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Abstract

The dependence of dijet production on the photon virtuality, 2, has been stud-
ied by measuring dijet cross sections in the range 0.1 < Q* < 2000 GeV? with the
ZEUS detector at HERA using an integrated luminosity of 38.6 pb~!. Jets were
identified in the hadronic centre-of-mass frame using the longitudinally invariant
kr cluster algorithm. The inclusive dijet cross sections were measured for jets
with transverse energy E%?t above 7.5 GeV and 6.5 GeV and pseudorapidities
in the hadronic centre-of-mass frame in the range —3 < 7'** < 0. The results
are presented as functions of Q?, E%f’tl and n¥, where E%?ﬂ corresponds to the
jet with the highest transverse energy and n’ is the pseudorapidity of the most
forward jet. The ratio of dijet cross sections for xgbs above 0.75 to those for :L',c;bs
below 0.75, where :rgbs is the fraction of the photon momentum participating in
the production of the dijet system, as a function of Q? and in different regions
of EQT - the square of the average transverse energy of the two highest-transverse
energy jets- has also been measured. NLO QCD calculations are compared to
the measurements. The Q? dependence of the ratio of dijet cross sections, for
which the theoretical uncertainties largely cancel, suggests a contribution from
resolved photon processes may still be required for moderate Q2.






1 Introduction

It has been established that the real photon (Q? = 0, where Q? is the virtuality of the
photon) has a partonic structure [1-4], while at high @?, it is commonly considered to be a
point-like particle and used as a probe of the partonic structure of hadronic targets [5-8|.
Even though considerable progress from the theoretical [9-12] and experimental [13—16]
sides has recently been made in investigating the structure of virtual photons, the parton
distribution functions (PDFs) of the virtual photon are even less known than those of the
real photon.

The structure of the virtual photon has been investigated by measurements of the photon
structure function, F;*, in v*vy interactions at LEP [13,14]. At HERA, the virtual photon
structure has been studied utilising jet production in v*p interactions [15,16].

In this paper, the structure of the virtual photon is studied by means of dijet differential
cross sections with respect to (?, E{,f’ﬂ and nf, where E%‘fﬂ is the jet with the highest
transverse energy and n’ is the pseudorapidity of the most forward jet. The data sample
used in this analysis corresponds to an eight-fold increase in luminosity with respect to
the previous ZEUS study [16]. Next-to-leading-order (NLO) QCD calculations [17, 18]
have been compared for the first time to measurements that span a large range of photon
virtualities.

Two processes contribute to the jet production cross section at leading order (LO) QCD [19,
20]: direct, in which the photon couples as a point-like particle to quarks; and resolved, in
which the photon interacts via its partonic structure. Both processes lead to two jets in
the final state. The xi;bs variable, which measures the fraction of the photon momentum
participating in the production of the dijet system, is used to separate the two processes
since resolved (direct) processes dominate at low (high) 29> values [21]. The variable z9"
is defined as o
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where the sum runs over the two jets with highest transverse energy and E.- is the photon
energy.

In studies of the virtual-photon structure using jet cross sections, two scales play a role:
Q and the jet transverse energy, F)'. QCD predicts that, for high Q? (Q? > EX"), the
resolved component will be suppressed and the photon will behave as a point-like particle.

For Q? < E%?t the photon should have a partonic structure, even for relatively large values
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of the resolved component, since the direct contribution is expected to be independent of

of @?. The ratio of cross sections for different ranges of z°® enhances the contribution

@?. The measurements have been performed as a function of Q? in different regions of



F;, where F; is the square of the average transverse energy of the two highest-transverse-
energy jets.

2 Data selection and jet search

The dijet data sample was collected with the ZEUS detector during the 1996 and 1997
data-taking periods, in which HERA collided 820 GeV protons with 27.5 GeV positrons,
and corresponds to an integrated luminosity of 38.6 & 0.6 pb~!. The ZEUS detector is
described in detail elsewhere [22]. The most important components used in the current
analysis were the uranium-scintillator (CAL) [23], the central tracking detector (CTD) [24]
and the beam pipe calorimeter (BPC) [6]. The sample consists of sub-samples in two
different Q? ranges:

e events at low Q* (LQS) were selected by requiring that the scattered positron was
measured in the BPC. In this data set, the photon virtualities are in the range 0.1 <
Q? < 0.55 GeV2.

e deep inelastic scattering (DIS) events were selected by requiring that the outgoing
positron was measured in the CAL and the virtuality of the photon was required to
be in the range 1.5 < Q% < 2000 GeV?.

