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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 orddNLO) QCD calculation for the photoproduction of an isolated photon with a large
p; at theep collider DESY HERA is presented. The single resolved photon contribution and the QCD
corrections of ordew 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 optend 7, (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 sections with kinematical cuts as in the ZEUS Collaboration
measurementsl3].

The production of a prompt photon with a large transverse The present analysis is the final, much extended and im-
momentunp; in ep collisions is considered. Such a reaction proved version of a previous orj&8]. We show results for
is dominated by events with almost real photons mediatingionisolated final photons, and we study the influence of the
the ep interaction,Q?~0, so in practice we deal with the Isolation cut on the produqtlon rate of the photons. Th_e ro_Ie
photoproduction of a prompt photon. The other name forOf other specific cuts applied by the ZEUS Collaboration is
such a process is deep inelastic ComptiC) scattering  discussed and a comparison with dgtt8] is made. We em-
(althoughQ?~0, the scattering is “deep inelastic” due to the PNasize the importance of the box diagram- yg, a higher

large transverse momentum of the final photdrhe photon ordV?/r pr(t)cssst,hln the desclr_|pt|t(_)n of th? dgta. d f th
emitted by the electron may interact with the proton partons ¢ study the renormalization scale depencence Ot Ine

directly or as a resolved one. Analogously. the observed fina(fross section in order to estimate the size of missing higher
y ) 9 Y, order (NNLO or highey QCD corrections. The NLO results

photon may aris_e directly from hard partonic subprocesses Qor the photoproduction of the isolatedare compared to the
from fragmentatlon processes, where a quark or a gluon d‘?éading logarithm(LL) ones, and in addition the LL predic-
cays into the photon. _ N tions for an isolatedy+ jet final state are presented.

The importance of the DIC process &p collisions for |, 5 recent ZEUS analysis of the prompt photon plus jet
testing the parton model and then quantum chromodynamicsyoduction[20] the intrinsic transverse momentum of par-
has been studied previously by many authidrs10. Mea-  tons in the proton was included in Monte Carlo simulations
surements were performed at the DE8 collider HERA  to improve agreement between data and predictions. This
by the ZEUS grou11-13; the H1 Collaboration has also momentum is not included in our calculatiohs.
presented preliminary result§4]. In these experiments only We start with discussion of the choice of relevant dia-
events with isolated photons were included in the analysisgrams defining our NLO approach to the DIC procé3sc.

i.e., with a restriction imposed on the hadronic energy deil). The isolation of the photon is described in Sec. Ill, and
tected close to the photon. The corresponding cross sectioise equivalent photon approximation in Sec. IV. In Secs. V
for the photoproduction of an isolated photon and of an isoand VI the results of numerical calculations are presented
lated photon plus jet were calculated in QCD in next-to-and compared with datgl3] and other NLO predictions
leading ordeNLO) [15—18. There also exists an analogous [17]. In Sec. VII we show LL predictions for the photon plus
calculation for the larg&? ep collision [deep inelastic scat- jet production. Finally, Sec. VIII summarizes our results.
tering (DIS) eventg [19].

In this paper the results of a NLO QCD calculation for the Il. THE NLO CALCULATION FOR  yp— yX DEEP
DIC process with an isolated photon at the HERA col- INELASTIC COMPTON SCATTERING
lider are presented. We consider the parton distributions in
the photon and parton fragmentation into the photon as quan-
tities of ordera,,. Our approach differs from the NLO ap- We start by describing the processes that(am®uld be?
proach of{15—17 by the set of subprocesses included in theincluded in the NLO QCD calculations of the cross section
analysis. A comparison of our predictions with the NLO re-for the DIC process
sults obtained by GordofLG) [17] is presented for cross

A. General discussion

Iauthors of the newest NLO calculation for therjet photopro-
*Email address: azem@fuw.edu.pl duction [41] conclude that no additional intrinsic transverse mo-
TEmail address: krawczyk@fuw.edu.pl mentum is needed to describe the data.
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FIG. 1. The Born diagram. FIG. 2. Examples of single resolved processasthe resolved

initial photon and(b) the resolved final photon.
YP—¥X, ()
' : : 4). In thesea? @ contributions there are collinear singulari-
where the final photon is produced .W'th Iar.ge lransverse Mogeq 14 pe subtracted and shifted into corresponding quark
mentumpr> Aqcp. Although we will consider the process densitiesor fragmentation functions. In this way the single

(1), the problem that we touch upon is more general—it is - ; -
) A resolved photon contribution appears in the calculation of the
related to different approaches to NLO calculations of cross b bp

sections for hadronic processes involving resolved photorﬁS corrections to the Born process. It is worth noticing that
; . . in the NLO expression for the cross section there are no
(see[7,18] and for more detailed discussipal]). P

The Born level contribution to the cross section for pro_collinear singulayities wh_ich V\{ould lead to QOupIe resolved
cess(1), i.e., the lowest order in the strong coupling term phgton contributions. Thls_|nd|catt_as that taklng into account
arises f'rom’the Compton process on the quéik. 1) " [ag] subprocesses, associated with both the initial and final

e resolved photons, goes beyond the accuracy of the NLO cal-
culation. This will be consistent within the NNLO approach,
wherea? corrections to the Born term ane, corrections to
It gives the[ a2, order contributions to the partonic cross the single resolved terms should be included, all giving the
sectior? At the samexZ,, order it contributes to the hadronic Sameaznas order contribution to the hadronic cross sec-

cross section for the procesp— yX. tions. _ . .
The parton modelPM) prediction for the DIC process Another set of diagrams is considered by some authors

(1), which applies forx;=2p;//S~O(1), relies solely on  [15—17 in the NLO approach to the DIC process), be-
the Born contribution(2) [1]; namely, cause of their different way of counting the order of parton

densities in the phototand the parton fragmentation into the

vd— Q. (2

. photon. This approach, which we will call the “&/" ap-
da“/p”X:Eq: depr(Xp)deq”qv (3 proach, is motivated by the large logarithms @F in FJ
existing already in the PM. By expressing (D‘?(AéCD) as
whereq, is the quark density in the proton ankly P~ X ~1/ag one treats the parton densities in the photon as pro-

