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DESY 04-053Mar
h 26th 2004The dependen
e of dijet produ
tion onphoton virtuality in ep 
ollisions at HERAZEUS CollaborationAbstra
tThe dependen
e of dijet produ
tion on the virtuality of the ex
hanged photon,Q2, has been studied by measuring dijet 
ross se
tions in the range 0 <� Q2 <2000 GeV2 with the ZEUS dete
tor at HERA using an integrated luminosityof 38.6 pb�1. Dijet 
ross se
tions were measured for jets with transverse energyEjetT > 7:5 and 6:5 GeV and pseudorapidities in the photon-proton 
entre-of-massframe in the range �3 < �jet < 0. The variable xobs
 , a measure of the photonmomentum entering the hard pro
ess, was used to enhan
e the sensitivity ofthe measurement to the photon stru
ture. The Q2 dependen
e of the ratio oflow- to high-xobs
 events was measured. Next-to-leading-order QCD predi
tionswere found to generally underestimate the low-xobs
 
ontribution relative to thatat high xobs
 . Monte Carlo models based on leading-logarithmi
 parton-showers,using a partoni
 stru
ture for the photon whi
h falls smoothly with in
reasingQ2, provide a qualitative des
ription of the data.
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1 Introdu
tionIntera
tions involving real or quasi-real photons (Q2 � 0, where Q2 is the virtualityof the photon) are well des
ribed by 
al
ulations that use a partoni
 stru
ture for thephoton [1℄. However, in deep inelasti
 s
attering (DIS), where Q2 is large, the virtualphoton is 
ommonly treated as a point-like obje
t and used as a probe of the partoni
stru
ture of nu
leons [2℄. In this paper, dijet produ
tion is investigated over a large rangeof in
ident photon virtualities, in
luding photoprodu
tion, DIS, and the transition regionbetween them. Both the H1 [3℄ and ZEUS [4℄ 
ollaborations have previously studied thetransition between photoprodu
tion and DIS by measuring in
lusive jet and dijet 
rossse
tions in ep 
ollisions.Two pro
esses 
ontribute to the jet photoprodu
tion 
ross se
tion at leading order (LO)in quantum 
hromodynami
s (QCD) [5,6℄: dire
t, in whi
h the photon 
ouples as a point-like parti
le to quarks in the hard s
atter; and resolved, in whi
h the photon a
ts as asour
e of partons. Both pro
esses 
an lead to two jets in the �nal state. The xobs
 variable,whi
h is the fra
tion of the photon momentum parti
ipating in the produ
tion of the dijetsystem, is used to separate the two pro
esses sin
e resolved (dire
t) pro
esses dominateat low (high) xobs
 values [7℄.In 
onventional �xed-order QCD 
al
ulations, only point-like photon intera
tions 
on-tribute to jet produ
tion in DIS. However, two s
ales play a role in the intera
tion: Qand the jet transverse energy, EjetT . For high Q2 (Q2 � (EjetT )2), QCD predi
ts that thephoton will behave as a point-like obje
t. For Q2 � (EjetT )2, the photon may have ane�e
tive partoni
 stru
ture, even for relatively large values of Q2, whi
h is resolved ata s
ale related to the transverse energy of the jets. Therefore, resolved pro
esses may
ontribute signi�
antly to the jet 
ross se
tion. The ratio of 
ross se
tions evaluated indi�erent xobs
 ranges is parti
ularly sensitive to the resolved 
omponent.In this paper, the validity of the above approa
hes in photoprodu
tion and DIS is studiedby measuring dijet 
ross se
tions di�erential with respe
t to Q2, Ejet1T and �F , whereEjet1T is the ET of the jet in the a

epted rapidity range whi
h has the highest transverseenergy, and �F is the pseudorapidity of the most forward jet. The ratio of low- to high-xobs

omponents is measured as a fun
tion of Q2 in di�erent regions of E2T , where E2T is thesquare of the average transverse energy of the two jets with highest transverse energy.The data used in this analysis 
orrespond to an integrated luminosity six times largerthan that used in the previous ZEUS study [4℄. Next-to-leading-order (NLO) QCD 
al-
ulations [8{11℄ have been 
ompared to measurements that span a large range of photonvirtualities. The predi
tions of leading-logarithm parton-shower (PS) Monte Carlo (MC)models are 
ompared to the data in the transition region between photoprodu
tion and1