For both subsamples, hadronic kinematic variables and jets were reconstructed using a
combination of track and CAL information, known as energy-flow objects (EFOs), that
optimises the reconstructed kinematic variables [25].

The EFOs were boosted to the hadronic centre-of-mass frame. The boost was calculated
using the measured momentum of the scattered positron. The electron method [26] was
used throughout this analysis to reconstruct the momentum of the scattered positron
except when the angle of the hadronic system was less than 90° and the scattered positron
track could be well reconstructed by the CTD. In this case, the Double Angle [26] method
was used.

The measured cross sections refer to the phase-space region defined by 0.2 < y < 0.55,
where y is the inelasticity variable. The lower cut removes beam-gas interactions and the
upper cut is imposed due to the restricted acceptance of the BPC detector. Additional
cuts, similar to those described in an earlier publication [16], have been applied offline to
select a clean sample of LQS and DIS events.

The kr cluster algorithm [27] was applied to the boosted EFOs in the longitudinally
invariant inclusive mode [28] to reconstruct jets in the hadronic final state. At least two
jets are required in each event within the pseudorapidity range —3 < 7/** < 0 and ordered



according to decreasing E%?t. They were further required to satisfy E%f“ > 7.5 GeV and
EX > 6.5 GeV. After all cuts, the LQS (DIS) sample contained 2481 (45100) dijet events.

3 Data corrections and systematics

The data were corrected for detector acceptance and resolution using the HERWIG 5.9 [29]
and PYTHIA 6.1 [30] Monte Carlo (MC) models. Fragmentation into hadrons is per-
formed using the cluster model [31] in the case of HERWIG and the LUND [32] string
model as implemented in JETSET [33,34] in the case of PYTHIA. Leading-order resolved
(LO-RES) and direct (LO-DIR) processes were generated separately. The GRV LO [1] and
MRSA [35] parametrization sets were used for the photon and proton PDFs;, respectively.

The Monte Carlo events were processed through the full ZEUS detector simulation, based
on the GEANT 3.13 [36] program, using the same cuts as applied to the data. The
normalisations of the LO-RES and LO-DIR processes were extracted from the data using
a two-parameter fit to the uncorrected x?ybs distributions. This procedure was applied
separately for each Q? range.

The cross sections at hadron level were obtained by applying a bin-by-bin correction to
the measured dijet distributions. The correction factors take into account the efficiency
of the trigger, the selection criteria and the purity and efficiency of the jet reconstruction.

A detailed study of the sources contributing to the systematic uncertainties of the mea-
surement was performed. The uncorrelated uncertainties were added in quadrature to
the statistical error and are shown in the plots. The main source of correlated systematic
uncertainties was the uncertainty on the absolute scale of the jets. Its effect on the dijet
cross sections was approximately 9% at very low Q2 and 6% at high Q2. This uncertainty
is shown in the plots as a band on the data. In addition, there is an overall normalisation
uncertainty of 1.6% from the luminosity determination, which is not shown in the plots.

4 NLO QCD calculations

The NLO QCD calculations used in this analysis are based on the programs DISAS-
TER++ [17] and DISENT [18] which compute jet production cross sections at NLO in
the DIS regime. In these programs, the photon is treated as a highly virtual point-like
probe and the programs do not include any contribution from resolved processes. DISENT
and DISASTER++ make use of the subtraction method [37] for dealing with collinear
and infra-red divergencies and are performed in the massless MS renormalisation and fac-
torisation schemes. A comparison between DISASTER++ and DISENT shows that they



agree within +3%. In Section 5 only the calculations using DISASTER++ are compared
to the data because this program allows a wider parameter selection than DISENT.

For the calculations presented here, the number of flavours was set to 5, the renormalisa-
tion and factorisation scales were set to pu? = p% = p% = Q? + (FI*)? or Q? and a,(ig)
was calculated at two loops using A1(\i_)s = 226 MeV, which corresponds to ag(My) = 0.118.
The CTEQ5M1 [38] sets were used for the proton PDFs. The scale @? is not a sensible
choice for Q* < (E%?t)2 but the calculations with this scale have been shown in the plots
over the whole Q? range for completeness.