(d&79—79) stands for the hadronigpartonio cross section. Portional toaen/as (see, e.g[4-6,9,10,15-1f. By apply-

In the QCD improved PM the cross section is given by Eq.N9 this method to the_ DI(_: process, we see that the sm_gle
(3), but with scale dependent quark densities. For semiharfesolved photon contribution to the hadronic cross section
processes, whener<1, the prediction based on the process’0r ¥P—yX becomes of the same order as the Born term
(2) only is not a sufficient approximation, and one shouldn@mely,
also consider the contributions corresponding to collinear
showers, involving hadroniclike interactions of the pho-

ton(s). There are two classes of such contributiosisigle Qs
resolvedwith resolved initialor final photon, anddouble
resolvedwith both the initialand the final photon resolve
(Figs. 2 and R They correspond to partonic cross sections o
orders aemas] (single resolvepand| 2] (double resolved

If one takes into account that partonic densities in the photon
and the parton fragmentation into the photon are of order

~ aem, then the contributions to the hadronic cross szectlorwe see that by such counting the sar@n order contribu-

2
from these resolved photon processescafigrs andgns . tions to the hadronic cross section are given by the direct

respectively. Both single and double resolved contributiongg ., process and single and double resolved photon pro-
are included in the standard LL QCD analyses of the DIC

procesg5,6,10.

To obtain the NLO QCD predictions for the procgds
the a¢ corrections to the lowest order procdg3 have to be
calculated leading to terms of Ord&émas [5,6,22,23 (Fig.

Aem

O aemas]®@1=0a?,. (4

d The same is also observed for the double resolved photon
fcontribution:

Qe dem

Ugm- (5)

m 2
® ®
ag Las] ag

2We denote the order of partonic subprocesses using square brack-
ets. FIG. 3. An example of a double resolved photon process.
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FIG. 4. Examples of the virtual gluon and real gluegcorrec- —
tions to the Born contribution.

cesses although they correspond to quite different final states FIG. 5. The box diagram.

(observe the lack of a remnant of the photon in the direct

process Moreover, they constitute the lowest order the  be large[4-9].

strong coupling constanterm in the perturbative expansion, ~ The cross section for thep— yX scattering has the fol-

actually the zeroth order, so the direct dependence of thiowing form:

cross section on the strong coupling constant is absent. If one

takes into account that some of these terms correspond to

hard processes involving gluons, the lack of terms propor- Y d3py

tional to «g coupling in the cross section seems to be con-

trary to intuition. —,
In the “1/a” approach, as well as the, correction to the :Eb J dxfpp(x,Q)

Born cross section, thexs corrections to the single and

d30_'yp~>'yX

a

(Q?)
—K
2m2s b

double resolved photon contributions are included in the dz _ _
NLO calculation, since all of them give terms of the same +> ;zf dxyj dx fa (X, , Q%) fyp(X,Q%)
order, a2 as [15-17.2 abe

To summarize, the first approach starts with one basic, - 3 _ab—cd
direct subprocess as in the AEq. (2)], and the second one X Dy,c(z,Qz)E73—. (6)
with three different types of subproce&as in the standard d°p,
LL calculation. Obviously, some of the NNLO terms in the
first method are NLO terms in the second one. The first term is theK term describing the finitexg correc-

In this paper we apply the first type of NLO approach totions to the Born process, and the second one stands for the
the DIC process, but with some important NNLO terms ad-sum over all other contributiongncluding the Born contri-
ditionally included. A comparison between our results andoution). f,,,(fyp) is thea (b) parton distribution in the pho-
results based on the other approatB—17 is discussed in ton (proton while D, is ac parton fragmentation function.
Sec. VI C. For the direct initial(final) photon, wherea= 1y (c=7y), we

take f,,=d(x,—1) [D,=6(z—1)] (the Born contribu-
B. The cross section tion is obtained fora=vy, b=q, andc=1y). The variables
. X,, X, andz stand for the fraction of the initial photon, pro-
Below we descrlbe_ our approach to the DIC Processiyn andc parton momenta taken by treparton,b parton,
where the parton densities in the photon and the parton fragy, j fina| photon, respectively. The renormalization scale is

mentation into the photon are treated-as.,. L . —
In the NLO QCD calculation of the DIC process we take assumed equal to the factorization scale and is denot€d as

into account the following subprocesses: the Born contribu-
tion (2) (Fig. D; the finite a5 corrections to the Born diagram Ill. THE ISOLATION
(the so calledK term) from virtual gluon exchange, real

gluon emission(Fig. 4), and the procesgyg—qqy; two
types of single resolved photon contribution, with resolved

In order to observe photons originating from a hard sub-
process one should reduce backgrounds, mainly frdts
I ) ; 4 and y's radiated from final state hadrons. To achieve this,
initial or final photons(Fig. 2). - isolation cuts on the observed photon are introduced in ex-

As well as thg a‘go"e full NLO set, we will include tWo  oimental analyses. The isolation cuts are defined by de-
terms of orderagy«s (formally from the NNLO set the  anding that the sum of hadronic transverse energy within a
double resolved contrlbutlpﬁs{Flg._ 3 and the direct dia- gne of radiu around the final photon, where the radRis
gram (box) yg— g [24] (Fig. 9), since they were found to s defined in the rapidity and azimuthal angle spsee Eq.
(A2) in the Appendiy, should be smaller than the final pho-

_ _ _ ton transverse energy multiplied by a small parameter
3The a, corrections to the processes with resolved final photon

were found to be small in the isolated photon cross se¢fibh and

they are neglected ifl7]. 2 Ern<eEr,. (7
“That is, the LL single resolved contribution in the “lk” hadrons
approach.
SThat is, the LL double resolveg contribution in the “lh’ The simplest way to calculate the differential cross section
approach. for an isolated photordais,, is to calculate the difference
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of a nonisolated differential cross sectioi,,niso and a
subtraction terndog,, [25-27,15:

8

The subtraction term corresponds to cuts opposite to the iso-
lation cuts, i.e., hadrons with total transverse energy higher
than the photon transverse energy multiplied éghould
appear within a cone of radil® around the final photon.