DIS, where 
urrent NLO 
al
ulations are not appli
able.2 Experimental set-upThe data were 
olle
ted during the 1996 and 1997 running periods, when HERA operatedwith protons of energy Ep = 820 GeV and positrons of energy Ee = 27:5 GeV, and
orrespond to an integrated luminosity of 38:6 � 0:6 pb�1.The ZEUS dete
tor is des
ribed in detail elsewhere [12℄. The most important 
omponentsused in the 
urrent analysis were the 
entral tra
king dete
tor (CTD), the uranium-s
intillator 
alorimeter (CAL) and the beam pipe 
alorimeter (BPC).Charged parti
les are tra
ked in the 
entral tra
king dete
tor (CTD) [13℄, whi
h operatesin a magneti
 �eld of 1:43 T provided by a thin super
ondu
ting solenoid. The CTD
onsists of 72 
ylindri
al drift 
hamber layers, organised in nine superlayers 
overing thepolar-angle1 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtra
ks is �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT in GeV.The high-resolution uranium{s
intillator 
alorimeter (CAL) [14℄ 
onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h partis subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions(HAC). The smallest subdivision of the 
alorimeter is 
alled a 
ell. The CAL energy res-olutions, as measured under test-beam 
onditions, are �(E)=E = 0:18=pE for ele
tronsand �(E)=E = 0:35=pE for hadrons, with E in GeV.The BPC [15℄ was installed 294 
m from the intera
tion point in the positron dire
tionin order to tag s
attered positrons at small angles with respe
t to the positron beamdire
tion (15-34 mrad). It measured both the energy and impa
t position of the s
atteredpositron at the BPC surfa
e. The relative energy resolution of the BPC is 0:17=pE andthe position resolution is 0.5 mm.The luminosity was determined from the rate of the bremsstrahlung pro
ess ep ! e
p,where the photon was measured with a lead-s
intillator 
alorimeter [16℄ at Z = �107 m.1 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



3 Theoreti
al frameworkIn photoprodu
tion, perturbative QCD (pQCD) 
al
ulations of dijet 
ross se
tions 
anbe written as a 
onvolution of the subpro
ess 
ross se
tion with the parton distributionfun
tions (PDFs) of the photon and proton:d�ep!e jet jet =Xa;b 1Z0 dyf
=e(y; �2R) 1Z0 dx
fa=
(x
; �2R; �2F
) �1Z0 dxpfb=p(xp; �2Fp) d�̂ab!jet jet(�R);where y, x
 and xp are the longitudinal momentum fra
tions of the almost-real photonemitted by the positron, the parton a in the photon and the parton b in the proton,respe
tively. The fun
tion f
=e is the 
ux of photons from the positron, and fa=
 (fb=p)represents the PDF of parton a (b) in the photon (proton). The fa
torisation s
ale for thephoton (proton) is denoted by �F
 (�Fp) and �R represents the renormalisation s
ale. Thesubpro
ess 
ross se
tion, d�̂ab!jet jet, des
ribes the short-distan
e stru
ture of the intera
-tion. For dire
t pro
esses in the above formula a is repla
ed by 
 and fa=
(x
; Q2; �2F
) isgiven by Æ(1� x
).In DIS, the photons are virtual (
�) and usually only dire
t pro
esses are 
onsidered.E�e
tive resolved terms appear only as higher-order 
orre
tions.In the transition region between DIS and photoprodu
tion, a virtual-photon stru
ture [17{19℄ may be introdu
ed. In general, the virtual-photon PDFs fa=
� 
ontain two terms,fa=
�(x
�; Q2; �2F
� ) = fnon�perta=
� (x
�; Q2; �2F
� ) + fperta=
�(x
�; Q2; �2F
� );the �rst asso
iated with the non-perturbative hadroni
 
omponent (fnon�pert), in whi
hthe photon 
u
tuates into an intermediate meson-like hadroni
 state, and the se
ond fpert,unique to the photon, whi
h expresses the 
oupling of the photon to a high-virtuality q�qpair, 
al
ulable in pQCD. Perturbative QCD predi
ts that the 
ontribution to the dijet
ross se
tion from resolved pro
esses should de
rease relative to the 
ontribution from di-re
t pro
esses as the virtuality of the photon in
reases towards �R. The non-perturbative
omponent of the virtual-photon PDFs de
reases as Q�4, whereas the perturbative 
om-ponent de
reases as ln(�2R=Q2).Two parameterisations of the virtual-photon PDFs, SaS [17℄ and GRS [19℄, are available.Both are extrapolations of the real-photon PDFs to the virtual-photon regime. They di�erin the treatment of the non-perturbative 
omponent. In the 
ase of the SaS sets, a �t toa 
oherent sum of the lowest-lying ve
tor-meson states �, ! and � has been performed,3



whereas, in the 
ase of GRS, the non-perturbative part has been estimated using thePDFs of the pion.4 Cross se
tion de�nitionDijet 
ross se
tions di�erential in Q2, Ejet1T and �F were measured. The ratios of 
rossse
tions for low (< 0:75) to high (> 0:75) xobs
 are presented. The variable xobs
 is de�nedas xobs
 = Pjets(Ejet � pjetZ )Phadrons(E � pZ) ;where Ejet and pjetZ are the energy and the longitudinal momentum of the jet. The uppersum runs over the two jets with highest transverse energy and the lower sum runs overall �nal state hadrons.The 
ross se
tions were measured in the range 0 <� Q2 < 2000 GeV2 and 0:2 < y < 0:55.Jets were re
onstru
ted with the kT 
luster algorithm [20℄ applied in the photon-proton
entre-of-mass frame, in the longitudinally invariant in
lusive mode [21℄. At least two jetswere required within the pseudorapidity range �3 < �jet < 0, satisfying Ejet1T > 7:5 GeVand Ejet2T > 6:5 GeV.5 Data sele
tion and jet sear
hA three-level trigger was used to sele
t events online [12,22℄. In the third-level trigger theevents were required to have at least two jets with a transverse energy of EjetT > 4 GeVand a pseudorapidity of �jet < 2:5 in the laboratory frame.The sample was separated o�ine into subsamples 
orresponding to three di�erent Q2ranges:� DIS sample: events were sele
ted by requiring that the outgoing positron was measuredin the CAL [23℄. The energy of the s
attered positron, Ee0 , was required to be above10 GeV, with 1:5 < Q2 < 2000 GeV2;� BPC sample: events at low Q2 were sele
ted by requiring that the s
attered positronwas measured in the BPC. These events were required to have Ee0 > 12:5 GeV and0:1 < Q2 < 0:55 GeV2;� Photoprodu
tion sample: events were sele
ted by requiring that the s
attered positronwas not observed in the CAL, implying Q2 < 1 GeV2 with a median Q2 � 10�3 GeV2.A small fra
tion of this sample (0.6 %) is also 
ontained in the BPC sample.4



