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Photoproduction of the isolated photon at DESY HERA in next-to-leading order QCD
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The next-to-leading order~NLO! QCD calculation for the photoproduction of an isolated photon with a large
pT at the ep collider DESY HERA is presented. The single resolved photon contribution and the QCD
corrections of orderas to the Born term are consistently included. The NNLO contributions, the box and
double resolved photon subprocesses, are sizable and are taken into account in addition. The importance of the
isolation cut as well as the influence of other experimental cuts on thepT andhg ~the final photon rapidity!
distributions are discussed in detail. An investigation of the renormalization scale dependence is performed in
order to estimate the size of missing higher order QCD corrections. The results are compared with experimen-
tal data and with the prediction of a different NLO calculation.
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I. INTRODUCTION

The production of a prompt photon with a large transve
momentumpT in ep collisions is considered. Such a reactio
is dominated by events with almost real photons media
the ep interaction,Q2'0, so in practice we deal with th
photoproduction of a prompt photon. The other name
such a process is deep inelastic Compton~DIC! scattering
~althoughQ2'0, the scattering is ‘‘deep inelastic’’ due to th
large transverse momentum of the final photon!. The photon
emitted by the electron may interact with the proton parto
directly or as a resolved one. Analogously, the observed fi
photon may arise directly from hard partonic subprocesse
from fragmentation processes, where a quark or a gluon
cays into the photon.

The importance of the DIC process inep collisions for
testing the parton model and then quantum chromodynam
has been studied previously by many authors@1–10#. Mea-
surements were performed at the DESYep collider HERA
by the ZEUS group@11–13#; the H1 Collaboration has als
presented preliminary results@14#. In these experiments onl
events with isolated photons were included in the analy
i.e., with a restriction imposed on the hadronic energy
tected close to the photon. The corresponding cross sec
for the photoproduction of an isolated photon and of an i
lated photon plus jet were calculated in QCD in next-
leading order~NLO! @15–18#. There also exists an analogou
calculation for the large-Q2 ep collision @deep inelastic scat
tering ~DIS! events# @19#.

In this paper the results of a NLO QCD calculation for t
DIC process with an isolated photon at the HERAep col-
lider are presented. We consider the parton distribution
the photon and parton fragmentation into the photon as qu
tities of orderaem. Our approach differs from the NLO ap
proach of@15–17# by the set of subprocesses included in t
analysis. A comparison of our predictions with the NLO r
sults obtained by Gordon~LG! @17# is presented for cros
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sections with kinematical cuts as in the ZEUS Collaborat
measurements@13#.

The present analysis is the final, much extended and
proved version of a previous one@18#. We show results for
nonisolated final photons, and we study the influence of
isolation cut on the production rate of the photons. The r
of other specific cuts applied by the ZEUS Collaboration
discussed and a comparison with data@13# is made. We em-
phasize the importance of the box diagramgg→gg, a higher
order process, in the description of the data.

We study the renormalization scale dependence of
cross section in order to estimate the size of missing hig
order ~NNLO or higher! QCD corrections. The NLO result
for the photoproduction of the isolatedg are compared to the
leading logarithm~LL ! ones, and in addition the LL predic
tions for an isolatedg1 jet final state are presented.

In a recent ZEUS analysis of the prompt photon plus
production @20# the intrinsic transverse momentum of pa
tons in the proton was included in Monte Carlo simulatio
to improve agreement between data and predictions. T
momentum is not included in our calculations.1

We start with discussion of the choice of relevant d
grams defining our NLO approach to the DIC process~Sec.
II !. The isolation of the photon is described in Sec. III, a
the equivalent photon approximation in Sec. IV. In Secs
and VI the results of numerical calculations are presen
and compared with data@13# and other NLO predictions
@17#. In Sec. VII we show LL predictions for the photon plu
jet production. Finally, Sec. VIII summarizes our results.

II. THE NLO CALCULATION FOR gp\gX DEEP
INELASTIC COMPTON SCATTERING

A. General discussion

We start by describing the processes that are~should be?!
included in the NLO QCD calculations of the cross secti
for the DIC process

1Authors of the newest NLO calculation for theg1jet photopro-
duction @41# conclude that no additional intrinsic transverse m
mentum is needed to describe the data.
©2001 The American Physical Society17-1
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A. ZEMBRZUSKI AND M. KRAWCZYK PHYSICAL REVIEW D 64 114017
gp→gX, ~1!

where the final photon is produced with large transverse
mentumpT@LQCD . Although we will consider the proces
~1!, the problem that we touch upon is more general—it
related to different approaches to NLO calculations of cr
sections for hadronic processes involving resolved pho
~see@7,18# and for more detailed discussion@21#!.

The Born level contribution to the cross section for pr
cess~1!, i.e., the lowest order in the strong couplingas term,
arises from the Compton process on the quark~Fig. 1!:

gq→gq. ~2!

It gives the@aem
2 # order contributions to the partonic cros

section.2 At the sameaem
2 order it contributes to the hadroni

cross section for the processgp→gX.
The parton model~PM! prediction for the DIC process

~1!, which applies forxT52pT /AS;O(1), relies solely on
the Born contribution~2! @1#; namely,

dsgp→gX5(
q
E dxpqp~xp!dŝgq→gq, ~3!

where qp is the quark density in the proton anddsgp→gX

(dŝgq→gq) stands for the hadronic~partonic! cross section.
In the QCD improved PM the cross section is given by E
~3!, but with scale dependent quark densities. For semih
processes, wherexT!1, the prediction based on the proce
~2! only is not a sufficient approximation, and one shou
also consider the contributions corresponding to collin
showers, involving hadroniclike interactions of the ph
ton~s!. There are two classes of such contributions:single
resolvedwith resolved initial or final photon, anddouble
resolvedwith both the initialand the final photon resolved
~Figs. 2 and 3!. They correspond to partonic cross sections
orders@aemas# ~single resolved! and@as

2# ~double resolved!.
If one takes into account that partonic densities in the pho
and the parton fragmentation into the photon are of or
;aem, then the contributions to the hadronic cross sect
from these resolved photon processes areaem

2 as andaem
2 as

2 ,
respectively. Both single and double resolved contributio
are included in the standard LL QCD analyses of the D
process@5,6,10#.

