(c) which shows
the rapidity distributions at pr = 10 GeV. Here we see
that the direct contribution dominates at almost all ra-
pidities. If we change the proton distributions used, to
MRS(A) [27], for example, then the point at which the
direct overtakes the resolved contribution is slightly in-
creased in Fig. 5(b).

In Figs. 6(a) and (b) we check on a linear scale the
sensitivity of the cross section at pr values of 5 and 10
GeV, respectively, to the proton and photon structure
functions. As stated above, we compare the results ob-
tained for the GRV [26] (solid lines), the MRS(A) [27]
(dotted lines), and the CTEQ2M [28] (dash-dotted lines)
parton distributions of the proton and the GRV [23] and
GS [24] photonic parton distributions. It becomes obvi-
ous that at both pr values there is a significant normal-
ization difference between the predictions given by the
GRYV and GS photonic parton distributions, but that the
shapes of the curves (for a fixed set of proton distribu-
tions) are essentially the same. We can thus conclude
that the cross section is not very sensitive to the actual
shapes of the photon distributions, since the differences
in the shapes of the GRV and GS distributions are known
to be quite substantial at the values of Q? relevant here
[30]. The substantial normalization differences between
the two predictions can naturally be traced back to the
actual sizes of both the quark and gluon distributions
in each case. This difference, which can be accommo-

dated by the available data on the photon structure func-
tion, Fy (z,Q?), is in turn partly due to the differences in
the points at which the evolution of the distributions is
started, and the inputs chosen. Figures 6(a) and (b) also
reveal that exploitation of this normalization difference
in order to distinguish between the two parametrizations
will require data with very high statistics since, as can be
clearly seen, there are quite significant differences, also
in the shape, between the predictions given by the vari-
ous proton structure function parametrizations. We also
note that there is a comparable uncertainty in the pre-
dictions due to the dependence of the cross section on
the renormalization and initial state factorization scales
u, M. Using, e.g., p = M = 2pr instead of pr/2 de-
creases our results in Fig. 6(a) by about 7%. In contrast
with this, the dependence on the fragmentation scale Mg
is very weak, as is expected for an isolated cross section
[11].

Comparison of the curves obtained by using the var-
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FIG. 6. (a) Rapidity distributions at pr = 5 GeV of the

full isolated cross section as predicted using the GRV [26]
(solid lines), MRS(A) [27] (dotted lines), and CTEQ2M [28]
(dash-dotted lines) parametrizations for the proton distribu-
tions. The upper curves use the GRV photon distributions
[23], whereas the corresponding lower curves have been ob-
tained with the GS photon distributions [24] as labeled. (b)
Same as (a) at pr = 10 GeV.
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ious proton distributions reveals that the GRV proton
distributions give a larger peak around y = 0 than ei-
ther the MRS(A) or the CTEQ2M proton distributions
at pr = 5 GeV, but that the differences are not as sig-
nificant at pr = 10 GeV. This can be traced back to
the steeper gluon distribution at small z, (z, < 0.01)
in the GRV proton, which is probed by the gPq” scat-
tering process. This presumption is confirmed by trying
(experimentally ruled out) flat parton distributions for
the proton: Choosing, for instance, the Kwiecinski-MRS
set B0O (KMRS-B0) [31], one obtains a ~ 40% smaller
result for any of the curves in Fig. 6(a) at negative ra-
pidities, but similar results at positive rapidities. In this
respect prompt photon production at HERA could in
principle serve as an independent experimental check on
our present perception of a steep small-z gluon distri-
bution of the proton, although a limit is set here by the
above discussed uncertainty in the photonic parton distri-
butions. The differences in Fig. 6(a) at positive rapidity
are due partly to the gluon distributions, but more sig-
nificantly to the different quark, particularly the u quark,
distributions.

To further examine these issues, i.e., the dependence
of the full isolated cross section on the parton content of
the photon and the proton, we show in Figs. 7(a) and
(b) the contributions of the various contributing scatter-
ing subprocesses at pr = 5 GeV vs. rapidity. To shed
more light on the proton, Fig. 7(a) presents the individ-
ual results for

gp,yres-i-dir N 'Y+ X
and

qp,yres+dir N ,Y+X

scattering, where ¢ includes quarks and antiquarks, and
wres+dir represents scattering of the protonic partons with
resolved as well as with unresolved photons. The sum of
the two above reactions of course reproduces the full iso-
lated cross section already shown in Fig. 6(a). We show
the results for the GRV (solid lines) and MRS(A) (dot-
ted lines) proton distributions. In both cases we use the
GRYV photonic parton distributions. In the negative ra-
pidity region we can clearly see that the GRV prediction
is larger due to the steeper gluon distribution, confirm-
ing that the cross section is sensitive to g? in this region.
Also the MRS(A) predictions are larger at positive rapid-
ity, which is mainly due to the slightly different size of
the quark distributions. In this case the dominant quark
distribution is the u-quark distribution due to its associ-
ated large charge factor, e2 = 4/9. We see also that the
differences are not as large, although still significant, for
the full cross section since the two effects from the differ-
ences in ¢P and gP tend to compensate for each other.