For all three samples, hadroni
 kinemati
 variables and jets were re
onstru
ted usinga 
ombination of tra
k and CAL information whi
h optimises the resolution [24℄. Thesele
ted tra
ks and CAL 
lusters are referred to as Energy Flow Obje
ts (EFOs).The method reported in a previous publi
ation [25℄ was used to 
orre
t the EFOs forenergy losses in ina
tive material in front of the CAL. The jet-energy-s
ale un
ertainty iswithin �1% for EjetT > 7:5 GeV and in
reases to �3% for lower EjetT values.Additional 
uts, similar to those used in an earlier analysis [4℄, were applied o�ine to allsamples:� a re
onstru
ted event vertex 
onsistent with the nominal intera
tion position wasrequired, jZvtxj < 40 
m;� to suppress the ba
kground from events with a misidenti�ed positron, the variableye = 1 � Ee02Ee0(1�
os �e0) was required to satisfy ye < 0:8, where �e0 is the polar angle ofthe s
attered positron;� for the DIS sample, a �du
ial volume 
ut was applied to the positron position (jXej >14 
m or jYej > 9 
m, where Xe and Ye are the impa
t positions of the positron onthe fa
e of the CAL) in order to avoid the low-a

eptan
e region adja
ent to the rearbeam pipe;� for the BPC sample, the re
onstru
ted impa
t position on the BPC surfa
e was 
on-strained to be within the �du
ial-region of the BPC [15℄;� for the photoprodu
tion sample, events with a s
attered-positron 
andidate in theCAL were reje
ted, as in a previous ZEUS analysis [26℄;� all samples were required to satisfy 0:2 < yJB < 0:55, where yJB =Pi(Ei�EZi)=2Ee [27℄is an estimator of y. The sum runs over all EFOs. EZi = Ei 
os �i, where Ei is theenergy of EFO i with polar angle �i with respe
t to the measured Z-vertex of theevent. The lower 
ut removes beam-gas events and the upper 
ut is imposed due tothe restri
ted a

eptan
e of the BPC dete
tor.Prior to jet �nding, the EFOs were boosted to the photon-proton 
entre-of-mass frame.In the DIS and BPC samples the boost was 
al
ulated using the re
onstru
ted momentumof the s
attered positron. In the photoprodu
tion sample yJB was used in performing theboost.The kT 
luster algorithm was applied to the boosted EFOs in the photon-proton 
entre-of-mass frame to re
onstru
t jets. At least two jets were required in ea
h event within thepseudorapidity range �3 < �jet < 0 and were ordered a

ording to de
reasing EjetT . Theywere further required to satisfy Ejet1T > 7:5 GeV and Ejet2T > 6:5 GeV. After all 
uts, thephotoprodu
tion/BPC/DIS sample 
ontained 419911/2481/45100 dijet events. The BPCsample is a subset of the photoprodu
tion sample.5



6 A

eptan
e 
orre
tionsThe programs Herwig 5.9 [28℄ and Pythia 6.1 [29℄ were used to generate events forresolved and dire
t pro
esses over the whole Q2 range. Events were generated usingGRV-LO [30℄ for the photon PDFs and MRSA [31℄ for the proton PDFs. To studythe dependen
e of the a

eptan
e 
orre
tions on the 
hoi
e of photon and proton PDFs,the GRS-LO and CTEQ5M1 [32℄ parameterisations were used, respe
tively. In bothgenerators, the partoni
 pro
esses are simulated using LO matrix elements, with thein
lusion of initial- and �nal-state parton showers. Hadronisation is performed using a
luster model [33℄ in the 
ase of Herwig and the Lund string model [34℄ in the 
aseof Pythia. For the measurements presented in this paper, the Herwig and Pythiaprograms were used to 
orre
t the data for a

eptan
e. The 
orre
tions provided byHerwig were used as default values and those given by Pythia were used to estimatethe systemati
 un
ertainties asso
iated with the treatment of the parton shower andhadronisation.All generated events were passed through the ZEUS dete
tor and trigger simulation pro-grams based on Geant 3.13 [35℄. They were re
onstru
ted and analysed by the sameprogram 
hain as the data. The jet sear
h was performed using EFOs in the same wayas for the data. The same jet algorithm was also applied to the �nal-state parti
les. Thejets found in this way are referred to as hadroni
 jets.The a

