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DESY 06-125September 14, 2006Measurement of prompt photonswith asso
iated jetsin photoprodu
tion at HERAZEUS CollaborationAbstra
tThe photoprodu
tion of prompt photons, together with an a

ompanying jet, hasbeen studied in ep 
ollisions at a 
entre-of-mass energy of 318 GeV with the ZEUSdete
tor at HERA using an integrated luminosity of 77 pb�1. Cross se
tions weremeasured for the transverse energy of the photon and the jet larger than 5 and6 GeV, respe
tively. The di�erential 
+jet 
ross se
tions were re
onstru
ted asfun
tions of the transverse energy, pseudorapidity and xobs
 , the fra
tion of thein
oming photon momentum taken by the photon-jet system. Predi
tions basedon leading-logarithm parton-shower Monte Carlo models and next-to-leading-order (NLO) QCD generally underestimate the 
ross se
tions for the transverseenergies of prompt photons below 7 GeV, while the kT -fa
torisation QCD 
al-
ulation agrees with the data better. When the minimum transverse energy ofprompt photons is in
reased to 7 GeV, both NLO QCD and the kT -fa
torisation
al
ulations are in good agreement with the data.
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1 Introdu
tionEvents 
ontaining an isolated photon (prompt photon) are a powerful tool to study hardintera
tion pro
esses sin
e su
h photons emerge without the hadronisation phase by whi
ha �nal state quark or gluon forms a jet. In ep 
ollisions, the presen
e of a jet in additionto the photon allows measurements that are more sensitive to the underlying partoni
pro
esses than is possible for in
lusive prompt-photon events. In parti
ular, �nal stateswith a prompt photon with a high transverse energy (ET ) together with a high-ET jetare dire
tly sensitive to the quark 
ontent of the proton through the s
attering of theex
hanged photon with a quark, 
q ! 
q (Compton s
attering). In this 
ase, the in
i-dent photon is point like, and the pro
ess (Fig. 1 (a-b)) is 
alled dire
t. For ex
hangedfour-momentum transfer 
lose to zero (photoprodu
tion), the additional 
ontribution toprompt-photon events from the gq ! q
 pro
ess, in whi
h one of the initial partons 
omesfrom the photon whi
h displays a hadroni
 stru
ture (resolved pro
ess, Figs. 1 (
-d)), 
anbe dominant [1{3℄. Prompt-photon measurements 
an be used to 
onstrain the partondistribution fun
tions (PDFs) of the proton and of the photon, as well as provide a testingground for QCD 
al
ulations. A number of predi
tions exist [1{4℄ that 
an be 
onfrontedwith the data.The �rst observation by ZEUS of isolated photons a

ompanied by a hadroni
 jet inphotoprodu
tion used an integrated luminosity of 6.4 pb�1 [5℄. Distributions sensitive tothe intrinsi
 kT in the 
+jet �nal state were later measured by ZEUS [6℄. In
lusive prompt-photon 
ross se
tions with no jet requirement have also been reported [7℄. Re
ently, H1have published results on the 
+jet �nal state in photoprodu
tion [8℄.This paper reports the �rst ZEUS results on di�erential 
ross se
tions of the 
+jet �nalstate in the photoprodu
tion regime of ep s
attering. The 
ross se
tions are presentedas a fun
tion of the transverse energy and pseudorapidity of both the photon (E
T , �
)and the jet (EjetT , �jet), as well as the fra
tion of the in
oming photon momentum takenby the photon-jet system (xobs
 ). In 
ontrast to previous measurements [5{8℄, the presentanalysis is based on the 
onversion-probability method, whi
h uses information on thefrequen
y with whi
h photons 
onvert to e+e� in front of a dedi
ated preshower dete
-tor. Cross se
tions for 
+jet events are 
ompared to next-to-leading-order (NLO) QCD,
al
ulations based on the kT -fa
torisation approa
h and Monte Carlo (MC) models in
or-porating leading-order matrix elements plus parton showers. Sin
e jets at relatively lowEjetT are measured in addition to the photon, parton-level 
al
ulations were 
orre
ted forhadronisation e�e
ts using a MC model. The hadronisation 
orre
tion for 
+jet events isexpe
ted to be smaller than for dijets with similar jet transverse energies sin
e the photondoes not undergo hadronisation. Therefore, for low EjetT , the theoreti
al predi
tions forthe 
+jet 
ross se
tions are expe
ted to be more reliable than for dijet �nal states.1