The isolation cuts are imposed only when calculating the
K term, and in contributions involving a fragmentation func-
tion (resolved final photon Other contributions arise from
2—2 subprocesses with a direct final photon that is isolated
by definition.

In the analysis we apply the subtraction method with the
subtraction term calculated in an approximate way; see
[26,15 for details. The approximation is based on the as-

doiso1=dTnonisor~ dosyp-

1000
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ep — ey X
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do /dpr [pb/GeV
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FIG. 6. The final photorp; dependence of the cross section

sumption that the anglé between the final photon and a do/dpy for nonisolatedy photoproduction(solid ling). The Born
parton inside the cone of radilsis small. It allows consid- contribution is shown separatefgiash-dotted ling

erable simplification of the calculations and leads to compact ) ) o ]

analytical expressions for all relevant matrix elements inthe HERA collider. This reaction is dominated by photopro-
volved indo,;,. Note that in this approximation the angfe duction events, i.e., the ele_ctron is scattezred at a small angle
is simply proportional to the radiuB: 5=R/cosh(,). The  and the mediating photon is almost re@~0. The cross
above smalls approximation is used only on calculation of Séction for such processes can be calculated using the
the K term in the subtraction cross sectidrs,,; for the ~ €duivalent photon (Williams-Weizsaken approximation
results, see the Appendix. Other contributiongltey,,, as  [30] which relates the differential cross section & colli-

well as todooniso and all LL expressions, are obtained in SION to the (_1|fferent|al cross se_ctlon fop coII|5|on: For the

an exact way. DIC scattering the approximation has the following form:

It is worth mentioning that there is an ongoing discussion

as to whether the conventional factorization breaks down,
and whether the cross section is an infrared safe quantity for

€)

do>7= [ G,y dom gy,

isolated photon photoproduction @ e~ collisions(also for
hadron-hadron reaction$28,29. In principle these ques-
tions could occur as well for the photoproduction of isolated
photons inep collisions. However, we do not deal with this
problem because it arises from-23 subprocesses in which
a final quark fragments into a photon. We checked this ex
plicitly and found that all singularities ido,,, are canceled
or factorized, as idopgniso)- Therefore the cross section {

wherey is (in the laboratory framea fraction of the initial
electron energy taken by the photon.

We apply the equivalent photon approximation and ne-
glect the final photorfwith largep+) emission from the elec-
tron [31]. The (rea) photon distribution in the electron is
taken in the forn{32]

_\\2
doiso considered by us is well definddee als415,17,19). Ge(y)= %‘ 1+(1/ y) In
aw

2 may?
- l_y_ > ,
y Qmax

TABLE I. The cross sectiongin pb) for nonisolated and isolated final photons, isolated photon with
0.2<y=<0.9, and isolated photon with G=3/<0.9 and—0.7< "<0.9.

2
Qmax( 1- y)}
2
mzy?
IV. THE EQUIVALENT PHOTON APPROXIMATION

We consider the production of photons with large trans-
verse momentunpr>Aqcp in ep scatteringep—eyX at

(10

Total Born  O(ag) Box  Single resolved Single resolved Double resolved
initial y final y

Nonisolated  226.2 82.1 8.7 13.9 54.7 24.6 42.2
(36.3%9 (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 (32.69%9 (8.899 (9.0% (39.0% (3.2% (7.3%

Isolated 35.36 13.6 3.32 3.41 11.9 1.21 1.92

Yy, 7, Cuts (38.599 (9.4% (9.6% (33.7% (3.4% (5.4%
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with m, being the electron mass. In the numerical calcula- ep — ev X
tions we assum@%ax as 1 GeV which is a typical value for 50 T L T 1 T
the recent photoproduction measurements at the HERA col- HBre= PT//,’/-’“'\f\rjon'ls"lated 7
lider. 40 - (e N -
V. THE RESULTS AND COMPARISON WITH DATA i 30 | / \ —
The results for the nonisolated and isolated photon cross § B ) N ]
sections are obtained in NLO accuracy with additional 5 20 |- 7 5 .
NNLO terms, as discussed in Sec. Il B. We take the HERA B4 -
collider energiesEe:27.5 GeV and_Ep=820 GeV [13], 10 7 apyredras -
and we consider thpt range of the final photon between 5 5 < pr < 10 GeV
and 20 GeV X from 0.03 to 0.1% The calculations are Ly 3 14
performed in the modified minimal subtractioM$) scheme @ 2 -1 0 1 . 2 3 4 5
with a hard(renormalization, factorizatigrscaleQ equal to K
pr. Also Q=p¢/2 and 2 are used to study the dependence 50 — epl“’ 67:X —_—
of the results on the choice d@. We neglect the quark 45 0 =pr e T>\._ non-isolated ~ -
masses and assume the number of active flavors thisbe 40 - 7 _ A4 i
=4 (and for comparison alstl;=3 and 3. The two-loop oz _'.f.f.f.j;‘_. R
coupling constantyg is used in the form o 35 - RN 7
B 30 RY 7
_, 4 2B IN[IN(Q%/A¢p)] £ »nr F PAEEUORNL T
ag(Q) =~ = 20} /# TN A
Bo IN(Q%/ A§cp) B5 In(Q? IA%cp) 2 04 \
(11) 15 |- r
_ 10 | G RV P frag 7]
(Bo=11—-2N¢/3 andB;=51—19N/3), with A 5cp=0.365, 5 < pr < 10 GeV
0.320, and 0.220 GeV faN;=3, 4, and 5, respectively, as 0 I I ! | i )
fitted by us to the experimental value ef(M;)=0.1177 b 2 -1 0 1 2 3 4 5
[33]. ALk ocp=0.120 GeV forN;=4 was taken in one-loogg (o) T
when calculatlng the cross section in LL accuracy. FIG. 7. The differential cross sectiato/d7,, as a function of

We use the Glok-Reya-Vogt(GRV) parametrizations of = the photon rapidityz,. (a) The results for nonisolated photons
the proton structure functiofNLO and LO [34], the photon  (dashed lingand isolated photons witR=1 ande=0.05 (dotted
structure functiofNLO and LO) [35], and the fragmentation line), 0.1 (solid line), and 0.2(dot-dashed ling (b) The results for
function (NLO) [36]. For comparison other parametrizations nonisolated photongdashed ling and isolated photons witte
are also used: Duke-OweriBO) [5], Aurenche-Chiapetta- =0.1 andR=0.1 (dot-dashed ling 0.5 (dotted ling, and 1(solid
Fontannaz-Guillet-PilofACFGP [9], CTEQ[37], Martin- line).