To obtain the NLO QCD predictions for the process~1!
the as corrections to the lowest order process~2! have to be
calculated leading to terms of orderaem

2 as @5,6,22,23# ~Fig.

2We denote the order of partonic subprocesses using square b
ets.

FIG. 1. The Born diagram.
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4!. In theseaem
2 as contributions there are collinear singular

ties to be subtracted and shifted into corresponding qu
densitiesor fragmentation functions. In this way the sing
resolved photon contribution appears in the calculation of
as corrections to the Born process. It is worth noticing th
in the NLO expression for the cross section there are
collinear singularities which would lead to double resolv
photon contributions. This indicates that taking into acco
@as

2# subprocesses, associated with both the initial and fi
resolved photons, goes beyond the accuracy of the NLO
culation. This will be consistent within the NNLO approac
whereas

2 corrections to the Born term andas corrections to
the single resolved terms should be included, all giving
sameaem

2 as
2 order contribution to the hadronic cross se

tions.
Another set of diagrams is considered by some auth

@15–17# in the NLO approach to the DIC process~1!, be-
cause of their different way of counting the order of part
densities in the photon~and the parton fragmentation into th
photon!. This approach, which we will call the ‘‘1/as’’ ap-
proach, is motivated by the large logarithms ofQ2 in F2

g

existing already in the PM. By expressing ln(Q2/LQCD
2 ) as

;1/as one treats the parton densities in the photon as p
portional toaem/as ~see, e.g.@4–6,9,10,15–17#!. By apply-
ing this method to the DIC process, we see that the sin
resolved photon contribution to the hadronic cross sec
for gp→gX becomes of the same order as the Born te
namely,

aem

as
^ @aemas# ^ 15aem

2 . ~4!

The same is also observed for the double resolved pho
contribution:

aem

as
^ @as

2# ^
aem

as
5aem

2 . ~5!

We see that by such counting the sameaem
2 order contribu-

tions to the hadronic cross section are given by the dir
Born process and single and double resolved photon

ck-

FIG. 2. Examples of single resolved processes:~a! the resolved
initial photon and~b! the resolved final photon.

FIG. 3. An example of a double resolved photon process.
7-2
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PHOTOPRODUCTION OF THE ISOLATED PHOTON AT . . . PHYSICAL REVIEW D 64 114017
cesses although they correspond to quite different final st
~observe the lack of a remnant of the photon in the dir
process!. Moreover, they constitute the lowest order~in the
strong coupling constant! term in the perturbative expansion
actually the zeroth order, so the direct dependence of
cross section on the strong coupling constant is absent. If
takes into account that some of these terms correspon
hard processes involving gluons, the lack of terms prop
tional to as coupling in the cross section seems to be c
trary to intuition.

In the ‘‘1/as’’ approach, as well as theas correction to the
Born cross section, theas corrections to the single an
double resolved photon contributions are included in
NLO calculation, since all of them give terms of the sam
order,aem

2 as @15–17#.3

To summarize, the first approach starts with one ba
direct subprocess as in the PM@Eq. ~2!#, and the second on
with three different types of subprocess~as in the standard
LL calculation!. Obviously, some of the NNLO terms in th
first method are NLO terms in the second one.

In this paper we apply the first type of NLO approach
the DIC process, but with some important NNLO terms a
ditionally included. A comparison between our results a
results based on the other approach@15–17# is discussed in
Sec. VI C.

B. The cross section

Below we describe our approach to the DIC proce
where the parton densities in the photon and the parton f
mentation into the photon are treated as;aem.

In the NLO QCD calculation of the DIC process we ta
into account the following subprocesses: the Born contri
tion ~2! ~Fig. 1!; the finiteas corrections to the Born diagram
~the so calledK term! from virtual gluon exchange, rea
gluon emission~Fig. 4!, and the processgg→qq̄g; two
types of single resolved photon contribution, with resolv
initial or final photons~Fig. 2!.4

As well as the above full NLO set, we will include tw
terms of orderaem

2 as
2 ~formally from the NNLO set!: the

double resolved contributions5 ~Fig. 3! and the direct dia-
gram ~box! gg→gg @24# ~Fig. 5!, since they were found to

3The as corrections to the processes with resolved final pho
were found to be small in the isolated photon cross section@15#, and
they are neglected in@17#.

4That is, the LL single resolvedg contribution in the ‘‘1/as’’
approach.

5That is, the LL double resolvedg contribution in the ‘‘1/as’’
approach.

FIG. 4. Examples of the virtual gluon and real gluonas correc-
tions to the Born contribution.
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be large@4–9#.
The cross section for thegp→gX scattering has the fol-

lowing form:

Eg

d3sgp→gX

d3pg

5(
b
E dx fb/p~x,Q̄2!

as~Q̄2!

2p2ŝ
Kb

1(
abc

E dz

z2E dxgE dx fa/g~xg ,Q̄2! f b/p~x,Q̄2!

3Dg/c~z,Q̄2!Eg

d3sab→cd

d3pg

. ~6!

The first term is theK term describing the finiteas correc-
tions to the Born process, and the second one stands fo
sum over all other contributions~including the Born contri-
bution!. f a/g( f b/p) is thea ~b! parton distribution in the pho-
ton ~proton! while Dg/c is ac parton fragmentation function
For the direct initial~final! photon, wherea5g (c5g), we
take f a/g5d(xg21) @Dg/c5d(z21)# ~the Born contribu-
tion is obtained fora5g, b5q, and c5g). The variables
xg , x, andz stand for the fraction of the initial photon, pro
ton, andc parton momenta taken by thea parton,b parton,
and final photon, respectively. The renormalization scale
assumed equal to the factorization scale and is denoted aQ̄.