2 Data sample and experimental setupThe data sample was taken during the 1999-2000 period, 
orresponding to an integratedluminosity of 77:1 � 1:6 pb�1. The positron or ele
tron beam energy was 27:5 GeV andthe proton beam energy was 920 GeV, 
orresponding to a 
entre-of-mass energy of 318GeV. Here and in the following, the term \ele
tron" denotes generi
ally both the ele
tron(e�) and the positron (e+), unless otherwise stated.ZEUS is a multipurpose dete
tor des
ribed in detail elsewhere [9℄. Of parti
ular im-portan
e in the present study are the 
entral tra
king dete
tor, the uranium-s
intillator
alorimeter and the barrel preshower dete
tor.The 
entral tra
king dete
tor (CTD) [10℄ is a 
ylindri
al drift 
hamber with nine super-layers 
overing the polar-angle1 region 15Æ < � < 164Æ and the radial range 18:2�79:4 
m.Ea
h super-layer 
onsists of eight sense-wire layers. The transverse-momentum resolutionfor 
harged tra
ks traversing all CTD layers is �(pT )=pT = 0:0058pT �0:0065�0:0014=pT ,with pT in GeV.The CTD is surrounded by the uranium-s
intillator 
alorimeter, CAL [11℄, whi
h is di-vided into three parts: forward, barrel and rear with the barrel 
onsisting of 32 modules.The 
alorimeter is longitudinally segmented into ele
tromagneti
 (EMC) and hadroni
(HAC) se
tions. The smallest subdivision of the CAL is 
alled a 
ell. The energy resolu-tion of the 
alorimeter under test-beam 
onditions is �E=E = 0:18=pE for ele
trons and�E=E = 0:35=pE for hadrons, with E in GeV.The luminosity was measured using the bremsstrahlung pro
ess ep ! ep
 with theluminosity monitor [12℄, a lead{s
intillator 
alorimeter pla
ed in the HERA tunnel atZ = �107 m.The ZEUS barrel preshower dete
tor (BPRE) [13℄ is lo
ated in front of the barrel 
alorime-ter. The BPRE dete
tor 
onsists of 32 
assettes ea
h 
ontaining 13 s
intillator tiles ofsize 20�20 
m that were installed dire
tly in front of ea
h of the 32 barrel CAL modules.The measured output, 
alibrated in minimum ionising parti
le units (mips), is propor-tional to the energy loss of the in
ident parti
le after intera
tion with material (mainlythe super
ondu
ting 
oil) in front of the barrel 
alorimeter.The mip 
alibration of ea
h of the 416 
hannels of the BPRE was done using all eventstriggered in the ZEUS dete
tor. A luminosity of approximately 1 pb�1 was requiredfor ea
h 
alibration run. The one-mip signal was validated using 
osmi
-ray muon data.The single-mip resolution was measured to be 0:3 mips and a minimum 
harge threshold1 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point.2




orresponding to this value was applied to ea
h 
hannel. After 
alibration and 
orre
tionfor dead or ineÆ
ient 
hannels, the signal eÆ
ien
y for s
attered ele
trons from deep-inelasti
 events was larger than 99%.3 Theoreti
al predi
tionsThe measured 
+jet 
ross se
tions were 
ompared to NLO QCD based on 
ollinear fa
tori-sation and DGLAP evolution [14℄, as well as to 
al
ulations based on the kT -fa
torisationapproa
h with unintegrated quark and gluon densities.A NLO 
al
ulation with additional higher-order terms was performed by Kraw
zyk andZembrzuski (KZ) [3℄. The 
al
ulation in
ludes the leading-order term 
q ! 
q, �S
orre
tions to this term, initial and �nal resolved-photon 
ontributions, double-resolved
ontributions and the dire
t box diagram 
g ! 
g. The latter two 
ontributions are
al
ulated to order �2s. No intrinsi
 transverse momentum of the initial-state partons inthe proton was assumed. The renormalisation and fa
torisation s
ales for su
h 
al
ulationare set to �R = �F = E
T . The GRV parameterisation of the proton PDF [15℄, the photonPDF [16℄ and the fragmentation fun
tion [17℄, were used.A similar NLO 
al
ulation by Fontannaz, Guillet and Heinri
h (FGH) [2℄ 
ontains addi-tional higher-order 
orre
tions to the resolved photon pro
ess. For the FGH 
al
ulation,the MRST01 [18℄ proton PDF and the AFG02 [19℄ photon PDF were used.The predi
tion of A. Lipatov and N. Zotov (LZ) [4℄ is based on the kT -fa
torisation [20℄method. The LZ 
al
ulation uses the unintegrated quark and gluon densities of theproton and photon a