Roberts-Sterling-ThornéMRST) [38] and Gordon-Storrow )
(GS) [39]. K term=3.9%. We see that the single resolved photon pro-

As a reference we take the GRV NLO set of parton dis- cesses give a contribution comparable to the Born term. The

double resolved photon processes are also important. It is
tributions[34-36, Ny=4, Agcp=320 GeV, an
ibutions| 6. Ni= Qceb™ Q=pr. worth noting that the overall double resolved photon cross

) _ _ section is built from many, relatively small, individual terms.
A. Nonisolated versus isolated photon cross section The direct box diagramyg— yg) gives 17% of the Born
The p+ distribution for the final photon produced without (yq—w/q) contribution. The box contributiofelthough be-
any cut is presented in Fig. 6 where the NLO results andng [as]) is relatively large partially due to the large gluonic
separately the Born terrwith NLO parton densitigsare  content of the proton at smat, .
shown. The cross section decreases by three orders of mag- Next, in Fig. 7 we compare the differential cross section
nitude whenpy increases from 4 GeV to 20 GeV, and obvi- do/d 7, for the nonisolated photon with corresponding pre-
ously the most important contribution is coming from the dictions for the isolated photon using various values of the
lowestp+ region. The subprocesses other than the Born onisolated cone variablese(R).® The isolation cut suppresses
give all together a contribution almost two times larger thanthe cross section by above 10% in the whole rapidity range.
the cross section for the Born subprocess alone. For e=0.1 andR=1 the suppression is 17-23 % at rapidi-
The importance of particular contributions to the noniso-ties — 1.5< 5, <4. This large effect is not too sensitive to the
lated cross section integrated over the range 5 GpY  value ofe: changing the value by a factor of 2 froex0.1
<10 GeV is illustrated in Table (the first ling. The total to €=0.2 or to e=0.05 varies the results for an isolated
NLO cross section is equal to 226 pb, with individual con-
tributions as follows: Bors36.3%, single resolved
=35.1%, doubleresolvedl18.7%, box6.2%, and 5The positive rapidity is pointed in the proton direction.
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ep — ev X ep = ey X
50 T T T T T T 7T T T T3
45 |- GRVPvIrag 3<pr £ é?O—GeV_ E —07 <17, <09 3
40 NJ;PT - 0l 02<y<09 |
3B e Iy . > GRYPMIrag 3
=y - RN o ~ ]
& 30 / - = Q=pr ]
© 95 - AN ) - £ 1F
s 7N 5
e 20F g A\ - =
= % \ 02<y <09 =
15 - /’/ \\ by ~= 01 =
10 - ,// Wb h - %f —3
" with box — - -
// without box --- N I NJ{ -
— 001, tls 515 10 12 14 16 18 20
2 10 1,2 3 45 @ A
FIG. 8. The differential cross sectiotio/d7, for isolated y ep — evX
(e=0.1,R=1) as a function of the photon rapidity, with (solid T 7 7T T T I
lines) and without(dashed linesthe box contribution. The results 45 FQ=rr 5 —%1’;’—’5 lg (g‘;V-
. . . . . LS ys LU
are obtained with imposeglcut (0.2<y=<0.9) and without this cut. 40 Ry e T
, , 35 - Ny=5 ——-
photon by about 4%Fig. 7(a)]. The dependence oR is 2 30k Ny=4 —
stronger but also not very large: when fRealue is changed e o5 I §=3 i
by a factor of 2 from 1 to 0.5 the results increase by about §
7% [Fig. 7(b)]. 5 20 7
The suppression due to the isolation imposed on the pho- 15 .
ton is presented in Table (the second lingfor individual W0 2
contributions and for the total cross section. As expected, the - 4 Np=4 @mobox) T
cross section for fragmentation procesgies, with resolved ) N T TR T N W
92 .

final photonsis strongly suppressed: after isolation it is low-
ered by a factor of 5. At the same time the QCD corrections
to the Born diagram increase significantly, i.e., the contribu-
tion to the subtraction cross sectidaorg,, due to this correc-

(b)

15 -1 05 0 05 1 15 2
T

FIG. 10. The results for isolateg¢t with various numbers of
active massless flavorbt; =3 (dashed lines 4 (solid lineg, and 5

tion is negative. The isolation restrictions do not modify con-(dotted line$, compared to the ZEUS dafta3]. (a) The differential
tributions of other subprocesses since they involve photonsross sectiordo/dpr as a function of the photon transverse mo-
isolated by definition. The subtraction cross section, being aentum.(b) The differential cross sectioto/d7,, as a function of
sum of negative QCD corrections and fragmentation contrithe photon rapiditys, ; the result without the box contribution is

ep — ey X
1000 i T T T T ]
| GRVPmireg 5 < pr <10 GeV |
100 9 =rpr
L Ny=4 Ll
E__. non-isolated ~ 7
= 10 - E
2,

N
< 1t

0.1 p— Y cut - -3
r y and 7, cuts ~-—. ]

0.01 [ 1 I 1 1
0 0.2 0.4 0.6 0.8 1

Ty

FIG. 9. The cross section in, bins of length 0.1. The results for
nonisolatedy integrated over the whole range gfand », are

also shown foN;=4 (dot-dashed ling

butions, is of course positive and the total cross section for
isolated final photons is lower, by 20%, than for the noniso-
lated case.

In the following we keegR=1 ande=0.1, standard val-
ues used in both theoretical and experimental analyses.