III. THE ISOLATION

In order to observe photons originating from a hard su
process one should reduce backgrounds, mainly fromp0’s
and g ’s radiated from final state hadrons. To achieve th
isolation cuts on the observed photon are introduced in
perimental analyses. The isolation cuts are defined by
manding that the sum of hadronic transverse energy with
cone of radiusR around the final photon, where the radiusR
is defined in the rapidity and azimuthal angle space@see Eq.
~A2! in the Appendix#, should be smaller than the final pho
ton transverse energy multiplied by a small parametere:

(
hadrons

ETh,eETg . ~7!

The simplest way to calculate the differential cross sect
for an isolated photon,ds isol , is to calculate the difference

n

FIG. 5. The box diagram.
7-3
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A. ZEMBRZUSKI AND M. KRAWCZYK PHYSICAL REVIEW D 64 114017
f a nonisolated differential cross sectiondsnonisol and a
ubtraction termdssub @25–27,15#:

ds isol5dsnonisol2dssub. ~8!

he subtraction term corresponds to cuts opposite to the
ation cuts, i.e., hadrons with total transverse energy hig
han the photon transverse energy multiplied bye should
ppear within a cone of radiusR around the final photon.

The isolation cuts are imposed only when calculating
term, and in contributions involving a fragmentation fun

ion ~resolved final photon!. Other contributions arise from
→2 subprocesses with a direct final photon that is isola
y definition.

In the analysis we apply the subtraction method with
ubtraction term calculated in an approximate way;
26,15# for details. The approximation is based on the a
umption that the angled between the final photon and
arton inside the cone of radiusR is small. It allows consid-
rable simplification of the calculations and leads to comp
nalytical expressions for all relevant matrix elements
olved indssub. Note that in this approximation the angled
s simply proportional to the radiusR:d5R/cosh(hg). The
bove small-d approximation is used only on calculation o

he K term in the subtraction cross sectiondssub; for the
esults, see the Appendix. Other contributions todssub, as
ell as todsnonisol and all LL expressions, are obtained
n exact way.

It is worth mentioning that there is an ongoing discuss
s to whether the conventional factorization breaks do
nd whether the cross section is an infrared safe quantity

solated photon photoproduction ine1e2 collisions~also for
adron-hadron reactions! @28,29#. In principle these ques

ions could occur as well for the photoproduction of isolat
hotons inep collisions. However, we do not deal with thi
roblem because it arises from 2→3 subprocesses in whic
final quark fragments into a photon. We checked this

licitly and found that all singularities indssub are canceled
r factorized, as indsnonisol. Therefore the cross sectio
s isol considered by us is well defined~see also@15,17,19#!.

IV. THE EQUIVALENT PHOTON APPROXIMATION

We consider the production of photons with large tran
erse momentumpT@LQCD in ep scatteringep→egX at
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the HERA collider. This reaction is dominated by photopr
duction events, i.e., the electron is scattered at a small a
and the mediating photon is almost real,Q2'0. The cross
section for such processes can be calculated using
equivalent photon ~Williams-Weizsäcker! approximation
@30# which relates the differential cross section forep colli-
sion to the differential cross section forgp collision. For the
DIC scattering the approximation has the following form:

dsep→egX5E Gg/e~y!dsgp→gXdy, ~9!

wherey is ~in the laboratory frame! a fraction of the initial
electron energy taken by the photon.

We apply the equivalent photon approximation and n
glect the final photon~with largepT) emission from the elec-
tron @31#. The ~real! photon distribution in the electron i
taken in the form@32#

Gg/e~y!5
aem

2p H 11~12y!2

y
lnFQmax

2 ~12y!

me
2y2 G

2
2

y S 12y2
me

2y2

Qmax
2 D J , ~10!

FIG. 6. The final photonpT dependence of the cross sectio
ds/dpT for nonisolatedg photoproduction~solid line!. The Born
contribution is shown separately~dash-dotted line!.
ith

d

TABLE I. The cross sections~in pb! for nonisolated and isolated final photons, isolated photon w
0.2<y<0.9, and isolated photon with 0.2<y<0.9 and20.7<hg<0.9.

Total Born O(aS) Box Single resolved Single resolved Double resolve
initial g final g

Nonisolated 226.2 82.1 8.7 13.9 54.7 24.6 42.2
~36.3%! ~3.8%! ~6.1%! ~24.2%! ~10.9%! ~18.7%!

Isolated 180.4 82.1 15.2 13.9 54.7 5.12 9.37
~45.5%! ~8.4%! ~7.7%! ~30.3%! ~2.8%! ~5.2%!

Isolated 72.33 23.6 6.33 6.54 28.2 2.34 5.29
y cut ~32.6%! ~8.8%! ~9.0%! ~39.0%! ~3.2%! ~7.3%!

Isolated 35.36 13.6 3.32 3.41 11.9 1.21 1.92
y,hg cuts ~38.5%! ~9.4%! ~9.6%! ~33.7%! ~3.4%! ~5.4%!
7-4
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PHOTOPRODUCTION OF THE ISOLATED PHOTON AT . . . PHYSICAL REVIEW D 64 114017
with me being the electron mass. In the numerical calcu
tions we assumeQmax

2 as 1 GeV2 which is a typical value for
the recent photoproduction measurements at the HERA
lider.

V. THE RESULTS AND COMPARISON WITH DATA

The results for the nonisolated and isolated photon cr
sections are obtained in NLO accuracy with addition
NNLO terms, as discussed in Sec. II B. We take the HE
collider energiesEe527.5 GeV andEp5820 GeV @13#,
and we consider thepT range of the final photon between
and 20 GeV (xT from 0.03 to 0.13!. The calculations are
performed in the modified minimal subtraction (MS) scheme
with a hard~renormalization, factorization! scaleQ̄ equal to
pT . Also Q̄5pT/2 and 2pT are used to study the dependen
of the results on the choice ofQ̄. We neglect the quark
masses and assume the number of active flavors to bNf
54 ~and for comparison alsoNf53 and 5!. The two-loop
coupling constantas is used in the form

as~Q̄2!5
4p

b0 ln~Q̄2/LQCD
2 !