eptan
e 
orre
tions take into a

ount the eÆ
ien
y of the trigger, the sele
tion
riteria and the purity and eÆ
ien
y of the jet re
onstru
tion. The di�erential dijet 
rossse
tions were obtained by applying bin-by-bin 
orre
tions to the measured distributions.The predi
tions of the generators Herwig and Pythia for the un
orre
ted distributionswere 
ompared to the data for the above parameterisations of the photon and protonPDFs. The 
ontributions from dire
t and resolved pro
esses were added a

ording to a�t to the un
orre
ted xobs
 distribution in the data. A good des
ription of the EjetT , �jet,Q2 and y data distributions was given by both Herwig and Pythia.For the photoprodu
tion sample the bin-by-bin 
orre
tion fa
tor was approximately 1.2.This in
reased to approximately 6 for the BPC sample due to the geometri
 a

eptan
e ofthe BPC dete
tor [15℄. For 1:5 < Q2 < 4:5 GeV2, the 
orre
tion fa
tor was approximately3 due to the �du
ial volume 
ut (see se
tion 5). For Q2 > 4:5 GeV2, the bin-by-bin
orre
tion fa
tors di�ered from unity by less than 10%.
6



7 QCD 
al
ulations7.1 NLO 
al
ulationsThe NLO QCD 
al
ulations of jet produ
tion 
ross se
tions in DIS used in this analysis arebased on the programs Disaster++ [8℄ and Disent [9℄. In these programs, the photonis treated as a point-like probe. Contributions from hadron-like resolved pro
esses arenot in
luded. They use the subtra
tion method [36℄ and the massless MS renormalisationand fa
torisation s
hemes. Their predi
tions agree to within �3%. In Se
tion 9 only the
al
ulations using Disaster++ are 
ompared to the data be
ause this program allowsa wider parameter sele
tion than Disent. In the 
al
ulations, the number of 
avourswas set to �ve. The renormalisation and fa
torisation s
ales were set to �2 = �2R =�2F = Q2 + (EjetT )2 or Q2, and �s(�R) was 
al
ulated at two loops using �(5)MS = 226 MeV
orresponding to �S(MZ) = 0:118. The CTEQ5M1 sets were used for the proton PDFs.Many 
al
ulations of jet photoprodu
tion at NLO exist [10,11,37{41℄, all of whi
h agreeto within (5 � 10)% [41, 42℄. The 
al
ulations of Frixione and Ridol� [10, 11℄ uses thesubtra
tion method. In this 
al
ulation the number of 
avours was set to �ve and thefa
torisation and renormalisation s
ales to �2 = (EjetT )2. For the 
al
ulation of �s(�R),�(5)MS = 226 MeV was used. For the proton PDFs, the CTEQ5M1 sets were used, and forthe real photon PDFs the GRV and AFG [43℄ parameterisations were used.Samples of events generated using the Hera
les 4.6.1 [44℄ MC program with the Djan-goh 1.1 [45℄ interfa
e to the hadronisation programs were used to estimate hadroni-sation 
orre
tions for the NLO QCD predi
tions 
al
ulated using Disent and Disas-ter++. The QCD 
as
ade is simulated using the 
olour-dipole model [46℄ in
ludingthe LO QCD diagrams as implemented in Ariadne 4.08 [47℄ or with the MEPS modelof Lepto 6.5 [48℄. Both Ariadne and Lepto use the Lund string model [34℄ for thehadronisation. For the photoprodu
tion NLO predi
tion, the Herwig and Pythia MCswere used to estimate the hadronisation 
orre
tions.First-order QED radiative e�e
ts were also estimated using Hera
les and found to be1% or less. Corre
tions for these e�e
ts have not been applied to the NLO 
al
ulations.The predi
tions to be 
ompared with the data were 
orre
ted for hadronisation e�e
tsusing a bin-by-bin pro
edure a

ording to d� = d�NLO � C�1had, where d�NLO is the 
rossse
tion for partons in the �nal state of the NLO 
al
ulation. The hadronisation 
orre
tionfa
tor was de�ned as the ratio of the dijet 
ross se
tions before and after the hadronisationpro
ess, Chad = d�partonsMC =d�hadronsMC . The value of Chad was taken as the mean of the ratioobtained using the predi
tions of two di�erent generators (Ariadne and Lepto for DIS,and Herwig and Pythia for photoprodu
tion) and was found to lie between 1.1 (largeQ2) and 1.2 (small Q2 and photoprodu
tion).7



7.2 Monte Carlo predi
tionsPredi
tions of Herwig 6.4 [49℄ using CTEQ5L for the proton PDFs and SaS2D for thephoton PDFs were generated using parameters tuned [50℄ to many previous HERA andLEP measurements. In the SaS2D parameterisation the stru
ture of the virtual photonis suppressed with in
reasing Q2. Predi
tions were also generated with this suppressionswit
hed o�.8 Systemati
 un
ertainties8.1 Experimental un
ertaintiesA detailed study of the sour
es 
ontributing to the systemati
 un
ertainties of the mea-surements was performed. This study in
ludes (a typi
al 
ontribution to the un
ertaintyin the 
ross se
tion for ea
h item is indi
ated in parentheses):� using the Pythia generator to evaluate the a

eptan
e 
orre
tions to the observeddijet distributions (+6%);� using di�erent parameterisations of the photon (GRV-LO and GRS) and proton (MRSAand CTEQ5M1) PDFs for the generation of the Herwig MC samples (�2%);� varying the EjetT 
ut by the resolution (�8%);� varying the other sele
tion 
uts by their respe
tive resolution (< �2%)� adding the 
ontributions from dire
t and resolved pro
esses a

