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Abstract. The double-differential inclusive di-jet cross section in photoproduction processes is measured
with the H1 detector at HERA. The cross section is determined as a function of the average transverse
jet energy E%f“ for ranges of the fractional energy :cjfts of the parton from the photon side. An effective
leading order parton distribution in the photon is determined at large parton fractional energies for scales
between 80 < p2 < 1250 GeV?. The measurement is compatible with the logarithmic scale dependence that
is predicted by perturbative QCD.
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1 Introduction

In lepton—proton collisions at HERA the cross section is
dominated by processes in which the lepton radiates a
quasi-real photon which then interacts with the proton. In
a small fraction of such events, jets are formed [1-5]. In the
leading-order interpretation of QCD, the jets result either
from direct photon interactions with the partons of the
proton (Fig. 1a) or from resolved photon—proton processes
(Fig. 1b), where the photon interacts with the partons of
the proton via its own parton content. For resolved photon
processes, parton densities of the photon f;/, (2, u?) are
defined which give the probability of finding a parton ¢ in
the photon carrying a fraction x, of the photon’s energy.
The scale, u, at which the photon is probed in the parton—
parton collision is here considered to be the transverse
momentum pr of the scattered partons.

In this paper, a measurement of the inclusive di-jet
cross section dQU/(dxjvetSdlog(E%'fts)Q) is presented as a
function of the observed parton fractional energy 0.1 <
xiyets < 1 and of the squared average jet transverse energy

100 < (EX™)? < 2500 GeV2. Throughout the paper we de-
note observed hadronic variables that were corrected for
detector effects with the suffix ‘jet’, reconstructed quan-
tities from the detector with the suffix ‘rec’, and leave
variables referring to the partons without an additional
suffix. All transverse energies are determined with respect
to the ep beam axis.

The measurement is compared with QCD calculations
of the cross section which require parton distributions of
the proton and the photon as input. In the kinematic
range relevant to this analysis, the parton distributions of
the proton are well measured. The largest uncertainty in
the results of the calculations comes from the quark and
gluon densities of the photon. The quark density func-
tions used in the calculations were determined from mea-
surements of the photon structure function F' in deep in-
elastic electron—photon scattering at eTe™ colliders. These
eXperlmentb covered the kinematic range 0.05 < z, < 0.9
and p? = Q? < 400 GeV? where @Q? is the virtuality of the
photon which probes the quasi-real photon (PETRA [6-8,
10,11], PEP [9], TRISTAN [12,13] and LEP [14,15]). In
contrast to these F) measurements, the photoproduction
of jets is sensitive to both the quark and gluon content of
the photon already in leading order. A first measurement
of the gluon distribution in the photon has been made in
the range 0.04 < x, < 1 at the scale p% = 75GeV? [2].
The comparison of the measured di-jet cross section with
the QCD calculations provides both a test of the univer-
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Fig. 1. Diagrams for the di-jet production in yp scattering:
Example for direct a and resolved b photon processes
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sality of the parton densities in the photon and gives new
information on the parton densities.

In addition to predicting the parton—parton scatter-
ing processes between the photon and the proton, pertur-
bative QCD predicts characteristic features of the quark
density fy/, in the photon [16]. The general characteris-
tics are given by the DGLAP evolution equation for the
photon

dfq/'y(x’yv ,u)

ManAam>:““R”“”

+bag /
Pos (] )&mzuﬂ (1)

where a and b are constant, « and « are the fine structure
constant and the strong coupling constant respectively,
Agep is the QCD scale parameter, and P;; are the split-
ting functions. While the form of the integral on the right
hand side is the same as that for hadrons, the inhomo-
geneous term a o Py, is peculiar to the photon: it reflects
the contribution of quarks from the pointlike coupling of
the photon to a quark—anti-quark pair. Solving (1), the

) fq/'y(za :U')
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asymptotic behaviour of f,/, at large scale ;1 and medium
x~, is predicted to be [16]

2

W
In . (2)
Aden

fapy ~
The increase of the parton density with increasing scale is
clearly different from the behaviour of the parton density
distributions of hadrons and is referred to as the anoma-
lous hadronic structure of the photon.