F12
2b1

b0
2

ln@ ln~Q̄2/LQCD
2 !#

ln~Q̄2/LQCD
2 !

G
~11!

(b051122Nf /3 andb1551219Nf /3), with LQCD50.365,
0.320, and 0.220 GeV forNf53, 4, and 5, respectively, a
fitted by us to the experimental value ofas(MZ)50.1177
@33#. LQCD

LL 50.120 GeV forNf54 was taken in one-loopas

when calculating the cross section in LL accuracy.
We use the Glu¨ck-Reya-Vogt~GRV! parametrizations of

the proton structure function~NLO and LO! @34#, the photon
structure function~NLO and LO! @35#, and the fragmentation
function ~NLO! @36#. For comparison other parametrizatio
are also used: Duke-Owens~DO! @5#, Aurenche-Chiapetta
Fontannaz-Guillet-Pilon~ACFGP! @9#, CTEQ @37#, Martin-
Roberts-Sterling-Thorne~MRST! @38# and Gordon-Storrow
~GS! @39#.

As a reference we take the GRV NLO set of parton d
tributions @34–36#, Nf54, LQCD5320 GeV, andQ̄5pT .

A. Nonisolated versus isolated photon cross section

The pT distribution for the final photon produced withou
any cut is presented in Fig. 6 where the NLO results a
separately the Born term~with NLO parton densities! are
shown. The cross section decreases by three orders of
nitude whenpT increases from 4 GeV to 20 GeV, and obv
ously the most important contribution is coming from t
lowestpT region. The subprocesses other than the Born
give all together a contribution almost two times larger th
the cross section for the Born subprocess alone.

The importance of particular contributions to the nonis
lated cross section integrated over the range 5 GeV,pT
,10 GeV is illustrated in Table I~the first line!. The total
NLO cross section is equal to 226 pb, with individual co
tributions as follows: Born536.3%, single resolved
535.1%, double resolved518.7%, box56.2%, and
11401
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K term53.9%. We see that the single resolved photon p
cesses give a contribution comparable to the Born term.
double resolved photon processes are also important.
worth noting that the overall double resolved photon cro
section is built from many, relatively small, individual term
The direct box diagram (gg→gg) gives 17% of the Born
(gq→gq) contribution. The box contribution~although be-
ing @as

2#) is relatively large partially due to the large gluon
content of the proton at smallxp .

Next, in Fig. 7 we compare the differential cross secti
ds/dhg for the nonisolated photon with corresponding pr
dictions for the isolated photon using various values of
isolated cone variables (e,R).6 The isolation cut suppresse
the cross section by above 10% in the whole rapidity ran
For e50.1 andR51 the suppression is 17–23 % at rapid
ties21.5,hg<4. This large effect is not too sensitive to th
value ofe: changing the value by a factor of 2 frome50.1
to e50.2 or to e50.05 varies the results for an isolate

6The positive rapidity is pointed in the proton direction.

FIG. 7. The differential cross sectionds/dhg as a function of
the photon rapidityhg . ~a! The results for nonisolated photon
~dashed line! and isolated photons withR51 ande50.05 ~dotted
line!, 0.1 ~solid line!, and 0.2~dot-dashed line!. ~b! The results for
nonisolated photons~dashed line! and isolated photons withe
50.1 andR50.1 ~dot-dashed line!, 0.5 ~dotted line!, and 1~solid
line!.
7-5
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A. ZEMBRZUSKI AND M. KRAWCZYK PHYSICAL REVIEW D 64 114017
photon by about 4%@Fig. 7~a!#. The dependence onR is
stronger but also not very large: when theR value is changed
by a factor of 2 from 1 to 0.5 the results increase by ab
7% @Fig. 7~b!#.

The suppression due to the isolation imposed on the p
ton is presented in Table I~the second line! for individual
contributions and for the total cross section. As expected,
cross section for fragmentation processes~i.e., with resolved
final photons! is strongly suppressed: after isolation it is low
ered by a factor of 5. At the same time the QCD correctio
to the Born diagram increase significantly, i.e., the contri
tion to the subtraction cross sectiondssub due to this correc-
tion is negative. The isolation restrictions do not modify co
tributions of other subprocesses since they involve phot
isolated by definition. The subtraction cross section, bein
sum of negative QCD corrections and fragmentation con

FIG. 8. The differential cross sectionds/dhg for isolatedg
(e50.1, R51) as a function of the photon rapidityhg with ~solid
lines! and without~dashed lines! the box contribution. The result
are obtained with imposedy cut (0.2<y<0.9) and without this cut.

FIG. 9. The cross section inxg bins of length 0.1. The results fo
nonisolatedg integrated over the whole range ofy and hg are
shown with the dashed line. The solid line represents results i
grated over the whole range ofy and hg for isolatedg with e
50.1 andR51. Results with additional cuts in the isolatedg cross
section are shown with dotted line (0.2<y<0.9) and dot-dashed
line (0.2<y<0.9, 20.7<hg<0.9).
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butions, is of course positive and the total cross section
isolated final photons is lower, by 20%, than for the nonis
lated case.

In the following we keepR51 ande50.1, standard val-
ues used in both theoretical and experimental analyses.