ording to the default
ross se
tions as predi
ted by Herwig (�3%).All the above systemati
 un
ertainties were added in quadrature. The e�e
t of the un
er-tainty in the absolute energy s
ale of the jets on the dijet 
ross se
tions was approximately�9% at low Q2, de
reasing to �6% at high Q2. This un
ertainty is highly 
orrelated and isshown separately in the �gures. In addition, there is an overall normalisation un
ertaintyfrom the luminosity determination of 1:6%, whi
h is not shown in the �gures.8.2 Theoreti
al un
ertaintiesThe NLO QCD predi
tions for the dijet 
ross se
tions are a�e
ted by the following theo-reti
al un
ertainties (typi
al values for the un
ertainties are quoted):� un
ertainties due to terms beyond NLO, estimated by varying � by fa
tors 2 and 0.5(20% at low Q2 and 7% at high Q2, in the 
ase of �2 = Q2 + (EjetT )2);8



� un
ertainties in the hadronisation 
orre
tions, estimated as half the spread betweenChad values obtained using the Herwig, Pythia, Lepto and Ariadne models (2�3%);� un
ertainties on the 
al
ulations due to �S and the proton PDFs, estimated by usingthe MRST sets of parameterisations (5%). These un
ertainties were 
ross-
he
kedusing an alternative method [51℄, whi
h uses the 
ovarian
e matrix of the �tted PDFparameters and derivatives as a fun
tion of x.The above theoreti
al un
ertainties were added in quadrature to give the total un
ertaintyon the predi
tions.9 Results9.1 Single-di�erential dijet 
ross se
tionsFigure 1 shows the di�erential dijet 
ross se
tion, d�=dQ2, for Ejet1T > 7:5 GeV, Ejet2T >6:5 GeV, �3 < �jet < 0, 0:2 < y < 0:55 and 0:1 < Q2 < 2000 GeV2 together withthe photoprodu
tion measurement. The 
ross se
tion split in the dire
t-enhan
ed region(xobs
 � 0:75) and the resolved-enhan
ed region (xobs
 < 0:75) is also shown. All the 
rossse
tions are given in the tables 1, 2, and 3.The measurements 
over a wide range in Q2, in
luding the transition region from pho-toprodu
tion to DIS. The measured 
ross se
tions fall by about �ve orders of magni-tude over this Q2 range. The 
ross se
tion for xobs
 < 0:75 falls more rapidly than thatfor xobs
 > 0:75. Even though the dijet 
ross se
tion is dominated by intera
tions withxobs
 > 0:75 for Q2 >� 10 GeV2, there is a 
ontribution of approximately 24% from low-xobs
events with Q2 ' 500 GeV2.The NLO QCD 
al
ulations are 
ompared to the measured d�=dQ2 in Figs. 1 and 2.The predi
tion2 with �2 = Q2 + (EjetT )2, shown in Fig. 1, des
ribes the shape of themeasured total dijet 
ross se
tion but underestimates its magnitude by approximately30%. The renormalisation s
ale un
ertainty was evaluated also for the low- and high-xobs

ross se
tions. For the high-xobs
 
ross se
tion this un
ertainty was similar to that on thetotal 
ross se
tion. In the 
ase of the low-xobs
 
ross se
tion, the un
ertainty was almost
onstant at around �30%. Taking these un
ertainties into a

ount, the measured 
rossse
tion for xobs
 > 0:75 is reasonably well des
ribed by the 
al
ulation shown in Fig. 1a forall Q2. However, the predi
tion dramati
ally underestimates the measured 
ross se
tionfor xobs
 < 0:75.2 The two lowest Q2 bins are outside the range of appli
ability of the Disaster++ program.9



The predi
tion with �2 = Q2 is shown in Fig. 2. It has a mu
h larger renormalisation-s
aleun
ertainty than the predi
tion using �2 = Q2 + (EjetT )2, and within this un
ertainty it is
onsistent with the data.A possible explanation of the disagreement, and for the large un
ertainties in the pre-di
tion at low-xobs
 values, is that e�e
ts arising from the stru
ture of the photon areexpe
ted in this region, whereas the 
ontribution predi
ted by Disaster++ 
omes onlyfrom large-angle parti
le-emission diagrams in
luded in the NLO 
orre
tions to the dijet
ross se
tion.In photoprodu
tion, the low-xobs
 