ording to the Kimber-Martin-Ryskin (KMR) pres
ription [21℄ withthe GRV parametrisations [15,16℄ of 
ollinear quark and gluon densities. In this approa
h,both dire
t and resolved 
ontributions are taken into a

ount.For all the 
al
ulations dis
ussed, jets were re
onstru
ted by running the longitudinallyinvariant kT 
luster algorithm in the in
lusive mode [22℄ on partons. A prompt-photonjet was de�ned as a jet 
ontaining the �nal-state photon. An isolation requirement,E
;(true)T > 0:9E
T , where E
;(true)T is the transverse energy of the �nal-state photon and E
Tis the total transverse energy of the prompt-photon jet, was applied to avoid the e�e
ts of
ollinear photon emission from quarks and to mat
h the analysis isolation requirement (seeSe
tion 5). A 
omparison with NLO 
al
ulations based on a 
one isolation requirementshowed 
onsistent results [23℄.The 
al
ulations were 
orre
ted for hadronisation e�e
ts using the Pythia MC model dis-
ussed in Se
tion 4. These 
orre
tions, whi
h are negligible in the 
ase of in
lusive promptphotons, 
annot be negle
ted when an a

ompanying jet is required. The hadronisation3




orre
tion fa
tors were de�ned as Chad = �(hadrons)=�(partons), where � denotes thedi�erential 
ross se
tions 
al
ulated at the hadron and parton levels of the MC model,respe
tively. For both the parton and hadron levels of the MC generated events, theprompt photon was de�ned as the kT jet with at least one photon and with the isolationrequirement E
;(true)T > 0:9E
T . The ET and � distributions at the parton level in the MCmodel have a di�erent shape than in the NLO 
al
ulations, espe
ially at low E
T , wherethe NLO predi
tions rise faster than do those of the MC. To determine the hadronisation
orre
tions, the MC parton distributions were reweighted to mat
h the shapes of the NLO
al
ulations. The reweighting was performed in four dimensions de�ned by the E
T , �
,EjetT and �jet variables.The �nal hadronisation 
orre
tion was determined from Pythia after the parton-levelreweighting pro
edure dis
ussed above. The Herwig model dis
ussed in Se
tion 4 re-quires a large reweighting so it was not used for the hadronisation 
orre
tion.The hadronisation 
orre
tion fa
tor for the total 
ross se
tion in the kinemati
 rangede�ned in Se
tion 7 was 0.92. The 
orre
tions for the 
 + jet di�erential 
ross se
tionsare 
lose to unity for large transverse momenta of the photon, but they de
rease to 0:78at low E
T . It was veri�ed that if no jet was required, the hadronisation 
orre
tions were
lose to unity.The Pythia default setting in
ludes a multiple-intera
tion simulation. It was veri�ed thatex
lusion of multiple intera
tions from the parton-level of Pythia results in a negligible
hange in the hadronisation 
orre
tions.4 Monte Carlo simulationThe measured 
ross se
tions were 
ompared to leading-order Monte Carlo (MC) modelswhi
h use the QCD parton shower approa
h to in
orporate high-order QCD e�e
ts fol-lowed by fragmentation into hadrons. The MC events were generated with the Pythia6.3 [24{26℄ and with the Herwig 6.5 [27, 28℄ models using the default parameters inea
h 
ase. The CTEQ5L [29℄ proton PDF was used together with the SaS-2D parame-terisation [30℄ for the photon PDF. Both dire
t and resolved prompt-photon events weregenerated.The same MC samples were used to 
al
ulate the a

eptan
e and to evaluate the signaland ba
kground 
ontent of the sample. Samples of ba
kground photoprodu
tion events(without prompt-photon subpro
esses) were generated in addition to the prompt photonsamples. Both dire
t and resolved pro
esses were simulated. These MC samples providedba
kground photons from the de
ay of hadrons (predominantly from �0 mesons).4