B. Other experimental cuts

In order to compare the results with data we consi
other cuts imposed by the ZEUS group on prompt pho
events at the HERA collider@13#. The influence of the lim-
ited energy range 0.2<y<0.9 is shown in Fig. 8. The cros
section is strongly reduced, by 30–85 %, in the positive
pidity region. At negative rapidities the change due to thy
cut is weaker: 5–10 % at21.2,hg<20.4 and 10–30 % at
other negative rapidities. We show separately the results
tained without the box subprocess~Fig. 8!. The box diagram
contributes mainly in the rapidity region between21 and 3.
After imposing they cut its contribution is important in nar
rower region from21 to 1. The influence of they cut can be
read also from Table I~the third line!. One sees, e.g., that th

e-

FIG. 10. The results for isolatedg with various numbers of
active massless flavors:Nf53 ~dashed lines!, 4 ~solid lines!, and 5
~dotted lines!, compared to the ZEUS data@13#. ~a! The differential
cross sectionds/dpT as a function of the photon transverse m
mentum.~b! The differential cross sectionds/dhg as a function of
the photon rapidityhg ; the result without the box contribution i
also shown forNf54 ~dot-dashed line!.
7-6
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Born contribution is reduced 3.5 times, while others are s
pressed less, roughly by a factor of 2.

The results obtained for the isolated photon with they cut
and in addition with the cut on the final photon rapidit
20.7<hg<0.9, are presented in the last line of Table I. T
restriction onhg decreases the contributions of all subpr
cesses approximately by a factor of 2~except for the double
resolved contribution which is reduced almost 3 times!.

The role of various experimental cuts is illustrated also
Fig. 9, this time for thexg distribution. In particular we see
that the isolation and the energy cut reduce the contribut
from large and mediumxg considerably, while the contribu
tions fromxg below 0.1 are reduced less. On the other ha
the smallxg contributions are strongly diminished, by tw
orders of magnitude, by the photon rapidity cut. This sho
that measurements in the centralhg region (20.7<hg

<0.9) are not too sensitive to smallxg values in the photon
When calculating the QCD corrections to the Born p

cess in the subtraction termdssub we used the small-d ap-
proximation described in Sec. III. Because these correct
give less than 10% of the cross section for the isolated p
ton production with various cuts~see the third column in
Table I!, we expect that the error resulting from using t
approximations is small, though we use in fact a value od
that is not small (d5R/coshhg , R51).7

C. The comparison with data

Two types of final state were measured in the ZEUS
periment: ~1! an isolated photon with20.7<hg<0.9 and
5<pT<10 GeV; ~2! an isolated photon plus jet with th
photon rapidity and transverse momentum as above, th
rapidity in the range21.5<h jet<1.8, and the jet transvers
momentumpT

jet>5 GeV.
We compare our NLO predictions with the ZEUS da

from the first type of measurement@13#. In Fig. 10~a! the
comparison is made for the transverse momentum distr
tion for various Nf . Although the predictions tend to lie
slightly below the data a satisfactory agreement is obtai
for Nf54. Note the large difference between the results
Nf54 and 3 due to the fourth power of the electric char
characterizing processes with two photons. We observ
very small contribution from the bottom quark~for Nf55).
The predictions are obtained in the massless quark sch
and may overestimate the production rate.

A similar comparison of the NLO results with the dat
now for the rapidity distribution, is shown in Fig. 10~b!. A
good description of the data is obtained forNf54 andNf
55 in the rapidity region 0.1<hg<0.9. For 20.7<hg

7Calculations for the prompt photon production inep @17# and
hadron-hadron@40# collisions were performed using the space sl
ing method without the small-d assumption. Comparison of suc
results with predictions obtained in the approximate way discus
here showed that the small-d approximation is an accurate analyt
technique for including isolation effects in NLO calculations~for
R51 also! @17#.
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<0.1 our predictions lie mostly below the experimen
points. This disagreement between predicted and meas
cross sections is observed also for other theoretical calc
tions ~LG!8 and for Monte Carlo simulations@13#.9 In Fig.
10~b! we present separately the effect due to the box sub
cess~for Nf54). It is clear that the box term considerab
enhances the cross section in the measured rapidity reg
Its contribution to the integrated cross section is equal
9.6%. The double resolved photon contribution is also s
able, although roughly two times smaller than the box o
@see Table I~fourth line!#. Both these@as

2# contributions im-
prove the description of the data.

The predictions obtained using three different NLO part
densities in the photon~ACFGP@9#, GRV @35#, and GS@39#!

are presented forNf54 in Fig. 11~a! (Q̄5pT) and in Fig.

11~b! (Q̄52pT) together with the ZEUS data@13#. The re-
sults based on ACFGP and GRV parametrizations differ
less than 4% at rapiditieshg,1 ~at higherhg the difference
is bigger!, and both give a good description of the data in t

rapidity range 0.1<hg<0.9 ~for Q̄5pT andQ̄52pT). For
20.7<hg<0.1 none of the predictions is in agreement w
the measured cross section.

For Q̄5pT @Fig. 11~a!# the GS distribution leads to result
considerably below those obtained using ACFGP and G
densities, especially in the rapidity region from rough
21 to 1. This difference between the GS and other par
parametrizations considered here is mainly due to their
ferent treatment of the charm quark in the photon. In the

approach the charm quark is absent forQ̄2 below 50

GeV2. Since we take 5<Q̄5pT<10 GeV, and the most im-
portant contribution to the cross section arises from the lo

pT region @see Fig. 10~a!#, the Q̄2 value usually lies below
the GS charm quark threshold. As a consequence, predic
based on the GS method have strongly suppressed the
tribution of subprocesses involving charm from the photon
contrary to GRV and ACFGP predictions where the cha

threshold is at lowerQ̄2.
The above explanation of differences between cross

tions involving GS and both GRV and ACFGP parton den
ties is insufficient for higher rapidities,hg.2. Here the dif-
ferences between the results based on particular ph
parametrizations are bigger, especially when comparing
dictions obtained using GRV and ACFGP parametrizatio
~not shown!. This is due to large differences between t

d

8The above described disagreement is present also for the ne
NLO calculation for theg photoproduction@42# based on the
‘‘ l /as’’ approach with box contribution included.

9The ZEUS Collaboration has recently presented an analysis@20#
in which an intrinsic transverse momentum of partons in the prot
kT , was introduced in thePYTHIA 6.1 generator in order to improve
agreement between the data and Monte Carlo predictions fo
isolated photon plus jet photoproduction. The data, selected
xg.0.9, are consistent with the predictions for^kT&51.69
60.1820.20

10.18 GeV.
7-7
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parton densities used at lowxg , which is probed in the high
rapidity region.