omponent of the data be
omes dominant. The photo-produ
tion measurement is well des
ribed by the photoprodu
tion NLO predi
tion, usingthe GRV photon PDF.9.2 Double-di�erential dijet 
ross se
tionsThe dijet 
ross se
tion, d2�=dQ2dEjet1T , as a fun
tion of Ejet1T in di�erentQ2 ranges is shownin Fig. 3 and given in the Tables 4 and 5. The measurements extend up to transverseenergies of approximately 40 GeV. The Ejet1T distribution falls less steeply as Q2 in
reases.Figure 3 also shows the NLO QCD predi
tions. The NLO 
al
ulation for photoprodu
tionusing GRV for the photon PDFs gives a good des
ription of the Ejet1T 
ross se
tion. Athigher Q2, the 
al
ulation using �2 = Q2 + (EjetT )2 is in agreement with the data forthe lowest and highest jet transverse energies, but lies below the data for intermediateEjet1T values. The predi
tion with �2 = Q2 again agrees with the data, within the largetheoreti
al un
ertainties (not shown).The di�erential 
ross-se
tion d2�=dQ2d�F as a fun
tion of �F is shown in Fig. 4 fordi�erent ranges of Q2 and given in the Tables 6 and 7. The 
ross se
tion as a fun
tion of�F is more sensitive to the resolved photon 
omponent in the forward dire
tion3. In allQ2 regions, the measured 
ross se
tion in
reases with �F in the region �2:5 < �F < �1:5.For �F > �1:5, the 
ross se
tion de
reases as �F in
reases for Q2 >� 10 GeV2, whereasin photoprodu
tion and at low Q2 the 
ross se
tion in
reases. The NLO predi
tion forphotoprodu
tion des
ribes the measured 
ross se
tion. At low Q2 the NLO predi
tionusing �2 = Q2+(EjetT )2 underestimates the measured 
ross se
tion in the forward dire
tion.The predi
tion with �2 = Q2 again agrees reasonably well with the data within largetheoreti
al un
ertainties (not shown).The di�eren
es between the data and NLO 
al
ulations may be due to the persisten
e ofa resolved 
omponent at Q2 > 1 GeV2. To study this in more detail, the ratio of dijet3 Sin
e � here is de�ned in the hadroni
 
entre-of-mass frame, the forward region in the laboratory frame
orresponds to � > �1. 10




ross se
tions for high and low xobs
 values is presented in the next subse
tion.9.3 Ratios of dijet 
ross se
tionsThe Q2 dependen
e of the dire
t- and resolved-enhan
ed 
omponents of the dijet 
rossse
tion has been studied in more detail using the ratioR = �(xobs
 < 0:75)�(xobs
 > 0:75) :A number of experimental and theoreti
al un
ertainties 
an
el in this ratio, so that thepresen
e of a resolved 
ontribution 
an be investigated at higher pre
ision than in theindividual 
ross se
tions.Figures 5 and 6 show the ratio R as a fun
tion of Q2 in three di�erent regions of E2T .The Q2 dependen
e of the data is stronger at low E2T than at higher E2T , showing thatthe low-xobs
 
omponent is suppressed at low Q2 as E2T in
reases, and at low E2T as Q2in
reases. The ratio is also given in Table 8.Predi
tions of the Herwig MC program using the SaS2D parameterisation of the photonPDFs are 
ompared to the data in Fig. 5. The SaS2D parameterisation 
ontains thesuppression of the virtual photon stru
ture with in
reasing Q2. The predi
tions fall within
reasing Q2 and qualitatively reprodu
e the data. However, the predi
tions using SaS2Dwith the suppression of the virtual photon stru
ture swit
hed o� are relatively 
onstantwith Q2.The NLO 
al
ulations are 
ompared to the data in Fig. 6. The photoprodu
tion 
al
ula-tions using GRV are in reasonable agreement with the data, whereas those using AFG arebelow the data. In the DIS region, the predi
tions lie below the data at low E2T . However,some suppression in the ratio as a fun
tion of Q2 is observed.10 Summary and 
on
lusionsDijet di�erential 
ross se
tions have been measured in the range 0 <� Q2 < 2000 GeV2with 0:2 < y < 0:55, �3 < �jet < 0 and Ejet1;jet2T > 7:5 and 6:5 GeV, as a fun
tion of Q2,Ejet1T and �F in the photon-proton 
entre-of-mass frame. These pre
ise measurements,spanning a large range of photon virtualities, in
luding photoprodu
tion, DIS, and thetransition region between them, are qualitatively des
ribed by leading-logarithmi
 parton-shower MC models whi
h introdu
e virtual photon stru
ture, suppressed with in
reasingQ2. These data may 
onstrain su
h parton densities signi�
antly if used in future �ts.11



The 
urrently available next-to-leading-order QCD 
al
ulations have large un
ertainties atlow Q2, where the presen
e of a resolved-photon 
ontribution may be expe
ted. Improvedhigher-order or resummed 
al
ulations are needed. In DIS, the NLO QCD predi
tionsgenerally underestimate the 
ross se
tion at low-xobs
 relative to that at high xobs
 .A
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Q2 bin (GeV2) d�=dQ2 �stat �syst �ES (pb/GeV2)0, 1 9280 �113 +102�69:3 +917�11000.1, 0.55 2250 �45:2 +215�210 +194�2271.5, 4.5 167 �2:22 +14:1�11:9 +12:5�15:24.5, 10.5 54.5 �0:54 +3:05�2:76 +3:94�4:4810.5, 49 11.9 �0:093 +0:79�0:32 +0:81�1:0149, 120 2.27 �0:027 +0:14�0:13 +0:17�0:2120, 2000 0.095 �0:0011 +0:0019�0:0048 +0:0059�0:0068Table 1: Measured dijet 
ross-se
tions d�=dQ2. The statisti
al, systemati
 andjet energy s
ale, �ES, un
ertainties are shown separately.Q2 bin (GeV2) d�=dQ2 �stat �syst (pb/GeV2)0, 1 5710 �96:4 +63�41:70.1, 0.55 1270 �32:3 +197�1411.5, 4.5 87.8 �1:54 +8:89�7:014.5, 10.5 24.5 �0:35 +1:39�2:2210.5, 49 4.21 �0:051 +0:53�0:2749, 120 0.72 �0:015 +0:17�0:1120, 2000 0.022 �0:00052 +0:0081�0:0049Table 2: Measured dijet 
ross-se
tions d�=dQ2 for xobs
 < 0:75. The statisti
aland systemati
 un
ertainties are shown separately.Q2 bin (GeV2) d�=dQ2 �stat �syst (pb/GeV2)0, 1 3620 �65:8 +39:2�31:30.1, 0.55 980 �31:9 +32:8�87:21.5, 4.5 79.5 �1:61 +6:01�4:064.5, 10.5 30 �0:42 +2:03�0:6310.5, 49 7.74 �0:08 +0:5�0:2749, 120 1.63 �0:024 +0:15�0:13120, 2000 0.077 �0:0011 +0:0013�0:0057Table 3: Measured dijet 
ross-se
tions d�=dQ2 for xobs
 > 0:75. The statisti
aland systemati
 un
ertainties are shown separately.16