In this analysis, the QCD prediction for the scale de-
pendence of the quark densities in the photon is tested
using the di-jet measurements. Since in the photoproduc-
tion of jets the incoming quarks and gluons cannot be dis-
tinguished, an effective parton density fv of the photon
is extracted from the data. This contains a combination
of the quark and gluon densities and is valid in leading-
order QCD [17]. The measured effective parton density is
compared with different predictions.

2 Detector description

A detailed description of the H1 detector can be found
elsewhere [18]. Here we describe only those components
which are used in the analysis. The H1 central tracking
system is mounted concentrically around the beam-line
and covers polar angles between 20° < 6 < 160°. The
angle 6 is measured with respect to the proton beam di-
rection. The plane perpendicular to the z axis is termed
r — ¢ plane. Measurements of the charge and momenta of
charged particles are provided by two coaxial cylindrical
drift chambers (central jet chambers, CJC) [19]. At two
radial positions are placed a drift chamber, which pro-
vides accurate measurement of the z coordinate of charged
tracks, and a multiwire proportional chamber (MWPC),
which allows triggering on those tracks. These are located
within the inner CJC and between the two jet chambers.
The central tracking system is complemented by a forward
tracking system which covers polar angles 7°<6<25°. In
the present analysis the tracking detectors are used to de-
fine the vertex position along the beam axis and to support
the measurement of the hadronic energy flow.

The tracking system is surrounded by a highly seg-
mented liquid argon (LAr) sampling calorimeter [20] with
an inner electromagnetic section consisting of lead ab-
sorber plates with a total depth of 20 to 30 radiation
lengths and an outer hadronic section with steel absorber
plates. The LAr calorimeter covers polar angles between
4° and 153° and its total depth is 4.5 to 8 interaction
lengths, depending on the polar angle. The region
151°565176° is covered by a lead scintillator calorimeter
(BEMC).

A magnetic field of 1.15 T is produced by a supercon-
ducting solenoid surrounding the LAr calorimeter. The
iron flux return yoke surrounding the superconducting
solenoid is instrumented with limited streamer tubes to
provide muon identification and measurement of energy
leaking from the LAr and BEMC calorimeters.
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All calorimeters provide measurement of the hadronic
energy flow. Here, jet measurements are restricted to the
range which is covered by the LAr calorimeter.

The luminosity is measured using the radiative process
ep — epy where the photon is detected in a luminosity
monitor.

3 Data selection

The data were taken in 1994 with the H1 detector operat-
ing at the lepton—proton collider HERA, where positrons
of 27.5GeV collide with protons of 820 GeV. The inte-
grated luminosity used for this analysis is 2.9 pb~1!.

The photoproduction events were selected by requir-
ing that the scattered electron remains in the beam pipe,
undetected in the main part of the H1 detector (so-called
untagged events). The photon virtuality is therefore re-
stricted to Q% < 4GeV?, where 80% of the events have
Q? < 0.1GeV2,

The main trigger for untagged jet events is a summed
transverse energy in the LAr calorimeter of at least 6 GeV
with the additional requirement of a single energetic clus-
ter of at least 2 GeV which is validated by a local coinci-
dence of a track originating from the interaction vertex.
Together with triggers that are purely based on the track-
ing detectors the untagged jet events are triggered with at
least 80% efficiency over the whole kinematic range.

The fraction of the lepton beam energy E, that is car-
ried by the photon is denoted by y = E, /FE,. It was ap-
proximately determined as y"° from all reconstructed ob-
jects in the central detector, i.e. calorimeter clusters sup-
ported by tracking information, with transverse energy
E7r5, and pseudo-rapidity 7;°° = —In (tan 0/2) using

rec 1 rec rec
¥ =9m ZET,h exp(—ny’) - (3)
¢ h

The reconstructed scaled energy was restricted to the
range 0.2 < y**° < 0.8. The lower cut suppresses the con-
tribution from background events that do not result from
ep interactions. The remaining background is at the level
of 1%. The upper cut reduces events from deep inelastic
scattering at Q® > 4GeV?, where the scattered electron
remained unidentified, to less than 1% of the total sample.