All the parton distributions considered give a similar d
scription of the data when the scale is changed toQ̄52pT

@see Fig. 11~b!#. Here the calculation corresponds toQ̄2

which is always above 50 GeV2 and the charm density in th
GS parametrization is nonzero, as in the other parametr
tions.

In Fig. 12 our predictions are compared to the ZEUS d
divided into three ranges ofy. This allows us to establish tha
the above discussed discrepancy between the data an
predictions forhg,0.1 comes mainly from the lowy region,
0.2,y,0.32. In the highy region, 0.5,y,0.9, good agree-
ment is obtained.

We have also studied the dependence of our results on
choice of the parton distribution in the proton and part
fragmentation into the photon~not shown!. Cross sections
calculated using GRV@34#, MRST ~set ft08a! @38#, and
CTEQ4M @37# NLO parton parametrizations for the proto

FIG. 11. The differential cross sectionds/dhg for isolatedg as
a function of the photon rapidityhg compared to the ZEUS dat
@13#. Three different NLO photon parton distributions are use
ACFGP @9# ~dotted line!, GRV @35# ~solid line!, and GS @39#
~dashed line!. The GRV NLO parton distributions in the proton

@34# and parton fragmentation into photons@36# are used.~a! Q̄

5pT . ~b! Q̄52pT .
11401
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vary among one another by 4–7 % at negative rapidities
less than 4% at positive rapidity values. Results for the i
lated final photon are also not too sensitive to the fragm
tation function. For rapidity ranging from21 to 4 the cross
section obtained with the DO LO@5# fragmentation function
is 2–3.5 % lower than the cross section based on the G
NLO @36# parametrization. Only at minimal (hg,21) and
maximal (4,hg) rapidity values is this difference large
being at a level of 3.5–8 %.

:

FIG. 12. The results for three ranges ofy:0.2,y,0.32 ~a!,
0.32,y,0.5 ~b!, and 0.5,y,0.9 ~c!, compared to the ZEUS dat
@13#.
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VI. THE THEORETICAL UNCERTAINTIES
OF THE RESULTS AND COMPARISON

WITH OTHER NLO PREDICTIONS

As we already mentioned the predictions are obtained
the massless quark scheme and may overestimate the
duction rate. An improved treatment of the charm qua
especially in the box contribution which is particularly se
sitive to the change fromNf53 to Nf54, is needed. How-
ever, we do not expect that this improvement will change
results qualitatively.

We now discuss the theoretical uncertainties of our p
dictions related to the perturbative expansion.

A. The dependence on theQ̄ scale

In order to estimate the contribution due to missing hig
order terms, the influence of the choice of theQ̄ scale is
studied for thehg distribution. In Fig. 13~a! the results ob-
tained using GRV densities with and without they cut are
shown. When changingQ̄ from pT to 2pT(pT/2) the cross
section increases~decreases! at rapidities below;1 and de-

FIG. 13. The differential cross sectionds/dhg for isolatedg
photoproduction as a function of the photon rapidityhg with ~a!
and without~b! the box contribution. Three different values of th

Q̄ scale are assumed:Q̄5pT/2 ~dashed lines!, Q̄5pT ~solid lines!,

andQ̄52pT ~dotted lines!. The results are obtained with imposedy
cut (0.2<y<0.9) and without this cut.
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creases~increases! at higher rapidity values. Only at high
rapidities ~where the cross section is small!, hg.3, is the
dependence on the choice of the scale strong, above 10%~up
to 20–30 % athg'5). In the wide kinematical region22
,hg,2, the relative differences between results~with and

without they cut! for Q̄5pT and results forQ̄52pT or pT/2
are small and do not exceed 6%. Around the maximum of
cross section at rapidities21<hg<0 these differences ar
4–6 %. This small sensitivity of the results to the change
the scale is important since it may indicate that the contri
tion from neglected NNLO and higher order terms is n
significant.

Note that individual contributions are strongly depende

on the choice ofQ̄, e.g., results for the single resolved pr
cesses vary by610–20 % at rapiditieshg<1. Results are
much more stable only when the sum of resolved proces
and QCD corrections is considered.

In Fig. 13~b! we present NLO results for variousQ̄ with
and without they cut, but this time with no box contribution
At rapiditieshg,1 the uncertainty due to the choice of th
renormalization scale is about two times higher than for
cross section with box diagram included, so the box con
bution (;@as

2#) seems to stabilize the NLO prediction. A
rapiditieshg.2 the relative dependence on the choice of
scale is similar for the cross section with and without the b
term.

B. The comparison of NLO and LL predictions

In the present calculation we include in LL accuracy t
single and double resolved photon processes as well as
box diagram in addition to the Born contribution; see a
@4–6,10# ~although this is not fully consistent with the dis
cussion in Sec. II!. The cross section for thegp→gX scat-
tering in LL accuracy is obtained by convolution of parton
cross sections with relevant LO parton densities.

In Fig. 14 we show the LL prediction for the isolatedg
photoproduction~dotted line! together with NLO predictions
~solid line! and the Born contribution only~dot-dashed line!.
The highest differences between the LL and NLO cross s
tions are seen in the rapidity range20.5,hg,2.5 where the
LL results lie 10–20 % below the NLO ones@Fig. 14~a!#. For
the pT distribution this difference is 10–14 % in the who
presented range of the transverse momentum, 4<pT
<20 GeV @Fig. 14~b!#.

We think that the observed difference between NLO a
LL results together with the weak dependence on theQ̄ scale
discussed in Sec. VI A indicate the reliability of the calcul
tion.