B. Other experimental cuts

In order to compare the results with data we consider
other cuts imposed by the ZEUS group on prompt photon
events at the HERA collidgr13]. The influence of the lim-
ited energy range 0s2y=<0.9 is shown in Fig. 8. The cross
section is strongly reduced, by 30—85 %, in the positive ra-
pidity region. At negative rapidities the change due tohe
cut is weaker: 5-10% at 1.2<7,<-0.4 and 10-30% at
other negative rapidities. We show separately the results ob-

shown with the dashed line. The solid line represents results intddined without the box subproce§sg. 8). The box diagram

grated over the whole range gfand 7, for isolatedy with €
=0.1 andR= 1. Results with additional cuts in the isolatgdross
section are shown with dotted line (6s¥=<0.9) and dot-dashed

line (0.2<y=<0.9, -0.7<7,<0.9).

contributes mainly in the rapidity region betweerLl and 3.
After imposing they cut its contribution is important in nar-
rower region from—1 to 1. The influence of thg cut can be
read also from Table (the third ling. One sees, e.g., that the
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Born contribution is reduced 3.5 times, while others are sup<0.1 our predictions lie mostly below the experimental
pressed less, roughly by a factor of 2. points. This disagreement between predicted and measured
The results obtained for the isolated photon withylmit  cross sections is observed also for other theoretical calcula-
and in addition with the cut on the final photon rapidity, tions (LG)® and for Monte Carlo simulationgl3].° In Fig.
—0.7=9’<0.9, are presented in the last line of Table I. ThelQ(b) we present separately the effect due to the box subpro-
restriction onz” decreases the contributions of all subpro-cess(for N;=4). It is clear that the box term considerably
cesses approximately by a factor ofexcept for the double enhances the cross section in the measured rapidity region.
resolved contribution which is reduced almost 3 tijnes Its contribution to the integrated cross section is equal to
The role of various experimental cuts is illustrated also in9.6%. The double resolved photon contribution is also siz-
Fig. 9, this time for thex,, distribution. In particular we see able, although roughly two times smaller than the box one
that the isolation and the energy cut reduce the contributiongee Table [fourth line)]. Both thesd aﬁ] contributions im-
from large and medium,, considerably, while the contribu- prove the description of the data.
tions fromx, below 0.1 are reduced less. On the other hand, The predictions obtained using three different NLO parton
the smallx,, contributions are strongly diminished, by two densities in the photofACFGP[9], GRV[35], and G 39])
orders of magnitude, by the photon rapidity cut. This shows,;e presented foN;=4 in Fig. 11a) (6: p) and in Fig.

that measurements in the centrgl region (—0.7<#%” —~ .
=<0.9) are not too sensitive to smal} values in the photon. 11(b) (Q=2pr) together with the ZEUS dat[aLS]. The re-
When calculating the QCD corrections to the Born pro_sults based on ACFGP and GRV parametrizations differ by
less than 4% at rapidities, <1 (at higherz,, the difference

cess in the subtraction terdug,, we used the smal-ap-  =7° . S .
proximation described in Sec. Il. Because these correction Pi99ed, and both give a good description of the data in the

give less than 10% of the cross section for the isolated pha-apidity range 0.3 %, <0.9 (for Q=pr andQ=2py). For
ton production with various cutésee the third column in  —0.7<7,<0.1 none of the predictions is in agreement with
Table ), we expect that the error resulting from using thethe measured cross section.

approximations is small, though we use in fact a valuéof  ForQ=p; [Fig. 11(a)] the GS distribution leads to results
that is not small §=R/coshz,, R=1)." considerably below those obtained using ACFGP and GRV
densities, especially in the rapidity region from roughly
—1 to 1. This difference between the GS and other parton
C. The comparison with data parametrizations considered here is mainly due to their dif-

Two types of final state were measured in the ZEUS exferent treatment of the charm quark in the photon. In the GS
periment: (1) an isolated. photon with-0.7< 777§0.9_ and approach the charm quark is absent f@f below 50
5<py=10 GeV;(2) an isolated photon plus jet with the Ge\2 Since we take 5Q=p,;<10 GeV, and the most im-

photon rapidity and transvers,te momentum as above, the jgfyriant contribution to the cross section arises from the lower
rapidity in the range-1.5< #'®'< 1.8, and the jet transverse . . —, .
pr region[see Fig. 1(8)], the Q“ value usually lies below

momentumpl®'= V. o
omentumpr =5 Ge the GS charm quark threshold. As a consequence, predictions

We compare our NLO predictions with the ZEUS datab d the GS method h ¢ | 4 th
from the first type of measuremefi3]. In Fig. 10a) the ased on he method have strongly Suppréssed the con-

comparison is made for the transverse momentum distribffiPution of subprocesses involving charm from the photon—
tion for variousN;. Although the predictions tend to lie contrary to GRV and ACFGP predictions where the charm

slightly below the data a satisfactory agreement is obtainethreshold is at loweQ?.

for N;=4. Note the large difference between the results for The above explanation of differences between cross sec-

N;=4 and 3 due to the fourth power of the electric chargetions involving GS and both GRV and ACFGP parton densi-

characterizing processes with two photons. We observe #es is insufficient for higher rapidities;,>2. Here the dif-

very small contribution from the bottom quaffor Ny=5).  ferences between the results based on particular photon

The predictions are obtained in the massless quark schenparametrizations are bigger, especially when comparing pre-

and may overestimate the production rate. dictions obtained using GRV and ACFGP parametrizations

A similar comparison of the NLO results with the data, (not shown. This is due to large differences between the

now for the rapidity distribution, is shown in Fig. @). A

good description of the data is obtained fdy=4 and N;

=5 in the rapidity region 0% 7,<0.9. For —0.7<7, ®The above described disagreement is present also for the newest
NLO calculation for they photoproduction[42] based on the
“Ilag" approach with box contribution included.