The jets were found using a cone algorithm [21] with
cone size R = 0.7 and jet pseudo-rapidities in the range
—0.5 < n*¢ < 2.5 in the HERA laboratory system. In
this implementation of the cone algorithm, the jet cone
position is chosen such that the transverse energy of the
jet is maximal. The jet with the highest transverse energy
is constructed first, the jet finding is then continued us-
ing only the remaining energy flow outside of the first jet
cone. In case of overlapping jet cones, all energy flow in
the overlap region is assigned to the jet with the higher
transverse energy.

After these selection cuts, the total number of events
with at least two jets reconstructed with a transverse en-
ergy above 7GeV was 6499. The majority of these events
have no third jet above this threshold reconstructed. In
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case of more than two jets, only the two highest transverse
energy jets are used for the calculation of the kinematic
jet variables.

4 QCD calculation of the di-jet cross section

In leading-order QCD the differential ep cross section for
di-parton production can be written as follows:

dio 1 Iyye(y) "
dy dz., dz, deos 0% 327se, Y
2 2

S Fr ) L) g sy
” Ty Zp
In this expression, s., denotes the squared lepton—proton
center-of-mass energy available at HERA, /s¢p =
300 GeV. The flux of photons radiated off the electron
with fractional energy y is predicted by QED and is de-
noted by f, /.. The fractional energy of the parton in the
photon is given by z, and the parton density function of
parton ¢ in the photon by f;/,. The corresponding vari-
ables for the proton are x}, and f;,,. Note that, in contrast
to the quark distribution in the photon mentioned in (1),
i/~ here represents all components in the photon includ-
ing the direct photon processes and the quarks and gluons
for resolved photon processes. The last term in (4) con-
tains the distribution of the parton scattering angle 8* in
the parton—parton center-of-mass system in the form of
the QCD matrix elements M;;(cos 6*).

The parton transverse momentum pz, which is here
identified with the scale of the process, can be expressed
in terms of the four observables in (4):

P = 4Sep YTy Tp sin? 6% . (5)

For the correction of the data, and for comparison to
the measured jet cross sections, the two event generators
PYTHIA [22] and PHOJET [26,27] were used. In both
generators jet production is based on the leading-order
di-parton cross section as given in (4).

The PYTHIA 5.7 event generator [22] was used to sim-
ulate photon—proton interactions. In PYTHIA, the strong
coupling constant «y is calculated in first order QCD us-
ing Aqcp = 200 MeV for 4 quark flavours. As well as the
leading-order cross section (4), PYTHIA includes initial-
and final-state parton radiation effects which are calcu-
lated in the leading logarithmic approximation. Multiple
parton interactions were generated in addition to the pri-
mary parton—parton scattering. They are calculated as
leading-order QCD processes between partons from the
photon and proton remnants. The transverse momentum
of all parton—parton interactions was required to be above
pr = 1.2GeV. This cut-off value has been found to give
an optimal description of the transverse energy flow out-
side the jets [3]. A good description of this energy flow is
important since the contributions of multiple parton inter-
actions inside the jet cones alter the jet rates considerably.
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For tests of the uncertainties in the determination of the
effective parton distribution of the photon arising from the
contribution of multiple parton interactions, an event sam-
ple was generated with ppr > 1.4 GeV, which gives an en-
ergy flow that is significantly smaller than that observed in
the data. To assess the significance of higher-order effects,
another sample was generated without initial-state parton
showers. GRV-LO parameterizations were used through-
out for the parton distributions of the photon and the
proton [23,24] and hadronization was modelled with the
LUND string fragmentation scheme (JETSET 7.4 [25]).

The PHOJET 1.06 event generator [26,27] is based
on the two-component Dual Parton Model [28]. It calcu-
lates parton—parton scattering using (4). Again, Agcp is
200 MeV for 4 quark flavours. PHOJET incorporates very
detailed simulations of both multiple soft and hard parton
interactions on the basis of a unitarization scheme [29].
It includes initial- and final-state hard parton radiation
effects. The lower momentum cut-off for hard parton in-
teractions was set to pr = 2.5GeV. In contrast to the
PYTHIA generator, small variations of this cut-off value
do not have a large influence on the results obtained by
PHOJET, due to the unitarization scheme. For the frag-
mentation the LUND string concept is applied (JETSET
7.4 [25]). The GRV-LO parton distribution functions for
the photon and the proton were also used here. The effects
of higher-order corrections were checked by generating a
sample of events without hard initial-state parton show-
ers.