Ejet1T bin (GeV) d2�=dEjet1T dQ2 �stat �syst �ES (pb/GeV3)0 < Q2 < 1 GeV27.5, 10 1740 �34:8 +20:9�84:3 +146�18910, 13 1010 �20:4 +11:3�24:8 +90�11813, 17 337 �8:5 +21:5�8:51 +35:7�39:917, 22 76.4 �3:22 +3:9�3:14 +9:45�9:622, 29 15 �1:25 +0:1�0:085 +1:96�2:0329, 50 1.75 �0:092 +0:37�0:16 +0:22�0:230:1 < Q2 < 0:55 GeV27.5, 10 484 �22:6 +24:3�75:5 +53:6�70:310, 13 243 �12:1 +6:81�14:7 +16:8�1513, 17 68.7 �4:91 +4:92�1:38 +4:22�3:5317, 22 17.9 �2:19 +1:33�1:76 +0:48�0:9422, 29 2.49 �0:67 +0:39�0:29 +0:13�0:6929, 50 0.38 �0:17 +0:071�0:083 +0:048�01:5 < Q2 < 4:5 GeV27.5, 10 35.2 �0:72 +2:46�1:31 +3:44�4:7110, 13 17.6 �0:41 +0:96�1 +0:96�1:1213, 17 5.09 �0:16 +0:52�0:044 +0:36�0:2617, 22 1.64 �0:091 +0:032�0:13 +0:057�0:08622, 29 0.32 �0:033 +0:0087�0:035 +0:015�0:0129, 50 0.037 �0:0063 +0:0023�0:0049 +0:0024�0:00354:5 < Q2 < 10:5 GeV27.5, 10 10.2 �0:16 +0:23�1:32 +1�1:2110, 13 5.86 �0:1 +0:25�0:16 +0:34�0:3713, 17 2.08 �0:048 +0:043�0:061 +0:11�0:1217, 22 0.52 �0:02 +0:0084�0:033 +0:034�0:01922, 29 0.13 �0:0097 +0:0071�0:0078 +0:0053�0:01129, 50 0.011 �0:0015 +0:002�0:00084 +0:00039�0:00059Table 4: Measured dijet 
ross-se
tion d2�=dQ2dEjet1T .17