"Calculations for the prompt photon production ép [17] and ®The ZEUS Collaboration has recently presented an andlg8is
hadron-hadro40] collisions were performed using the space slic- in which an intrinsic transverse momentum of partons in the proton,
ing method without the smal- assumption. Comparison of such Kk, was introduced in theyTHiA 6.1 generator in order to improve
results with predictions obtained in the approximate way discussedgreement between the data and Monte Carlo predictions for an
here showed that the smaflapproximation is an accurate analytic isolated photon plus jet photoproduction. The data, selected with
technique for including isolation effects in NLO calculatiofier x,>0.9, are consistent with the predictions fdkr)=1.69
R=1 alsg [17]. +0.18" 338 GeV.
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FIG. 11. The differential cross sectiatwr/d 7, for isolatedy as ep = ey X

a function of the photon rapidityy,, compared to the ZEUS data

T T T T
5<pr <10 GeV |

[13]. Three different NLO photon parton distributions are used: 05<y<09
ACFGP [9] (dotted ling, GRV [35] (solid line), and GS[39] B o p:frag
(dashed ling The GRV NLO parton distributions in the protons = GRVé _

[34] and parton fragmentation into photof36] are used(a) Q » Nf_zpﬁ -

=pr. (b) Q=2pr. — 7

parton densities used at lowy,, which is probed in the high
rapidity region.

All the parton distributions considered give a similar de-
scription of the data when the scale is change®te2p+

[see Fig. 1b)]. Here the calculation corresponds @’ 1 05 0 05 1 15
which is always above 50 Gé\and the charm density in the © Thy
GS parametrization is nonzero, as in the other parametriza-

FIG. 12. The results for three ranges pf0.2<y<0.32 (a),

tIO S.

divided into three ranges ¢f This allows us to establish that
the above discussed discrepancy between the data and thary among one another by 4—7 % at negative rapidities and
predictions for»*<0.1 comes mainly from the lowregion, less than 4% at positive rapidity values. Results for the iso-
0.2<y<0.32. In the highy region, 0.5<y<0.9, good agree- lated final photon are also not too sensitive to the fragmen-
ment is obtained. tation function. For rapidity ranging from 1 to 4 the cross
We have also studied the dependence of our results on theection obtained with the DO L{®] fragmentation function
choice of the parton distribution in the proton and partonis 2—3.5% lower than the cross section based on the GRV
fragmentation into the photomot shown. Cross sections NLO [36] parametrization. Only at minimal{,<—1) and
calculated using GRV34], MRST (set ft08a [38], and maximal (4<#,) rapidity values is this difference larger,
CTEQ4M [37] NLO parton parametrizations for the proton being at a level of 3.5—-8 %.
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ep — ev X creasedincreases at higher rapidity values. Only at high
ig i ZI= 2pT| ........ T ; ISPT lS o 'GeV_ rapidities (where the cross section is smalp,>3, is the0
-Q= s~ GRV#ires dependence on the choice of the scale strong, above(ap%
40 @ = pr/ . Ny=4T] to 20-30% aty,~5). In the wide kinematical regior-2
N RN - <n,<2, the relative differences between resuitsth and
2 30 F /8 A = without they cut) for Q= p and results foQ=2pt or p/2
£ B ._.:';/‘\;':‘_\ "‘-A.".\\ . are small and do not exceed 6%. Around the maximum of the
o 20F # A\ RN cross section at rapidities 1< 7,<0 these differences are
S oLk % 025ys09 A 4-6%. This small sensitivity of the results to the change of
10 \\ _ the scale is important since it may indicate that the contribu-
~ A\ tion from neglected NNLO and higher order terms is not
T significant.
92 1 o 1 2 3 4 5 Note that individual contributions are strongly dependent
@ T on the choice 015, e.g., results for the single resolved pro-
ep — ev X cesses vary by-10-20% at rapiditiesy,<1. Results are
30 j T T T T much more stable only when the sum of resolved processes
45 G pr o s pr =10 GeV and QCD corrections is considered.
W0 Q= T/E - GRV;:YZGZ - In Fig. 13b) we present NLO results for vario@ with
B sz~ 10 box and without they cut, but this time with no box contribution.
2 30 ’ ‘* - At rapidities »,,<1 the uncertainty due to the choice of the
< Bl S "N\ ] renormalization scale is about two times higher than for the
% 20 k- ',.-"/z-\‘:‘.z‘ RN cross section with box diagram included, so the box contri-
= 15 - :,.f'//' 02<y<09 \\ ] bution (~[a§]) seems to stabilize the NLO prediction. At
10k .:,' A "“-.}3\ _ rapidities»,>2 the relative dependence on the choice of the
. A scale is similar for the cross section with and without the box
] i i L Lo term.
-2 -1 0 1 2 3 4 5
(b) il B. The comparison of NLO and LL predictions
FIG. 13. The differential cross sectiatu/d 7, for isolatedy In the present calculation we include in LL accuracy the

photoproduction as a function of the photon rapidify with (a) single and double resolved photon processes as well as the
and without(b) the box contribution. Three different values of the box diagram in addition to the Born contribution; see also

Q scale are assume@= p+/2 (dashed lines Q=p (solid lines,  [4—6,10 (although this is not fully consistent with the dis-
andQ= 2p- (dotted lineg. The results are obtained with imposgd ~ cussion in Sec. )| The cross section for thep— yX scat-

cut (0.2<y=<0.9) and without this cut. tering in LL accuracy is obtained by convolution of partonic
cross sections with relevant LO parton densities.
VI. THE THEORETICAL UNCERTAINTIES In Fig. 14 we show the LL prediction for the isolated
OF THE RESULTS AND COMPARISON photoproductior(dotted ling together with NLO predictions
WITH OTHER NLO PREDICTIONS (solid line) and the Born contribution onlgdot-dashed ling

A read tioned th dicti btained . The highest differences between the LL and NLO cross sec-
s We already mentioned Iné predictions are obtaned Wy, s 4re seen in the rapidity ranged.5< 7, <2.5 where the

ducton. rate, An mproved reaiment of the cham, quar 2 e5ulS e 10-209 below the NLO onéSig. 14l For
especially in the box contribution which is particularly sen-’the pr distribution this difference is 10-14% in the whole
sitive to the change from;=3 to Ny=4, is needed. How- ir;gegt:\(/j“:rigngij(bﬁf the transverse - momenturs pfl
ever, we do not expect that this improvement will change our We think thét the 6bserved difference between NLO and

results qualitatively. ) —
We now discuss the theoretical uncertainties of our prelL results together with the weak dependence onQrecale
dictions related to the perturbative expansion. discussed in Sec. VI A indicate the reliability of the calcula-
tion.