For comparisons with the measured jet cross sections,
analytic QCD calculations were provided by [30]. These
calculations include the next-to-leading order (NLO) QCD
matrix elements. They use the NLO parton distribution
functions GRV-HO [23] and GS96 [31] for the photon and
the CTEQ-4M distributions [32] for the partons of the
proton.

5 Measurement of the di-jet cross section

In order to study observables closely related to the parton
distributions in the photon, the differential di-jet cross
sections were analysed in terms of the variables Ej;fts and
2i¢*. The observable EI™ was calculated using the two

jets with the highest E¥t in the event

1 .
Bf = (B + By (6)
and was required to be above 10 GeV.

The ratio of the difference and the sum of the trans-
verse energies of the jets was required to be in the range

[BE — B

; . < 0.25.
etl et2
B + B

(7)

The cuts (6) and (7) ensure that the transverse energy of
all jets is above 7.5 GeV. This definition of the di-jet cross
section was chosen in order to facilitate next-to-leading
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Fig. 2. The measured ep cross section for the production of
at least two jets is shown as a function of the squared jet
transverse energy E%?ts for ranges of the reconstructed par-
ton fractional energy 3™ (full circles). E%?ts is the average
transverse energy of the two jets with the highest E%f’t in
the event. The average pseudo-rapidities of the jets were be-
tween 0 < (7°*! 4 7°%) /2 < 2 and their difference was below
| An’®*s| = 1. The transverse energies of the jets were restricted
to the range |E)S*" — EI%| /(B 4+ EX*?) < 0.25. The cross
section is integrated over the photon virtuality Q2 < 4 GeV?
and the relative photon energy 0.2 < y < 0.83. The inner error
bars represent the statistical errors, the outer error bars give
the statistical and systematic errors, added in quadrature. The
data are compared to the QCD simulation of the PYTHIA gen-
erator using the GRV-LO parton distribution functions (dashed
curve) and to analytical next-to-leading (NLO) QCD calcula-
tions of the di-jet cross section [30] using the GRV-HO (full
line) and GS96 (dotted line) photon parton distributions

order analytical calculations which consider a three parton
final state, as compared to the situation where the same
EX" cut-off is used for both jets. In the latter case, the
result of the calculation depends on unphysical parameters
which describe the phase space for the third, unobserved
low momentum parton.

The observable xjfts was calculated using the trans-
verse energies and pseudo-rapidities of the two jets and
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the photon energy:

jets __ E%?tl exp(injetl) + E’jl?tz eXp(injew) 8
T 2yE - (®)

Here, the interval 0.1 < J:jfts < 1 is considered.
The average rapidity of the two jets was required to
be in the range

0<

; (njetl + njet2) <92. (9)
This variable is approximately the rapidity of the parton—
parton center-of-mass system in the laboratory frame of
reference. The difference in the jet pseudo-rapidities was
required to be within

| Aniets| < 1 (10)
which corresponds to | cos 0*9°%| < 0.46. Together with (9)
this cut ensures that all jets are in a region in which the
hadronic energy is well measured in the detector.

In Fig. 2 the ep double-differential di-jet cross section
is shown as a function of the transverse energy E%?ts in bins
of the fractional parton energy xjvets. The event kinematics
corresponds to corrected photon fractional energies in the
range

0.2<y<0.83 (11)

and photon virtualities of

Q? <4GeV? . (12)
The di-jet cross section was corrected for detector effects
using an unfolding procedure [33]. The procedure requires
a 4-dimensional correlation function between the variables
reconstructed in the detector (z7°¢, E7*°) and the corrected
observables referring to the hadronic final state
(2, EJ*™). This correlation was calculated using the
PYTHIA generator together with a detailed simulation of
the detector. Further details of the correction procedure
can be found in [34]. The inner error bars reflect the statis-
tical errors. The outer error bars shown are the statistical
and systematic errors added in quadrature. The main con-
tribution to the systematic error results from a 4% uncer-
tainty in the knowledge of the calorimeter hadronic energy
scale (Table 1). Variation of the unfolding parameters af-
fects the measured cross section by less than 10%. The
uncertainty in the determination of the trigger efficiency
using redundant triggers is below 10%. The luminosity
measurement is accurate to 1.5%.