C. The comparison with other NLO results

As we discussed in Sec. II, our NLO calculation of th
DIC process differs from the ‘‘1/as’’-type NLO analysis pre-
sented in Refs.@15–17# in the set of diagrams included in th
calculation. We do not take into accountas corrections to the
single and double resolved processes, which are beyond
NLO accuracy in our approach. On the other hand, we
7-9



lcu

e

h

e

ce
ib

rs

ha

ne

i-
-

spe-

o-

ion
een

say

not
nti-

ho-
a-

r

e

al
lly at

nd
e-
of

-
box
t
d

ree

is

tio
d

A. ZEMBRZUSKI AND M. KRAWCZYK PHYSICAL REVIEW D 64 114017
clude the box diagram neglected in@15–17#. ~The double
resolved subprocesses are included in both analyses.!

We compare our results and the results of the LG ca
lation @17# ~using Nf54 and Q̄5pT) for the isolated final
photon (R51, e50.1) in the kinematical range as in th
ZEUS analysis@13# ~i.e., for 20.7<hg<0.9 and 0.2<y
<0.9). First we use the GRV photon parton densities. T
LG predictions fords/dpT cross section are about 20%
higher than ours in the presented range of transverse mom
tum, 4<pT<20 GeV. For ds/dhg cross section~with 5
<pT<10 GeV) the biggest differences are athg50.9
where the LG results are about 35% higher. The differen
decrease toward negative rapidity values and are neglig
at 20.7<hg,20.5. For ay range limited to low values
only, 0.2,y,0.32, the LG cross section is higher than ou
by up to 20% at positivehg , while at negativehg it is lower
by up to 10%. For largey values, 0.5,y,0.9, where our
predictions agree with data, the LG results are higher t
ours by up to 80%~at hg50.9).

As already discussed, forQ̄5pT the GS photon distribu-
tions lead to results lower by 11–14 % than those obtai

FIG. 14. The differential cross sectionsds/dhg ~a! andds/dpT

~b!: NLO ~solid line! and LL ~dotted line! results for isolatedg, and
LL predictions for isolatedg1 jet photoproduction~dashed line!;
the jet rapidity is assumed in the range21.5<h jet<1.8. The dot-
dashed lines show the Born contribution to the NLO cross sec
for isolatedg. GRV NLO ~LO! parton densities in the proton an
photon were applied in NLO~LL ! calculations.
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with GRV densities at rapidities between21 and 1~see Sec.
V C!. In calculations presented in@15–17# this difference is
as much as twice larger.

The LG predictions@17# obtained using the GS parametr
zation lie up to 20% below ours~also based on GS distribu
tions, with Q̄5pT andNf54) at rapidities20.7<hg<0.2,
and they are higher than ours by up to 30% for 0.2<hg
<0.9 @17,13#.

The subprocesses involving resolved photons are e
cially important at large rapidities and/or in the large-y re-
gions. So theas corrections to the resolved photon subpr
cesses, included in the ‘‘1/as’’ approach@17# and neglected
in our calculation, are expected to modify the cross sect
especially in these regions. Indeed, the differences betw
the LG results and ours are highest for largey and rapidity
around 0.9, as discussed above. However, it is hard to
that our results~based on a smaller set of subprocesses! are
less reliable, since in our counting theas corrections to the
single resolved photon processes~included in@17#! should be
taken into account together withas

2 corrections to the Born
contribution ~neglected in@17#!. The as

2 terms neglected in
@17# can, in general, be positive or negative, and we are
able to conclude which approach gives more reliable qua
tative predictions.

VII. THE LL PREDICTION FOR g¿JET
PHOTOPRODUCTION

The ZEUS Collaboration has also analyzed prompt p
ton photoproduction in which in addition a hadron jet is me
sured@11,12,20#. In Fig. 14 we show the LL prediction fo
the isolatedg1 jet final state10 together with the predictions
for the g alone. The following jet rapidity and transvers
momentum are assumed:21.5<h jet<1.8 and pT

jet

.5 GeV, respectively. These additional cuts for the fin
state imposed on jets decrease the cross section, especia
high rapidities. The LL predictions forg1 jet are lower than
those forg production by 5–10 % at negative rapidities a
by 10–80 % at positive rapidity values. The difference b
tween the two LL results is about 10% in a wide range
transverse momenta,;6<pT<20 GeV, and only for the
lower pT region 4<pT<6 GeV is it higher~13–23 %!.

VIII. SUMMARY

The results of the NLO calculation, with NNLO contribu
tions from double resolved photon processes and the
diagram, for isolatedg production in the DIC process a
HERA are presented.11 The role of the kinematical cuts use
in the ZEUS measurement@13# is studied in detail.

The results obtained using GRV parametrizations ag
with the data in shape and normalization for thepT distribu-
tion. For thehg distribution a good description of the data

10The NLO calculation forg1 jet photoproduction will be dis-
cussed in our next paper.

11Our FORTRAN code is available upon request from
azem@fuw.edu.pl

n

7-10



o
-

he

ul
al

g

i
us
e
e

fo
ar

n

s

.
o
da

ee
a
ifi
a

th
ity
0

th

s
en

e

ul

gl

r-

s

r-
re-

bu-
en-
:

PHOTOPRODUCTION OF THE ISOLATED PHOTON AT . . . PHYSICAL REVIEW D 64 114017
obtained forhg.0.1, while forhg,0.1 the data usually lie
above the predictions. This discrepancy arises mainly fr
the low y region, 0.2<y<0.32. The terms beyond NLO, es
pecially a box contribution, improve the description of t
data.

We have studied the theoretical uncertainty of the res
due to the choice of the renormalization/factorization sc
Q̄5pT/2,pT ,2pT . At high rapiditieshg.3, where the cross
section is small, the uncertainty is 10–30 %. In a wide ran
of rapidities22<hg<2, the dependence on theQ̄ scale is
small, below 6%. Since we include some NNLO diagrams
our NLO calculation, this stability of the predictions vers
the change of scale is especially important. The weak dep
dence on theQ̄ scale and the not large differences betwe
LL and NLO predictions~below 20%! allow us to conclude
that the theoretical uncertainties of our NLO calculations
isolated photon production in the DIC process at HERA
relatively small.