A. The dependence on th& scale C. The comparison with other NLO results

In order to estimate the contribution due to rﬂissing higher As we discussed in Sec. II, our NLO calculation of the
order terms, the influence of the choice of tQescale is  p|C process differs from the “I’-type NLO analysis pre-
studied for thes, distribution. In Fig. 18a) the results ob-  sented in Refq.15—17 in the set of diagrams included in the
tained using GRV densities with and without thecut are  ca|culation. We do not take into account corrections to the
shown. When changin® from pt to 2p+(p+/2) the cross single and double resolved processes, which are beyond the
section increase@ecreasesat rapidities below~1 and de- NLO accuracy in our approach. On the other hand, we in-
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ep — evX with GRV densities at rapidities betweenl and 1(see Sec.
100 L L L V C). In calculations presented [15-17 this difference is
-0.7<1n,<09 as much as twice larger.

02<y<09 The LG prediction$17] obtained using the GS parametri-

GRYPIrog zation lie up to 20% below our&@lso based on GS distribu-

Q=pr tions, withQ=pr andN¢=4) at rapidities—0.7< ,<0.2,
and they are higher than ours by up to 30% for<0:2,
<0.9[17,13.

The subprocesses involving resolved photons are espe-
cially important at large rapidities and/or in the largeae-
gions. So thexg corrections to the resolved photon subpro-

N Born --- cesses, included in the “@L” approach[17] and neglected
0.01 ; ('5 ;; 1'0 1'2 '4 1'6 1'8 " in our calculation, are expected to modify the cross section
pT[GeV]l especially in these regions. Indeed, the differences between
the LG results and ours are highest for laggand rapidity
ep — ev X around 0.9, as discussed above. However, it is hard to say
50 T T T T J T that our resultg§based on a smaller set of subprocesses
45 - NLO — 5 SOP;E mﬁf;/— less reliable, since in our counting tlhe corrections to the
wor . %Iﬂ -------- =YY single resolved photon procesgexluded in[17]) should be
35 L7 T T GRV??I7es taken into account together withZ corrections to the Born
%—f"zpz - contribution (neglected in17]). The a§ terms neglected in
[17] can, in general, be positive or negative, and we are not
able to conclude which approach gives more reliable quanti-
tative predictions.

—
o
T Ty,

do /dpr [pb/GeV]

e
o
T

g

do/dn, [pb)

7] VII. THE LL PREDICTION FOR y+JET
T PHOTOPRODUCTION

b) 4 5 The ZEUS Collaboration has also analyzed prompt pho-
ton photoproduction in which in addition a hadron jet is mea-

FIG. 14. The differential cross sectiode/d7, () anddo/dpy ~ Sured[11,12,2Q. In Fig. 14 we show the LL prediction for
(b): NLO (solid line) and LL (dotted ling results for isolated, and  the isolatedy+ jet final staté® together with the predictions
LL predictions for isolatedy+ jet photoproduction(dashed ling for the y alone. The following jet rapidity and transverse
the jet rapidity is assumed in the rangel.5< 7;;<1.8. The dot- momentum are assumed=—1.5<7;,<1.8 and pf"
dashed lines show the Born contribution to the NLO cross section>5 GeV, respectively. These additional cuts for the final
for isolatedy. GRV NLO (LO) parton densities in the proton and state imposed on jets decrease the cross section, especially at
photon were applied in NLQLL) calculations. high rapidities. The LL predictions foy+ jet are lower than
those fory production by 5—-10 % at negative rapidities and
resolved subprocesses are included in both ana)yses. by 10-80% at positive “”!p‘d“y valueos. T he di_fference be-

We compare our results and the results of the LG calcufWeen the two LL results is about 10% in a wide range of

. . — . . transverse momentay 6<p;<20 GeV, and only for the
lation [17] (usingN¢=4 andQ=py) for the isolated final |, o1 region 4<p;<6 GeV is it higher(13—23 %.
photon R=1, e=0.1) in the kinematical range as in the
ZEUS analysis[13] (i.e., for —0.7<%"<0.9 and 0.y
=<0.9). First we use the GRV photon parton densities. The
LG predictions forda/dpy cross section are about 20%  The results of the NLO calculation, with NNLO contribu-
higher than ours in the presented range of transverse momeflsns from double resolved photon processes and the box
tum, 4<p;=20 GeV. Fordo/d7” cross sectionwith 5 giagram, for isolatedy production in the DIC process at
=pr=10 GeV) the biggest differences are at’=0.9  LERA are presentet. The role of the kinematical cuts used
where the LG results are about 35% higher. The differenceg, ine ZEUS measuremeft 3] is studied in detail.
decrease toward negative rapidity values and are negligible The results obtained using GRV parametrizations agree
at —0.7<7”<—0.5. For ay range limited to low values it the data in shape and normalization for fhedistribu-
only, 0.2<y<0.32, the LG cross section is higher than ourstion_For they” distribution a good description of the data is
by up to 20% at positivey,,, while at negativey, it is lower
by up to 10%. For large values, 0.5y<<0.9, where our
predictions agree with data, the LG results are higher thaniorn. NLoO calculation fory+jet photoproduction will be dis-
ours by up to 80%at 7,=0.9). cussed in our next paper.