The generated events were passed through a full simulation of the dete
tor using Geant3.13 [31℄ and pro
essed with the same re
onstru
tion program as used for the data. TheMC samples after the dete
tor simulation do not give a good des
ription of the ET and� distributions seen in the data. Su
h dis
repan
ies are most prominent at low E
T , andwere attributed to an inadequa
y of the MC models. For the a

eptan
e 
al
ulations, theMC distributions were reweighted to mat
h the distributions in ET and � of the data. Thereweighting was performed in four-dimensional phase spa
e in ET and � of the photonand of the a

ompanying jet; thus 
orrelations between these kinemati
 variables wereproperly taken into a

ount.5 Data sele
tion and prompt-photon re
onstru
tion5.1 Event sele
tion and jet re
onstru
tionThe online sele
tion made use of a standard ZEUS ele
tron �nding algorithm to sele
tevents with an ele
tromagneti
 
luster [5℄. For the o�ine analysis, neutral-
urrent deepinelasti
 (DIS) events with an identi�ed s
attered ele
tron 
andidate were removed fromthe sample. This restri
ted the virtuality of the in
ident photon to the range Q2 < 1 GeV2.In addition, the following 
uts were applied:� 
harged 
urrent DIS events were reje
ted by requiring the total missing transversemomentum in the 
alorimeter to be less than 10 GeV;� 0:2 < yJB < 0:8, where yJB is the inelasti
ity parameter re
onstru
ted with theJa
quet-Blondel method [32℄;� j Zvertex j� 50 
m, where Zvertex is the event-vertex position determined from thetra
ks.Jets were re
onstru
ted by running the longitudinally invariant kT algorithm in in
lu-sive mode [22℄ on energy-
ow obje
ts (EFOs) [33℄, whi
h are based on a 
ombination oftra
k and 
alorimeter information. The jet variables ET and � were de�ned a

ordingto the Snowmass 
onvention [34℄. Ea
h jet was 
lassi�ed as either a photon 
andidateor a hadroni
 jet. The photon-
andidate jet was required to 
onsist of EFOs withoutasso
iated tra
ks and to be within the CTD and BCAL a

eptan
e, �0:74 < �
 < 1:1.For this jet, EEMC=Etot > 0:9 is required, where EEMC is the energy re
onstru
ted in theele
tromagneti
 part of the CAL and Etot is the total energy of this jet. After 
orre
tionfor energy losses, the 
ut E
T > 5 GeV was applied.Hadroni
 jets, after 
orre
tion for energy losses, were sele
ted in the kinemati
 rangeEjetT > 6 GeV, �1:6 < �jet < 2:4. They were required to have EEMC=Etot < 0:9. If more5



than one jet was found within the above kinemati
 
uts, the jet with the highest EjetT wasa

epted. The minimum transverse momentum of the hadroni
 jet was set to be higherthan for the photon 
andidate, sin
e the NLO 
al
ulations employed in this analysis areunstable for symmetri
 
uts on the minimum transverse momenta of both jets [35,36℄.In total, 3910 events with a prompt-photon 
andidate and a hadroni
 jet were sele
ted.5.2 Identi�
ation of isolated photons and hadronsFor the prompt-photon identi�
ation, the 
onversion-probability method based on theBPRE was used. In 
ontrast to the shower-pro�le approa
h used in previous measure-ments [5{7℄, the present approa
h uses the probability of 
onversion of photons to e+e�pairs in dete
tor elements and ina
tive material, mainly the solenoid lo
ated in front ofthe BCAL. The 
onversion probability for a single photon is lower than for multiphotonevents arising from neutral meson de
ays (�0, �, et
.); therefore, small BPRE signals 
anbe used to identify isolated photons.The response of the BPRE to single isolated photons was studied using the deeply virtualCompton s
attering (DVCS) data, ep ! e0
p, taken during 1999-2000. This sample isknown to provide photons of high purity [37℄. Events with two isolated ele
tromagneti

lusters and one CTD tra
k were pre-sele
ted. One 
luster was required to have energyEe0 > 8 GeV and to be asso
iated with the CTD tra
k, thereby ensuring 
ompatibility withthe s
attered ele
tron. The 
luster without an asso
iated tra
k was then re
onstru
tedusing the kT 
luster algorithm as des
ribed in Se
tion 5.1. The photon 
andidate wasrequired to be in the BCAL region, �0:74 < �
 < 1:1, and to have energy in the range5 < E
 < 10 GeV. The BPRE signal for the DVCS photons was determined as thesum of the signal of the BPRE tiles whose 
entre falls within a 
one of size 0:7 in �-�around the photon 
andidate. A smaller 
one size leads to an eÆ
ien
y that is not wellreprodu
ed by the MC. Other details of the DVCS sele
tion and MC simulations are givenelsewhere [37,38℄.In the DVCS sample, the fra
tion of events with BPRE signal below one mip is very sen-sitive to the amount of material in front of the BPRE sin
e su
h events are dominated bynon-
onverted photons. The MC simulation overestimates this fra
tion by 19% 
omparedto the data due to an inadequate simulation of the material in front of the BPRE. Thisdis
repan
y does not have a signi�
ant dependen
e on the 
one size.The amount of ina
tive material was further studied using s
attered ele
trons from DISevents. This study indi
ated that more material in front of the BCAL was ne
essary forthe MC simulation. 6