The measured cross section is compared to the simu-
lation of the PYTHIA generator (dashed curve) using the
GRV-LO parton distribution functions for the photon and
the proton [23,24]. This calculation includes the leading-
order QCD matrix elements together with higher-order
QCD effects which are simulated by a parton shower mech-
anism, multiple parton interactions and hadronization. All

xifts ranges are dominated by resolved photon processes,
except for the highest region, 2)®* > 0.75, where the

N
direct photon processes give the dominant contribution.
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The PHOJET generator, using the same parton distri-
bution functions and the same choice of the scale, gives
results that are compatible with the PYTHIA calculation
to within 20% (not shown). Also shown are two analytical
calculations of the di-jet cross section in next-to-leading
order QCD [30] which use the GRV-HO [23] (full curve)
and GS96 [31] (dotted curve) photon parton distribution
functions. In both calculations the CTEQ-4M [32] param-
eterization of the proton parton distribution is used. In
these calculations the jet finding is based on the three fi-
nal state partons. Since fragmentation effects and under-
lying event energy from multiple parton interactions are
not included, deviations from the measured cross sections
are expected. Multiple parton interactions increase the jet
energy and therefore the jet cross section. The influence
on the cross section has been estimated to be below 40%
at small 23°** ~ 0.1 and simultaneously small EX", and is

negligible at 1°* ~ 1 or EX® > 15GeV. The influence of
the fragmentation process is maximal in the region of low
EX"™ and raises the jet cross section by at most 20% [35].

All calculations give a satisfactory description of the
data overall, except for some deficiencies in the lowest xjfts

range and the two highest a:lfts ranges. In these regions,
the resolved photon contribution is not well constrained
from measurements of the photon structure function £
at eTe™ colliders. The two GRV-LO and the GS96 par-
ton distribution functions each give a good description of
the F} measurements. The successful application of these
parton distributions in the calculation of the di-jet cross
section in ep scattering supports the universality of the
photon parton distributions. However, in detail, the dif-
ferences between the measurement and these calculations
show that the jet data give new constraints on the par-
ton distribution functions, especially in the region at large
21 and high EJ*.

6 Effective parton distribution of the photon

In order to extract the parton distributions of the photon
from the data, f;/, in (4) needs to be disentangled from
the sum over the different parton processes. This is not
possible without further assumptions.

Here we follow the approximation procedure developed
in [17]. The method is based on the leading-order matrix
elements for the partonic scattering processes q¢' — q¢’,
q9 — qg, and gg — gg which give the dominant contribu-
tion to the total resolved photon di-jet cross section. The
shapes of the angular distributions of the scattered par-
tons are similar for all of these processes. The squared ma-
trix elements differ in rate by the ratio of the colour factors
C4/Cr = 9/4. The approximation uses only one Single
Effective Subprocess matrix element Mggs and combines
the quark and gluon densities into new effective parton
density functions

J;'y(f'yapzT) = Z (fq/'y(f'yapzT) + fq/'y(x'yvp%))

ng

9
+ 4fg/'y(x'yap2T) and (13)
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Fig. 3. The distributions of the reconstructed fractional en-
ergy xp, - of the parton from the proton side are shown in four
bins of the photon fractional energy 3. All distributions were
normalized to the z; distribution of all events in the whole
interval 0.2 < y** < 0.8, dNo/dzy°. Only statistical errors are
shown. The dotted line represents a fit to the ratio assuming a

flat distribution

fp(xpvp%‘) = Z (fq/p(xp’pzT) + fq/p(xpvp%‘))

ng

9
+ 4 fg/p(mmp%“) . (14)

The sums run over the quark flavours. The product
I+ fo|Msgs|? then replaces the resolved photon contribu-
tions to the sum fisJip|Mij)? of equation (4):

dio 1

~ f’y/c(y)
dy dz., dzp, dcos0*  327sep y

f"f(xMPQT) fp(zp,pQT)
Loy Lp

X

| Msgs(cos0%)|% . (15)

Here fv(xw, p2) can be directly determined from the mea-
surement of the di-parton cross section. In the kinematic
range which is relevant to this analysis the accuracy of
the 9/4 weight in (13) was checked with a PYTHIA cal-
culation of the di-parton cross section based on (4). The
relative contributions of the quark and gluon induced di-
jet events agree with this weight to better than 5% in the
range 0.2 < z, < 0.7 considered here.