The predictions compared with the data were corrected using a bin-by-bin procedure for
hadronisation effects according to do = do™"© - C,L;, where do™"©
partons in the final state of the NLO calculation. The hadronisation correction factor was
defined as the ratio of the dijet cross sections before and after the hadronisation process,
Chaa = dopis®® /dob2drors. The value of Chag Was taken as the mean of the ratio obtained
using the ARTADNE and LEPTO predictions for the calculations and was found to lie

between 1.1 (large @Q?) and 1.2 (small Q?).

is the cross section for

5 Results

Figures 1 and 2 presents the differential dijet cross section, do/dQ?, for E%?tl > 7.5 GeV,
EF? > 6.5 GeV, —3 < 7 < 0 and 0.2 < y < 0.55 in the range 0.1 < Q? < 2000 GeV? for
the direct-enhanced region (z3*® > 0.75) and the resolved-enhanced region (29" < 0.75),
together with the total dijet cross section. The measurements cover a wide range of pho-
ton virtualities with precision. The measured cross sections fall by more than four orders
of magnitude over this Q? range. The cross section for xgbs < 0.75 falls more rapidly than
that for :vi;bs > 0.75. Even though the total cross section is dominated by interactions
with 9" > 0.75 for Q* 2 10 GeV?, there is still a contribution of approximately 24%
from low-aci;bs events even for Q? as high as ~ 500 GeV2. The NLO QCD calculations
using DISASTER++ with 1% = Q®+ (EX")? and p% = Q? are compared to the measured
do/d@? in Figs. 1 and 2, respectively. The prediction® with p% = Q2 + (EX")? describes
the shape of the measured total dijet cross section but underestimates its magnitude by
approximately 30%, whereas the prediction with p% = Q? is within 10% of the mea-
surement except for the lowest bin of the calculation where it overestimates the data by
around 30%. The measured cross section for asgbs > 0.75 is reasonably well described by
the calculation shown in fig. 1a for all Q?; the prediction in fig. 2 describes the measured
cross section for Q2 > 10 GeV? but for lower Q? values it overestimates the measurement

! The lowest Q2 bin is outside the range of applicability of the DISASTER++ program.



even though consistent within the large renormalisation scale uncertainty. The prediction
with % = Q? + (E}")? underestimates the measured cross section for 73 < 0.75 even at
low @2, whereas the calculation with p% = Q? is in better agreement with the data.

The calculations shown give an estimate of the uncertainty due to the choice of the
renormalisation scale. In addition, the uncertainty coming from the missing higher orders,
which was estimated by varying the value of pg in each choice, for u% = Q? can be as
high as 100% at low Q?. Taking into account all uncertainties, only the cross section for

x‘;bs > 0.75 is well described by the calculation. A possible explanation of the disagreement
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region, where the contribution predicted by DISASTER++ comes only from large-angle

at low x2°° values is that the effects from the structure of the photon are expected in this

particle-emission diagrams included in the NLO corrections to the dijet cross section.

Figure 3 shows the dijet cross section, d’c/dQ*dE" | as a function of B in different (°
ranges. The measurements extend up to transverse energies of approximately 40 GeV. The
E%f’tl distribution falls less steeply as Q% increases. Figure 3 also shows the calculations
of DISASTER++. In the region 1.5 < Q% < 4.5 GeV? for large jet transverse energies,
where the dominant scale might be expected to be E%f’t, the calculation with () as the
scale is seen to significantly exceed the measured cross section whereas that with p% =
Q2 + (EX")? is in better agreement. As Q? increases, particularly in the high Q? region,
120 < Q? < 2000 GeV? the calculations with both p% = @* and p% = Q2 4 (EI*)? are in
better agreement with each other and with the data.

The differential cross-section d?c/dQ%dn" as a function of n* is shown in Fig. 4 for
different ranges of Q2. The cross section as a function of 7" is more sensitive to the

2. In all Q? regions, the measured

resolved photon component in the forward direction
cross section increases with 7 in the region from —2.5 to —1.5. For n'" > —1.5, the cross
section decreases as nf increases for Q% 2 10 GeV?, whereas at low Q? the cross section
increases. At low @?, the NLO QCD prediction with u% = @? again lies above the data
for all 7 although that with p2% = Q®+ (EX")? underestimates the measured cross section
in the forward direction, the data lying between the two. As Q? increases, again both
calculations are seen to be in better agreement with each other and the data, although

both still lie below the data for forward ng.