Using a dedi
ated Geant simulation [31℄, it was found that an in
rease of ina
tive ma-terial in the MC simulation by 0:25X0 was suÆ
ient to des
ribe the fra
tion of eventswithout photon 
onversions seen in the DVCS data. For this Geant simulation, it wasassumed that all ina
tive material is distributed uniformly in the region of the ZEUSsolenoid lo
ated in front of the BPRE tiles. The e�e
t of the additional material wasthen taken into a

ount in the standard ZEUS MC by applying a 
orre
tion to the BPREdistribution based on the results of the dedi
ated simulation.Figure 2 shows the BPRE signal for the DVCS data 
ompared to the DVCS Monte Carlomodel [38℄ after 
orre
tion for additional material. There is good agreement between thedata and the MC distribution. This shows that the ina
tive material and the BPREresolution are well represented in the MC simulation.The MC response of the BPRE to single hadrons was studied for �0 and � mesons. Sin
ethese mesons de
ay to several photons, more 
onversions to e+e� will o

ur than for singlephotons. As expe
ted, the average BPRE signal for �0 and � mesons was larger than forthe isolated photons. An example of the MC simulation of the BPRE response to single
, �0 and � is shown in Figure 3. The BPRE distributions for �0 and � mesons were also
orre
ted to take into a

ount additional dead material in front of the BPRE.5.3 Extra
tion of the prompt-photon signalThe BPRE signal for prompt-photon 
andidates sele
ted as des
ribed in Se
t. 5.1 wasdetermined using a 
one of radius 0:7 in �-� spa
e, as was done for the DVCS analysis.Figure 4 shows the 
omparison between the data and the Pythia MC for: the BPREsignal for the photon 
andidate; the di�eren
e between the total 
alorimeter energy andthe energies of the jet and the photon 
andidate, �E = Etot�Ejet�E
; and the distan
efrom the photon 
andidate to any EFO in an event,D =q(�
 � �EFO)2 + (�
 � �EFO)2;where �
 (�EFO) and �
 (�EFO) are the azimuthal angle and pseudorapidity of the photon
andidate (EFO).Figure 4(a) shows that there is a signi�
ant fra
tion of events with a small number ofmips, similar to the DVCS data. However, sin
e the dijet photoprodu
tion 
ross se
tionis higher by several orders of magnitude than the 
+jet 
ross se
tion, there is additionalhadroni
 ba
kground even after the 
uts dis
ussed in Se
tion 5.1.The BPRE distribution for the prompt-photon 
andidates was used to determine theba
kground fra
tion. The fra
tion of in
lusive dijet photoprodu
tion events needed wasfound from a �2-minimisation pro
edure. After the in
lusion of the ba
kground events,7



the shape of the BPRE distribution for the prompt-photon 
andidates is well reprodu
edby the MC simulation, as shown in Figure 4(a).The in
lusion of the dijet ba
kground leads to good des
ription of the CAL distributionsshown in Fig. 4(b) and (
), whi
h are also sensitive to the prompt-photon events. Onaverage, the �E should be larger for the dijet events, where more energy is radiatedoutside the dijet system than for the 
+jet events. After the in
lusion of the ba
kground,this distribution is well reprodu
ed by MC.The ba
kground fra
tion des
ribed above was used in the 
al
ulation of the total 
+jet
ross se
tion. For di�erential 
ross se
tions, the ba
kground fra
tions were determinedby �tting the BPRE signal independently in ea
h bin of the respe
tive distributions. Inorder to redu
e statisti
al 
u
tuations in regions of small statisti
s, it was assumed thatthe ba
kground fra
tions varied smoothly from bin to bin. Therefore, the dependen
e ofthe ba
kground fra
tion on E
T , �
, EjetT , �jet and xobs
 was obtained by �tting the ba
k-ground fra
tions for ea
h bin with a linear fun
tion. The number of prompt-photon eventsin ea
h kinemati
 bin was determined from su
h a linear-regression �t. The statisti
alun
ertainties on the number of signal events were evaluated using 68% 
on�den
e-levellimits on the linear �t of the fra
tions.6 Cross se
tion 
al
ulations and systemati
un
ertaintiesThe di�erential 
ross se
tions for a given observable Y were determined as:d�dY = NA � L ��Y ;where N is the number of prompt-photon events in a bin of size �Y , A is the a