Figure 7(b) is a similar plot analyzing in more detail
the photon structure probed by the proton, for which we
use the GRV parton distributions. Here we compare the
results for the GRV (solid lines) and GS (dashed lines)
photon distributions. The subprocesses of interest are in
this case

g =+ X
pg" v+ X

oy + X,

where in the last reaction v stands for the direct (i.e.,
unresolved) photon (dash-dotted line). Again the sum
of the three above contributions gives the corresponding
full isolated cross sections already shown in Fig. 6(a).
Figure 7(b) shows that the cross section depends rather
strongly on the photonic quark distributions in the direc-
tion of negative rapidities. Here the quark distributions
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FIG. 7. (a) Comparison of the predictions given by the
GRV [26] (solid lines) and MRS(A) (dotted lines) [27] proton
distributions for subprocesses involving the gluon and quark
structure of the proton when probed by the photon (see text),
for which we have used the GRV [23] photon distributions.
The top curves show the sums of the two subprocess con-
tributions, which reproduce the respective full isolated cross
sections already shown in Fig. 6(a). (b) Same as (a) but com-
paring the predictions given by the GRV [23] (solid lines) and
GS [24] (dashed lines) photon distributions for subprocesses
involving the gluon and the quark structure of the photon
when probed by the proton (see text), for which we have
used the GRV [26] proton distributions. The dash-dotted line
shows the scattering of the proton with the direct (i.e., unre-
solved) photon.
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g" are probed at large z., (x, > 0.2) and the divergence
which can be seen between the results for GRV and GS is
due to more steeply increasing GRV quark distributions
with increasing x.,. A similar effect for the gluon process
toward positive rapidities is also due to a steeper gluon
distribution, but this time with decreasing z.,. The other
main feature of the figure is that the processes involving
gY do not dominate the cross section anywhere. In the
positive rapidity region where they are most important,
they are still smaller than the direct contribution and
not much larger than the processes involving ¢7. We
thus have to conclude that there seems to be no chance
of directly measuring g7 at HERA via prompt photon
production.

IV. CONCLUSIONS

We have performed a detailed and complete study of
isolated prompt photon production at the ep collider
HERA fully in NLO of QCD. The results of our study
indicate that, for certain choices of the isolation parame-
ters which we believe to be reasonable, the cross section
is only reduced by about 15% relative to the fully in-
clusive predictions, although there is a very significant
reduction of the fragmentation contribution to the cross
section. Furthermore, in the low-pr region where the
cross section is largest and is expected to be most sensi-
tive to the photon structure there is a quite substantial
sensitivity to the proton structure function parametriza-
tions used, particularly to their gluon content. This tends
to obscure somewhat the significant normalization dif-
ferences between the predictions given by the two pho-
ton structure function parametrizations tested. We also
found the cross section to be rather insensitive to the de-

tailed shape of the photon distributions. The shape of
the rapidity dependence of the cross section at negative
rapidities seems to be driven to a larger extent by the
protonic parton distributions, which therefore in princi-
ple might allow for experimental conclusions about the
proton’s gluon distribution at small z in a high-statistics
experiment.

Our main conclusion is, however, that an improved
knowledge of the proton’s parton distributions, in the
first place its gluon distribution, is necessary in order
to make isolated prompt photon production at HERA a
tool to determine the parton distributions of the photon.
Even then, a precise determination of the gluon distribu-
tion of the photon will remain elusive. This conclusion
has also been reached in Ref. [8], where the fully in-
clusive, i.e., nonisolated, cross section was studied. Our
finding is, however, in contrast with the conclusion of
Ref. [7] which also deals with the fully inclusive cross sec-
tion [32], but calculated in the yp center-of-mass frame
instead of the experimentally more relevant HERA lab-
oratory frame. Our results demonstrate that this can
be misleading since the introduction of the Weizsacker-
Williams spectrum [see Eq. (6)] smears out the results
for vp scattering.
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