6.1 Test of the factorization of the di-jet cross section

Before the effective parton density f, of the photon is ex-
tracted, it is shown that the factorization of the di-jet cross
section (15) into effective parton densities is compatible
with the measured data. If the factorization approxima-
tion is good, the shape of the parton fractional energy dis-
tribution 7’ from the proton side should be independent
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Table 1. Inclusive double-differential di-jet cross section in bins of zI°** and log(E}" /GeV)? in
base 10. The limits of the bins are listed in the first four columns. For each bin a cross section
number is given together with the statistical and systematic uncertainties. The error induced by

the 4% uncertainty of the hadronic calibration of the calorimeter (E-scale) is listed separately

cross section error
zi® log(EX"™ /GeV)? dziftscdlzljz(;;t:;)/(cew) stat. syst. total
min  max min max [nb] E-scale  other
0.10 0.20 2.00 2.15 7.42 +0.27 +2.00 +0.83 +£2.19
2.15 2.30 2.62 +0.14 +0.71  +0.29 +£0.78
0.20 0.30 2.00 2.15 6.31 +0.20 +1.58 +0.71 +£1.74
2.15 2.30 2.83 +0.13 +0.71  +0.32 +£0.79
2.30 2.50 1.23 +0.08 +0.31 +0.14 +£0.35
0.30 0.40 2.00 2.15 5.06 +0.19 +1.16 +0.57 =+£1.31
2.15 2.30 3.00 +0.14 +0.69 +0.34 +£0.78
2.30 2.50 1.27 +0.08 +0.29 +0.14 +£0.33
2.50 2.70 0.30 +0.03 £0.09 £0.03 =+0.10
0.40 0.50 2.00 2.15 3.81 +0.15 +0.80 +0.43 +£0.92
2.15 2.30 2.19 +0.10 +0.46  +0.24 +£0.53
2.30 2.50 1.16 +0.07 +0.24 +0.13 +£0.28
2.50 2.70 0.46 +0.05 +£0.10 +£0.05 +£0.12
0.50 0.60 2.00 2.15 4.05 +0.16 +0.77 +0.45 +£0.91
2.15 2.30 2.71 +0.13 +0.51 +0.30 =+0.61
2.30 2.50 1.27 +0.08 +0.24 +0.14 +£0.29
2.50 2.70 0.60 +0.056 +0.11  +0.07 =+£0.14
0.60 0.75 2.00 2.15 5.11 +0.18 +0.84 +0.61 +£1.06
2.15 2.30 4.15 +0.16 +0.69 +0.46 +0.84
2.30 2.50 2.00 +0.10 +0.33 +0.22 +0.41
2.50 2.70 0.75 +0.06 +£0.12 £0.08 =+0.16
2.70 3.00 0.27 +0.04 +0.04 +0.03 +£0.07
0.75 1.00 2.00 2.15 4.32 +0.18 +0.54 +0.59 +£0.82
2.15 2.30 3.43 +0.14 +042 +0.38 =+£0.59
2.30 2.50 2.50 +0.11  +0.31 +0.28 +£0.43
2.50 2.70 1.25 +0.07 +0.16 +0.14 +£0.22
2.70 3.00 0.54 +0.04 +0.07 +£0.06 =+£0.10
3.00 3.40 0.09 +0.02 +0.02 +0.01 +£0.03

10 & 0 0 e . | P E N R R
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AETIGeV] AP™*
Fig. 4. a The shape of the distribution of the uncorrected jet transverse energy imbalance AEF° = |ET — Erg| is shown.