eptan
eand L is the integrated luminosity. The a

eptan
e was 
al
ulated using MC from theratio of the number of re
onstru
ted events after the sele
tion 
uts to the number ofgenerated events.The systemati
 un
ertainties were evaluated by 
hanging the sele
tion and the analysispro
edure. The 
ontribution of ea
h 
ut variation to the total 
ross se
tion is given inparentheses as a per
entage of the total 
ross se
tion:� the 
alorimeter energy s
ale was 
hanged by �3% (+9:1�11:7%);� the transverse momentum 
ut and the � range for the photon and hadron jet werelowered (raised) independently by one � of the resolution. The systemati
 un
ertaintydue to the transverse-energy 
ut for the photon was found to be (+2:5�3:7%). The largest8



systemati
al un
ertainty due to the transverse-energy 
ut on the jet was (+2:2�2:0%). Thesystemati
 un
ertainty asso
iated with the variations in the pseudorapidity was small(�0:8%);� the un
ertainty in the quantity of ina
tive material in the MC was estimated by varyingthe amount of ina
tive material by �5% of a X0 in the Geant-based 
orre
tion fa
tors(�7:0+5:0%);� the 
one radius for the determination of the BPRE signal was 
hanged by �0:1 units(�2:3+2:7%). A larger 
one size leads to a larger leakage of hadroni
 energy into the photon,whi
h is not well simulated in MC;� variations of the 
uts on yJB, Zvertex and on total missing transverse energy (�2%);� the resolved 
ontribution in MC was 
hanged by �15% (< 1%);� the 
ut on the ele
tromagneti
 fra
tion EEMC=Etot for the photon jet was 
hanged by�0:02 (+0:9�1:5%);� the a

eptan
e 
orre
tion and the fra
tion of ba
kground photoprodu
tion events wasdetermined using Herwig (�0:6%).The overall systemati
 un
ertainty was determined by adding the above un
ertainties inquadrature. A 2% normalisation un
ertainty due to the luminosity measurement errorwas not in
luded in the systemati
 un
ertainties.As an additional 
he
k, the di�erential 
+jet 
ross se
tions were found by using the globalba
kground fra
tion determined in the full kinemati
 range. Further, the 
ross se
tionswere 
al
ulated from the number of the dete
tor-level events in the data and MC afterrequiring a BPRE signal < 7 mip, i.e. in a region where the purity of the prompt photonsample is expe
ted to be above 50%. The results from these alternative methods were
onsistent with the �nal 
ross se
tions.7 ResultsThe total 
ross se
tion for the pro
ess ep ! e + 
prompt + jet + X for 0:2 < y < 0:8,Q2 < 1 GeV2, 5 < E
T < 16 GeV, 6 < EjetT < 17 GeV, �0:74 < �
 < 1:1, �1:6 < �jet < 2:4and E
;(true)T > 0:9E
T was measured to be�(ep! e+ 
prompt + jet + X) = 33:1 � 3:0 (stat:)+4:6�4:2(syst:) pb:This 
ross se
tion should be 
ompared to the QCD predi
tions after the hadronisation
orre
tions: 23:3+1:9�1:7 pb (KZ), 23:5+1:7�1:6 pb (FGH) and 30:7+3:2�2:7 pb (LZ). The s
ale un
er-9



tainties on the QCD 
al
ulations were estimated by varying �R between �R=2 and 2�R.The Pythia and Herwig 
ross se
tions are 20:0 pb and 13:5 pb, respe
tively.The di�erential 
ross se
tions as fun
tions of ET and � for the prompt-photon 
andidatesand for the a