We compared our results with the LG ones based o
different set of subprocesses. The cross sectionds/dpT ob-
tained by LG is about 20% higher than ours~for GRV pho-
tonic parton distributions!. For the cross sectionds/dhg this
difference is up to 35% athg50.9. The highest difference
are present for highy values only, 0.5,y,0.9, where on the
other hand our predictions are in agreement with the data
the low y range 0.2,y,0.32, differences between the tw
calculations are smaller and none of them describe the
well for rapidities below 0.1.
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APPENDIX

Here we present formulas for the subtraction term in
cross section for the production of the isolated photon~see
Sec. III! in gp→gX scattering. The corresponding expre
sions for theepreaction can be obtained using the equival
photon approximation~Sec. IV!. The subtraction term is the
cross section for subprocesses in which the transverse en
of hadrons inside the cone of radiusR around the final pho-
ton is higher than the transverse energy of the photon m
plied by a small parametere,

(
h

ETh.eETg . ~A1!

The cone is defined in the rapidity and azimuthal an
plane:
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A~hh2hg!21~fh2fg!2<R. ~A2!

Below we use the variablesv andw defined in the following
way:

v511
t̂

ŝ
, w5

2û

ŝ1 t̂
,

whereŝ, t̂ , and û are the Mandelstam variables for the pa
tonic subprocess,

ŝ5yxgxSep , t̂5yxgzTep , û5xzUep ,

and Sep , Tep , andUep stand for the Mandelstam variable
for the ep→egX reaction,

Sep52pepp , Tep522pepg , Uep522pppg .

pe , pp , andpg denote the initial electron and proton fou
momenta and the four-momentum of the final photon,
spectively. The fractional momentay, xg , x, and z are de-
fined in Secs. II B and IV.

The subtraction cross section consists of two contri
tions which arise from subprocesses involving the fragm
tation function and fromas corrections to the Born process

Eg

d3ssub
gp→gX

d3pg

5Eg

d3s f rag
gp→gX

d3pg

1Eg

d3scor
gp→gX

d3pg

, ~A3!

where

Eg

d3s f rag
gp→gX

d3pg

5 (
b5g,q,q̄

(
c5g,q,q̄

E
0

1/(11e)dz

z2E
0

1

dx fb/p~x,Q̄2!

3Dg/c~z,Q̄2!Eg

d3sgb→cd

d3pg

1 (
a5g,q,q̄

(
b5g,q,q̄

(
c5g,q,q̄

E
0

1/(11e)dz

z2

3E
0

1

dxgE
0

1

dx fa/g~xg ,Q̄2! f b/p~x,Q̄2!

3Dg/c~z,Q̄2!Eg

d3sab→cd

d3pg

~A4!

and
7-11
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Eg

d3scor
gp→gX

d3pg

5(
i 51

2Nf E
x0

1

dxQS v~12w!

12v1vw
2e D

3F f qi /p~x,Q̄2!Eg

d3ssub
gqi→gqi1g

d3pg

1 f qi /p~x,Q̄2!Eg

d3ssub
gqi→gg1qi

d3pg

1 f g/p~x,Q̄2!Eg

d3ssub
gg→gqi1q̄i

d3pg
G ~A5!

with

x05
2yTep

ySep1Uep
.

The contribution ~A4! comes from 2→2 single and
double resolved subprocesses in which the finalc parton de-
cays into the photon. Here the calculations are standard
for the nonisolated photon case@5–10#. The condition~A1!
is included via the upper limit of the integration overz:z
[Eg /Ec,1/(11e). The lower limit of the integration ove
the fractional momentaz, xg , andx is formally zero but in
fact this zero value is inaccessible due to the delta func
d(yxgxSep1yxgzTep1xzUep) in the partonic cross section
for 2→2 subprocesses.

The contribution~A5! describes theas corrections to the
Born process. The diagrams involving the virtual gluon
change do not contribute to the subtraction term, and o
2→3 processes are included. In these processes a ph
and two partons are produced. One of the partons enter
cone of radiusR around the photon, and its~transverse! en-
ergy should be higher than the photon’s~transverse! energy
multiplied by e. To fulfill this condition the integration is
performed overx values for whichv(12w)/(12v1vw)
.e. There are three types of such processes:gq→gq1g
~with a quark inside the cone!, gq→gg1q ~with a gluon
inside the cone!, and gg→gq1q̄ ~with a quark inside the
cone!.
11401
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Below we present our analytical results for theas correc-
tions contributing to the subtraction term. The results
obtained with the assumption that the angle between the
ton and the parton inside the cone is small. The quark ma
are neglected. All collinear singularities are shifted into
fragmentation functionsDg/c ~infrared singularities do no
appear in this calculations!. pT stands for the transverse m
mentum of the final photon. The partonic cross section
Eq. ~A5! are given by following expressions:

Eg

d3ssub
gqi→gqi1g

d3pg

5
4

3

aem
2 as

p ŝ2
eqi

4 F ~12v1vw!21~12v !2

~12v1vw!~12v !

3P~Q̄2!1
~RpT!2

ŝ

3
~vw!3

~12v1vw!~12v !2G , ~A6!

Eg

d3ssub
gqi→gg1qi

d3pg

5
4

3

aem
2 as

p ŝ2
eqi

4 ~RpT!2

ŝ

3
~12v !@~12v1vw!21~vw!2#

~12v1vw!5v~12w!~vw!2

3@11~12v1vw!41v4~12w!4#,

~A7!

Eg

d3ssub
gg→gqi1q̄i

d3pg

5
1

2

aem
2 as

p ŝ2
eqi

4 F ~vw!21~12v !2

vw~12v !
P~Q̄2!

1
~RpT!2

ŝ

~12v1vw!4

~vw!2~12v !2G , ~A8!

where

P~Q̄2!5
11v2~12w!2

~12v1vw!2 lnS R2pT
2v2~12w!2

Q̄2 D 11.

~A9!
o.
es
es
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