The distribution is normalized to the maximum number of entries Nmax in a single bin. The reconstructed parton fractional
energy was required to be x3°° > 0.4. The full histogram shows the prediction of the PYTHIA generator which includes hard
initial-state parton radiation effects (ISR). The dashed histogram shows the calculation of the PHOJET generator in a version
without hard initial-state parton radiation (no ISR). Both calculations include a detailed simulation of the detector effects. b
The shape of the uncorrected distribution of the azimuthal difference between the two jets A¢™° = |p1°° — ¢5°| is shown. The

histogram assignments are as in a.
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of the parton fractional energy from the photon side 77°.
In order to test this hypothesis, the four dimensions of the
reconstructed di-jet distribution N (yrec,xrfc,x;ec,ﬂ*’rec)
are reduced to two dimensions, using the two indepen-
dent observables x*¢ and y'*“ by applying the require-
ments 6% ~ 90° (|An™°| < 1) and 0.1 < y™ 2% < 0.2.
The latter cut implies that the energy which enters the
parton—parton scattering process from the electron side

is constant. x°¢ is calculated from the reconstructed jet

energies and pseudo-rapidities using ;¢ = (E}eﬁ exp ;%
+E5S exp n5°) / (2E,). In Fig. 3, the ry¢ distribution is
shown in 4 different 4™ intervals. All distributions were
normalized to the data sample covering the full y™¢ inter-
val, 0.2 < y™*° < 0.8. The measured ratios are compatible
with having the same shape in all four y"°¢ bins.

Since the average parton fractional energy (z7°¢) of
the four ;¢ distributions varies between (1) = 0.22
and (z3°°) = 0.69, the observed z;7 distributions are also
independent of zZ¢. Therefore, within the precision of the
data, factorization holds in (15) and so the ansatz used to
extract an effective parton distribution for the photon is

meaningful.

6.2 Effects influencing the correction to leading order
parton variables

In order to correct from the jet observables to the parton
variables three effects have to be taken into account. These
are multiple parton interactions, higher-order QCD effects
and fragmentation effects.

In the generators used here, the fragmentation is sim-
ulated using the well tuned Lund string fragmentation
model (JETSET 7.4).

Multiple parton interactions lead to an additional en-
ergy flow in the event which affects the jet rates. These
effects were studied in a previous analysis using the trans-
verse energy flow outside the jets and energy-energy cor-
relations. These are well simulated, for example, by the
PYTHIA generator [3].

Higher-order QCD effects can be studied by looking at
multi-jet production. The relative contribution of events
with three or more reconstructed jets above a transverse
jet energy of 7 GeV amounts to 8% of the total event sam-
ple. This contribution is well described by the PYTHIA
simulation.

Further results of higher-order QCD effects are an im-
balance between the transverse energies of the two highest
transverse energy jets and a deviation from a back-to-back
configuration in the azimuth. For this study, the region of
reconstructed parton fractional energies above z2%¢ = 0.4
is considered in order to minimize contributions of multi-
ple parton interaction effects [3]. The missing total trans-
verse energy in photoproduction events is small and was
here required to be below Epf ;. = 5GeV in order to
suppress events where a large imbalance between two jets
is caused by fluctuations in the calorimetric energy mea-
surement.
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In Fig. 4a, the shape of the transverse energy imbal-
ance AEXC = |EX — EXS| between the two jets with
the highest E7°°¢ is shown. Figure 4b shows the azimuthal
difference between the two jets A¢™® = [¢%° — ¢5°¢|. The
shape of the AEX® and A¢™° distributions is described
by a PYTHIA calculation which includes hard initial-state
parton showers (full histogram in Fig. 4). This calcula-
tion also gives a good description of the AEI® and A¢™*®
distributions at 23 < 0.4 (not shown). The dashed his-
togram represents a calculation of the PHOJET generator
in a version that does not include hard initial-state par-
ton radiation effects: this calculation gives too small AEF®
and too large A¢™°. We conclude that higher-order QCD
effects are well modelled by parton showers.