ompanying jets are shown in Figs. 5 and 6. Figure 7 shows the distributionfor xobs
 de�ned as P
;jet(Ei � P iZ)=(2Eey) (the sum runs over the photon 
andidate andthe hadroni
 jet). Table 1 gives the di�erential 
ross se
tions with the statisti
al andsystemati
al un
ertainties, as well as the hadronisation-
orre
tion fa
tors 
al
ulated inthe same bins as the data2.The Pythia and Herwig di�erential 
ross se
tions do not rise as steeply at low E
Tas do the data. In addition, they underestimate the measured 
ross se
tions. The KZNLO predi
tion, 
orre
ted for hadronisation e�e
ts as des
ribed in Se
t. 3, des
ribes thedata better. However, it underestimates the observed 
ross se
tion at low E
T and inthe forward jet region. The observed di�eren
e between the data and the NLO QCD
al
ulations is 
on
entrated in the xobs
 < 0:75 region whi
h is sensitive to the resolvedphoton 
ontribution.The FGH predi
tion is similar to the KZ NLO. The largest di�eren
e between the twopredi
tions is found for the �jet 
ross se
tion, where the FGH 
ross se
tion is 
loser to thedata in the forward jet region. The renormalisation s
ale un
ertainty for the FGH QCD
al
ulations is similar to that estimated for the KZ predi
tions (not shown).The LZ predi
tion based on the kT -fa
torisation approa
h 
orre
ted for hadronisatione�e
ts gives the best des
ription of the ET and � 
ross se
tions. In parti
ular, it des
ribesthe lowest E
T region better than the KZ and FGH NLO predi
tions. The �jet 
ross se
tionfor the asso
iated jet in the forward region is also better reprodu
ed by the LZ 
al
ulation.It is diÆ
ult to 
ompare the present 
ross se
tions with the H1 result [8℄, sin
e a sig-ni�
ant model-dependent extrapolation to the low EjetT region used by H1 is required.A 
omparison in the region EjetT > 6 GeV shows good agreement with H1 for the EjetTdi�erential 
ross se
tion.Sin
e the largest di�eren
e between the NLO 
al
ulations and the data is 
on
entrated inthe region of low E
T and low EjetT , it is instru
tive to verify the level of agreement withNLO when the minimum transverse energy of the dete
ted prompt photons is in
reasedfrom 5 GeV to 7 GeV. In this 
ase, hadronisation 
orre
tions are expe
ted to be smaller.Further, in 
omparison with the previous measurements, su
h a 
hoi
e may emphasizedi�erent aspe
t of 
ontributions of high-order QCD radiation [36℄, sin
e the transverseenergy of the prompt-photon is larger than that of the jet.2 The a
tual hadronisation 
orre
tions applied to the NLO 
al
ulations shown in Figs. 5-9 were 
al
ulatedusing �ner bins. 10



The total ep ! e + 
prompt + jet + X 
ross se
tion for E
T > 7 GeV (keeping the other
uts the same as before) is � = 13:8 � 1:2 (stat:)+1:8�1:6(syst:) pb. This result agrees withthe QCD 
al
ulations after the hadronisation 
orre
tions: 14:9+1:3�1:0 pb (KZ), 13:4+1:1�0:9 pb(FGH) and 13:6+0:9�1:0 pb (LZ). The PYTHIA and HERWIG models predi
t 13:7 pb and9:4 pb, respe
tively.Figures 8, 9 and Table 2 show the 
orresponding di�erential 
ross se
tions. The appliedhadronisation 
orre
tions are given in Table 2. For the E
T > 7 GeV 
ut, both the NLOQCD and the LZ predi
tions agree well with the data. The Pythia MC model also agreeswell with the 
ross se
tions, while Herwig is still below the data.8 Con
lusionsThe photoprodu
tion of prompt photons, together with an a

ompanying jet, has beenmeasured in ep 
ollisions at a 
entre-of-mass energy of 318 GeV with the ZEUS dete
torat HERA using an integrated luminosity of 77 pb�1.In the kinemati
 region E
T > 5 GeV and EjetT > 6 GeV the prompt-photon data disagreewith the available MC predi
tions whi
h predi
t a less steep rise of the 
ross se
tionswith de
reasing E
T . The dis
repan
y is redu
ed for the NLO 
al
ulations. However, theystill underestimate the data in the low E
T and EjetT regions, whi
h are likely to be themost sensitive to the treatment of high-order QCD terms and hadronisation e�e
ts. Thebest des
ription of the data was found for the 
al
ulations based on the kT -fa
torisationapproa
h and unintegrated parton densities.When the minimum transverse energy of prompt photons is in
reased from 5 GeV to7 GeV, both NLO QCD and the kT -fa
torisation 
al
ulations des
ribe the data well.A
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 d�=dxobs
 (pb) Chad0:00; 0:25 3:9� 3:1+4:2�4:2 0.910:25; 0:50 37:9� 7:9+8:8�12:3 0.950:50; 0:75 24:5 � 5:2+6:3�9:2 1.060:75; 1:00 80:4� 7:2+9:4�12:6 0.90Table 1: The di�erential prompt-photon 
ross se
tions with additional jet re-quirement measured in the region 0:2 < y < 0:8, Q2 < 1GeV 2, 5 < E
T < 16GeV ,6 < EjetT < 17GeV , �0:74 < �
 < 1:1 and �1:6 < �jet < 2:4. The statisti
aland systemati
al un
ertainties are given separately. The hadronisation 
orre
tionfa
tors (see the text) applied to the QCD 
al
ulations for the same kinemati
 binsas for the data are also shown. 14