Ejet1T bin (GeV) d2�=dEjet1T dQ2 �stat �syst �ES (pb/GeV3)10:5 < Q2 < 49 GeV27.5, 10 1.9 �0:024 +0:15�0:059 +0:17�0:2510, 13 1.36 �0:018 +0:057�0:041 +0:091�0:08213, 17 0.51 �0:0091 +0:024�0:013 +0:028�0:02517, 22 0.14 �0:0041 +0:0029�0:007 +0:0031�0:008622, 29 0.036 �0:0018 +0:0014�0:0021 +0:0017�0:001229, 50 0.0031 �0:00031 +0:00018�0:00011 +0:00028�0:0003449 < Q2 < 120 GeV27.5, 10 0.34 �0:0071 +0:025�0:024 +0:038�0:05310, 13 0.23 �0:0049 +0:014�0:011 +0:018�0:01613, 17 0.11 �0:0031 +0:0016�0:0071 +0:0058�0:004717, 22 0.039 �0:0016 +0:00087�0:001 +0:0011�0:001422, 29 0.0059 �0:00047 +0:001�0:00023 +0:00031�0:0001829, 50 0.00072 �8:5 � 10�5 +0:00023�3�10�5 +8:3�10�5�5:2�10�5120 < Q2 < 2000 GeV27.5, 10 0.01 �0:00025 +0:00041�0:00098 +0:001�0:001410, 13 0.0099 �0:00021 +0:00043�0:00076 +0:00059�0:000613, 17 0.0056 �0:00014 +0:00011�0:00023 +0:00022�0:0002517, 22 0.0021 �7:7 � 10�5 +6:7�10�5�0:00011 +0:00014�6:4�10�522, 29 0.00069 �3:6 � 10�5 +7:1�10�5�3:9�10�5 +1:8�10�5�3:3�10�529, 50 6 � 10�5 �5:2 � 10�6 +5�10�6�4:2�10�6 +3:4�10�6�2�10�6Table 5: Measured dijet 
ross-se
tion d2�=dQ2dEjet1T .
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�F bin d2�=d�FdQ2 �stat �syst �ES (pb/GeV2)0 < Q2 < 1 GeV2-3, -1.8 771 �27:5 +39:1�38:3 +92:8�119-1.8, -1.4 3790 �108 +130�49:8 +305�335-1.4, -0.8 4510 �96:9 +162�55:9 +399�571-0.8, 0 5300 �99:3 +66:6�229 +494�6060:1 < Q2 < 0:55 GeV2-3, -1.8 229 �18:1 +3:41�28:6 +35:3�21:3-1.8, -1.4 939 �64:2 +77:3�67:3 +60:9�98:9-1.4, -0.8 1070 �55 +132�81:6 +82:2�102-0.8, 0 1240 �58:7 +165�155 +101�1261:5 < Q2 < 4:5 GeV2-3, -1.8 15.3 �0:62 +1:62�2:08 +1:68�2:05-1.8, -1.4 75.8 �2:47 +4:11�8:29 +5:58�5:4-1.4, -0.8 81.5 �1:96 +10�1:15 +5:05�7:21-0.8, 0 87.1 �1:78 +7:4�8:2 +6:37�7:574:5 < Q2 < 10:5 GeV2-3, -1.8 6.67 �0:19 +0:37�0:62 +0:78�0:85-1.8, -1.4 26 �0:61 +3:17�0:21 +1:84�2:06-1.4, -0.8 26.8 �0:47 +0:27�2:12 +1:63�1:81-0.8, 0 24.9 �0:41 +2:16�1:58 +1:62�1:97Table 6: Measured dijet 
ross-se
tion d2�=dQ2d�F .
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�F bin d2�=d�FdQ2 �stat �syst �ES (pb/GeV2)10:5 < Q2 < 49 GeV2-3, -1.8 1.45 �0:031 +0:17�0:036 +0:15�0:2-1.8, -1.4 6.57 �0:11 +0:48�0:25 +0:44�0:47-1.4, -0.8 6.21 �0:084 +0:37�0:16 +0:36�0:45-0.8, 0 4.78 �0:064 +0:4�0:22 +0:28�0:3749 < Q2 < 120 GeV2-3, -1.8 0.3 �0:01 +0:032�0:042 +0:036�0:045-1.8, -1.4 1.27 �0:034 +0:14�0:08 +0:098�0:1-1.4, -0.8 1.24 �0:026 +0:074�0:08 +0:076�0:09-0.8, 0 0.87 �0:018 +0:065�0:056 +0:059�0:065120 < Q2 < 2000 GeV2-3, -1.8 0.0097 �0:00035 +9:2�10�5�0:0011 +0:00093�0:0014-1.8, -1.4 0.055 �0:0015 +0:0011�0:0067 +0:0035�0:0032-1.4, -0.8 0.051 �0:001 +0:003�0:0012 +0:0027�0:0032-0.8, 0 0.039 �0:00082 +0:002�0:0019 +0:0022�0:0024Table 7: Measured dijet 
ross-se
tion d2�=dQ2d�F .
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Q2 bin R �stat �syst �ES49 < E2T < 85 GeV20, 1 2.12 �0:075 +0:057�0:066 +0:0026�0:120.1, 0.55 1.57 �0:14 +0:22�0:19 +0:19�01.5, 4.5 1.42 �0:16 +0:1�0:096 +0:11�04.5, 10.5 0.92 �0:08 +0:035�0:1 +0:078�010.5, 49 0.66 �0:039 +0:029�0:034 +0:049�0:02149, 120 0.35 �0:037 +0:079�0:018 +0:014�0:0021120, 2000 0.44 �0:063 +0:1�0:011 +0:035�0:185 < E2T < 150 GeV20, 1 1.41 �0:048 +0:016�0:1 +0:065�0:0860.1, 0.55 1.09 �0:1 +0:079�0:044 +0:13�01.5, 4.5 0.92 �0:1 +0:095�0:032 +0:073�04.5, 10.5 0.68 �0:057 +0:052�0:026 +0:053�010.5, 49 0.51 �0:027 +0:044�0:023 +0:033�0:003649, 120 0.43 �0:038 +0:029�0:015 +0:029�0:019120, 2000 0.41 �0:048 +0:033�0:0084 +0:018�0:0062150 < E2T < 700 GeV20, 1 0.78 �0:032 +0:0022�0:11 +0:028�0:060.1, 0.55 0.72 �0:1 +0:086�0:049 +0:018�01.5, 4.5 0.56 �0:088 +0:015�0:088 +0:042�04.5, 10.5 0.67 �0:07 +0:03�0:059 +0:043�0:02810.5, 49 0.34 �0:026 +0:015�0:0057 +0:0092�0:009849, 120 0.34 �0:039 +0:046�0:049 +0:016�0:0068120, 2000 0.28 �0:046 +0:019�0:0052 +0:014�0:011Table 8: Measured ratio R = �(xobs
 < 0:75)=�(xobs
 > 0:75) as a fun
tion of Q2in di�erent regions of E2T . 21
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