As already discussed, f@=p; the GS photon distribu-  YOur ForTRAN code is available upon request from
tions lead to results lower by 11-14 % than those obtainedzem@fuw.edu.pl

clude the box diagram neglected [ih5—17. (The double

VIIl. SUMMARY
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obtained fory?>0.1, while for »7<0.1 the data usually lie V(gn— ,77)2+(¢h_ ¢7)2< R. (A2)
above the predictions. This discrepancy arises mainly from
the lowy region, 0.2<y=<0.32. The terms beyond NLO, es- ) i _ _
pecially a box contribution, improve the description of the Below we use the variablesandw defined in the following
data. way:
We have studied the theoretical uncertainty of the results
due to the choice of the renormalization/factorization scale i
Q=p+/2,p7,2p7. At high rapiditiesn,>3, where the cross v=1+=, w=—,
section is small, the uncertainty is 10—30 %. In a wide range N
of rapidities —2< »,<2, the dependence on ti@ scale is
small, below 6%. Since we include some NNLO diagrams inwheres, t, andu are the Mandelstam variables for the par-
our NLO calculation, this stability of the predictions versus tonic subprocess,
the change of scale is especially important. The weak depen-

dence on th&) scale and the not large differences between
LL and NLO predictiongbelow 20% allow us to conclude
that the theoretical uncertainties of our NLO calculations for

isolated photon production in the DIC process at HERA aregng Seps Tep, andU,, stand for the Mandelstam variables

relatively small. . for the ep—eyX reaction,
We compared our results with the LG ones based on a

different set of subprocesses. The cross sediofd p; ob-

tained by LG is about 20% higher than oufsr GRV pho- Sep=2PePp,  Tep™ —2PePy,  Uep=—2ppP, .

tonic parton distributions For the cross sectiotho/d 7., this

difference is up to 35% af,=0.9. The highest differences , P, andp,, denote the initial electron and proton four-
are present for higly values only, 0.5cy<<0.9, where onthe i omenta and the four-momentum of the final photon, re-

other hand our predictions are in agreement with the data. 'Qpectively. The fractional momenia x.,, x, andz are de-
the lowy range 0.2y<0.32, differences between the tWo fined in Secs. Il B and IV.

calculations are smaller and none of them describe the data The subtraction cross section consists of two contribu-

well for rapidities below 0.1. tions which arise from subprocesses involving the fragmen-
tation function and fromxg corrections to the Born process:

§=yxnyep, fzyxszep, ﬁzszep,

Y
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APPENDIX U(1+e)dz (1 _
. . = > > _2f dxfo/p(x,Q%)
Here we present formulas for the subtraction term in the b=g,0,q c=g,q,9 * O Z“Jo

cross section for the production of the isolated phdisee
Sec. Ill) in yp— yX scattering. The corresponding expres-
sions for theepreaction can be obtained using the equivalent
photon approximatioiiSec. 1\V). The subtraction term is the
cross section for subprocesses in which the transverse energy U(1+edz
of hadrons inside the cone of radiRsaround the final pho- + 2 — 2 — E — 22
ton is higher than the transverse energy of the photon multi-

plied by a small paramete,

o d30_'yb—>cd
2
XDy 2 @By~ -

a=g,0,9 b=0,0,q ¢=0.,0.q
! ! 2 a2
X fo dxyjo dxfa, (X, Q) Frp(X,Q%)

> Eqp>e€Eq,. (A1) _. d3gap—cd
h 7 XD)'/C(Z'QZ)EYT (A4)
Y

The cone is defined in the rapidity and azimuthal angle
plane: and
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dBorp—rX ANe oy

E, o 3
i=1

T tions contributing to the subtraction term. The results are
d°p,

obtained with the assumption that the angle between the pho-
A ton and the parton insi_de the cone is_ _small. The_quar_k masses
—, d o b are neglected. All collinear singularities are shifted into the
fq 1p(X,Q )EyT fragmentation function® ., (infrared singularities do not
Y appear in this calculationsp stands for the transverse mo-
A3 75— Y9t i mentum of the final photon. The partonic cross sections in
sub Eq. (A5) are given by following expressions:

v(1—w) Below we present our analytical results for thgcorrec-
dx@( )

€
Xg 1_U+UW

X

+ fqi /p(X,az)Ey

dp,
dgo_'ygﬂ'yqﬁrai £ dsa_;/ji;yqurg 4a§mas 4 (1—v+ovw)?+(1-v)?
- b == ~ e
+fgp(%,Q?)E, S;spy (A5) " &, 3 g2 4l (I—v+ow)(l-v)
— (Rpp)?
with ><P(Q2)+( ApT)
s
_yTep
XOZ—. (UW)3
yS,t+U
no X(1—0+Uw)(1—u)2]’ (A0)

The contribution (A4) comes from 2-2 single and
double resolved subprocesses in which the fingarton de-

. . g3 74— v9+4; 2 2
cays into the photon. Here the calculations are standard, as Tsub _f aemase4 (Rpr)
for the nonisolated photon cagg—10. The condition(Al) Y d%p 3 g2 9 g
is included via the upper limit of the integration overz 7
=E,/E.<1/(1+€). The lower limit of the integration over ><(1—11)[(1—U+UW)2+(UW)Z]
the fra_ctlonal momenta, X, an_dx is formally zero but in _ (1—v+0oW)5 (1—w)(ow)?
fact this zero value is inaccessible due to the delta function
S(yX,XSept YX,ZTept X2z Ugp) in the partonic cross sections X[1+(1—v+ow)*+o*(1-w)*],

for 2— 2 subprocesses.

The contribution(A5) describes theyg corrections to the (A7)
Born process. The diagrams involving the virtual gluon ex- 3 _yg—ygit+q; P
change do not contribute to the subtraction term, and only g Tsub :l aemase4 (bW)*+(1-v)? P(az)
2—3 processes are included. In these processes a photon ” d3py 2 g2 vw(1l-v)
and two partons are produced. One of the partons enters the
cone of radiusk around the photon, and itsransverspen- (Rpp)? (1-v+ow)*
ergy should be higher _than_ the phpf[o(fsansyers)aen.ergy s (ow)2(1-0)?|’ (A8)
multiplied by e. To fulfill this condition the integration is
performed overx values for whichv(1—w)/(1—v+ovw) where
>e€. There are three types of such processgs:— yq+g
X L. . o 21 _ 2 RZ 2 2(1—W)2

(with a quark inside the comeyq— yg+q (with a gluon P(Q?)— 1+v(1—w) pTv 1
inside the cong and yg— yq+q (with a quark inside the (1—v+ow)? Q?2 '
cone. (A9)
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