�
 d�=d�
 (pb) Chad�0:74;�0:34 5:0� 0:9+1:1�0:7 0.99�0:34; 0:02 8:2� 1:3+1:6�1:4 1.000:02; 0:38 9:0� 1:4+1:4�1:2 1.020:38; 0:74 7:9� 1:6+1:2�1:3 1.040:74; 1:10 8:0� 2:7+0:7�2:7 1.05EjetT (GeV) d�=dEjetT (pb/GeV) Chad6:00; 8:00 2:5� 0:4+0:4�0:4 1.088:00; 10:00 2:0� 0:4+0:3�0:2 1.0010:00; 12:00 1:3� 0:2+0:2�0:2 0.9912:00; 14:00 0:5� 0:2+0:1�0:1 0.9714:00; 17:00 0:2� 0:1+0:1�0:0 0.91�jet d�=d�jet (pb) Chad�1:60;�0:80 1:1� 0:3+0:3�0:4 0.85�0:80; 0:00 4:2� 0:7+0:4�0:5 0.950:00; 0:80 5:6� 1:0+0:8�0:6 1.060:80; 1:60 3:4� 0:8+0:8�0:6 1.151:60; 2:40 1:8� 0:5+0:6�0:5 1.18xobs
 d�=dxobs
 (pb) Chad0:00; 0:25 1:6� 0:9+2:1�1:7 1.150:25; 0:50 7:3� 1:5+2:0�3:1 1.110:50; 0:75 9:1� 1:6+2:5�1:7 1.160:75; 1:00 33:9� 4:4+5:3�5:5 0.99Table 2: The di�erential prompt-photon 
ross se
tions with additional jet require-ment measured in the region de�ned as for Table 1 ex
ept for the 
ut on the trans-verse energy of the prompt photon, whi
h was in
reased to 7GeV . The statisti
aland systemati
al un
ertainties are given separately. The hadronisation 
orre
tionfa
tors applied to the QCD 
al
ulations for the same kinemati
 bins as for the dataare also shown. 15



Figure 1: Examples of diagrams for 
+jet events at leading order: dire
t photonintera
tions, (a-b) and resolved photon intera
tions, (
-d). The resolved diagramswith t-
hannel ex
hange are not shown.
16
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Figure 2: The response of the BPRE dete
tor to isolated photons in the DVCSdata sample. The DVCS Monte Carlo distribution was normalised to the data.17
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Figure 3: The BPRE response to isolated photons, �0 and � in the MC simulation.An initial energy of 10GeV for all parti
les was used. The amount of ina
tivematerial in front of the BPRE was set to 1:25X0.
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andidate; (b) the di�eren
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alorimeter energyand the energies of the jet and the photon 
andidate, �E = Etot � Ejet � E
;and (
) the distan
e from the photon 
andidate to any EFO (see the text). Thenon-hat
hed histogram is the sum of the prompt photon MC and the ba
kgroundMC. The fra
tion of the prompt-photon events was found after a �2 minimisationpro
edure for the BPRE distribution shown in (a).19



ZEUS

10
-1

1

10

6 8 10 12 14 16

γprompt + jet

ZEUS (77 pb-1)

NLO+had. (KZ) 0.5< µR < 2

NLO+had. (FGH)  µR=1

kT -fact.+had. (LZ)  0.5< µR < 2

PYTHIA 6.3

HERWIG 6.5

(a)

ET 
γ
  (GeV)

dσ
/E

T
 γ   (

pb
 /G

eV
)

0

20

40

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

(b)

ηγ

dσ
/d

ηγ  (
pb

)

Figure 5: The 
 + jet di�erential 
ross se
tions as fun
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T and �
 
om-pared to theoreti
al QCD 
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tions in
luded).The histograms show the predi
tions of the Monte Carlo models. The inner errorbars show the statisti
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Figure 6: The 
+ jet di�erential 
ross se
tions as fun
tions of EjetT and �jet 
om-pared to the QCD 
al
ulations (with hadronisation 
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tions) and Monte Carlomodels. 21
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Figure 8: The di�erential 
 + jet 
ross se
tions as fun
tions of: a) �
, b) EjetTand 
) �jet 
ompared to the QCD 
al
ulations (with hadronisation 
orre
tions) andMonte Carlo models. The 
uts are the same as for Figs. 5 and 6, ex
ept for the
ut on the transverse energy of the prompt photons, whi
h was in
reased to 7GeV .23
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ross se
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orre
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uts are thesame as for Fig. 7 ex
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