The Q? dependence of the direct- and resolved-enhanced components of the dijet cross
section has been studied in more detail using the ratio

d d
= d—c‘;(xgbs < 0.75) /2= (22 > 0.75).

R i

2 Since 7 here is defined in the hadronic center-of-mass frame, the forward region in the laboratory frame
corresponds to n > —1.



The experimental and theoretical uncertainties largely cancel in this ratio, so that the
presence of a resolved contribution can be investigated. Figure 5 shows the ratio R as a
function of Q2 in three different regions of E?p The @Q? dependence of the data is stronger
at low F2T, where the photon is expected to have structure, than for higher F2T, showing
that the resolved contribution is suppressed at low Q? as E?p increases.

The NLO DIS calculations describe the Q? dependence of the measured ratio except for
low EZT and Q2. This suggests that calculations may need to include a contribution from
resolved photon processes even for scales as high as @? ~ 10 GeV? and 49 < F; <
85 GeV2.

6 Summary and conclusions

Dijet differential cross sections have been measured in the kinematic range defined by
0.1 < Q% < 2000 GeV2, 0.2 < y < 0.55, —3 < 7 < 0 and EX*¥*? > 7.5 and 6.5 GeV,
as a function of @2, EF"" and 7" in the hadronic-centre-of-mass frame. The precise
measurements spanning a large range of photon virtualities, can significantly constrain
the parton densities in the virtual photon.

Present next-to-leading-order QCD calculations have large uncertainties at low @2, where
the presence of a resolved photon contribution is expected. Improved higher-order or
resummed calculations are needed. The uncertainties in the ratio of the dijet cross sections
as a function of Q? for :vi;bs < 0.75 largely cancel, and suggest calculations may need to

include resolved photon processes for scales as high as Q? ~ 10 GeV? and 49 < Ei < 85
GeV?2.
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Figure 1: a) Measured dijet cross-sections do/dQ? for x?rbs > 0.75 (upwards trian-
gles) do /d@Q? for x5» < 0.75 (downwards triangles) and do /dQ?* for the whole x5
region (black dots). The inner vertical bars represent the statistical uncertainties of
the data, and the outer bars show the statistical and systematic uncertainties added
in quadrature, except for that associated with the uncertainty in the absolute en-
ergy scale of the jets (shaded band). The NLO QCD calculations of DISASTER++
with p% = Q* + (E%?t)2 are shown for each of the cross-sections. b) Relative differ-
ence of the measured dijet cross-section do/dQ? to the DISASTER++ calculation
with u% = Q* + (E%S’t)?. The hatched band shows the theoretical uncertainty of the
calculation.
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Figure 2: a) Measured dijet cross-sections do/dQ? for angs > 0.75 (upwards trian-
gles) do/dQ* for x5 < 0.75 (downwards triangles) and do/dQ® for the whole z3*
region (black dots). The inner vertical bars represent the statistical uncertainties of
the data, and the outer bars show the statistical and systematic uncertainties added
in quadrature, except for that associated with the uncertainty in the absolute energy
scale of the jets (shaded band). The NLO QCD calculations of DISASTER++ with
u% = Q? are shown for each of the cross-sections. b) Relative difference of the mea-
sured dijet cross-section do/dQ? to the DISASTER++ calculation with u% = Q2.
The hatched band shows the theoretical uncertainty of the calculation.
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Figure 3: Measured dijet cross-section d?c/dQ*dEi" (black dots). The NLO
QCD calculations of DISASTER++ with u% = Q2 + (EX")? (dashed line) and
ua = Q? (solid line) are also shown. Other details as in the caption to Fig. 1.
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Figure 4: Measured dijet cross-section do/dQ*dn" (black dots). The NLO QCD
calculations of DISASTER++ with 1% = Q*+ (EX")? (dashed line) and p2% = Q*
(solid line) are also shown. Other details as in the caption to Fig. 1.
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Figure 5: Measured ratio R = (%Q(xgbs < 0.75) %(xgbs > 0.75) as a function of
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TER++ with p% = Q + (EXY)? and p% = Q? are also shown. The hatched bands
represent the theoretical uncertainties. Other details as in the caption to Fig. 1.
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