6.3 Extraction of the effective parton distribution
function

For the extraction of the effective photon parton distri-
bution function, f,, the measured di-jet cross section was
corrected to the level of the leading-order di-parton cross
section using the same unfolding procedure [33] as applied
in the analysis of the jet cross section described above. In
this case the correlations between (sclfts,Eths) and the
parton variables (x.,pr) are used to correct for the frag-
mentation, higher-order QCD effects and underlying event
energy effects. As discussed in the previous paragraph, all
these effects are well modelled by the PYTHIA genera-
tor. The model dependence of the corrections was checked
using the different generated event samples described in
Sect. 4. Comparison of the di-parton cross section from
data and a PYTHIA calculation using (4) together with
the GRV-LO parton distributions and with pr as the scale
then gives the effective parton distribution of the photon
in the data:

-~ DATA  : GRV-LO
f’y = f’y
d2oPATA /(dx,d log p%) 16
XdZUPYTHIA,GRV—LO/(dx’ydlogp%) - (16)
In Fig. 5 the measured effective parton distribution of
the photon and its scale dependence are presented. The
data are shown in two intervals of the parton fractional
energy a) 0.2 < x4 < 0.4 and b) 0.4 < z, < 0.7. The inner
error bars represent the statistical errors, the outer error
bars the quadratic sum of the statistical and systematic
errors. In addition to the errors of the di-jet cross section,
which were described in Sect. 5, the error bars include
the uncertainty in the correction resulting from multiple
parton scattering effects which was determined using the
two event generators PYTHIA and PHOJET (Table 2).
For comparisons with the data, the effective parton dis-
tributions of the photon and the pion were calculated from
the GRV-LO parameterizations [24,36]. The pion parton
distribution was scaled by the factor « - 47Toz/fp2 ~ 09«

where fp2 /4w = 2.2 represents the probability that a pho-
ton converts into a p meson and k & 2 effectively accounts
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Fig. 5. The leading order effective parton distribution of the
photon @ f (z+,p%) = xv(fq/’v(mwp%) +9/4 fg/'y(mwp%)) is
shown as a function of the squared parton transverse momen-
tum p%. The f, /~ represents here the sum over all quarks and
anti-quarks and fg /. is the gluon density. The distribution was
divided by the fine structure constant o and averaged over par-
ton fractional energies in the ranges a 0.2 < z, < 0.4 and b
0.4 < x4 < 0.7. The inner error bars represent the statistical
errors, the outer error bars give the statistical and systematic
errors, added in quadrature. The data are compared to the
effective parton distribution of the photon which includes the
pointlike coupling of the photon to quarks (full curve) and to a
vector meson dominance (VDM) ansatz for the photon (dashed
curve). The dotted curve shows the quark part of the effective
parton distribution. All three curves were calculated using the
GRV-LO parton distribution functions

for contributions of heavier vector mesons [23]. This par-
ton distribution therefore gives the vector meson domi-
nance picture of the photon and is shown as the dashed
curve (VDM) in Fig. 5. It differs from the measurement
both in shape and absolute rate.

The GRV-LO parameterization of the photon parton
distribution functions was chosen to resemble that of a
hadron at small scales, = 0.5 GeV (not shown). At large
scales u > 1GeV, the parton densities of the photon re-
produce the measurements of the photon structure func-
tion F), which is observed to rise with p? = Q2 at a rate
which is compatible with the logarithmic increase that
results from the pointlike term in the DGLAP QCD evo-
lution equation (1) (see e.g. [12]).
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Table 2. The effective photon parton distribution x f,y is
shown as a function of the parton fractional energy z., and the
transverse momentum p> of the scattered partons. The system-
atic errors are separated into contributions from experimental
uncertainties and model dependencies. The total error (ctotal)
corresponds to the quadratic sum of the statistical (ostat) and
systematic (osyst) errors

Ty p%" ; Ly f’y Ostat Osyst Ototal
[GeV?] exp. model
0.3 112 3.11  £007 +£082 £031 =4 0.88
224 4.10 +0.11 +£1.09 4041 +£1.17
447 3.91 + 025 £1.25 +£048 £+ 1.34
0.55 112 2.25 + 0.05 £ 0.50 +£0.23 4 0.55
224 3.36 +0.09 £074 £0.34 +£0.82
447 333 £015 £073 £037 +£0.82
891 5.18 + 057 £1.14 £0.78 +£1.38

The measurements made here show, for the first time
in the context of photoproduction, the above-mentioned
logarithmic dependence of photon structure on the scale,
pr, at which that structure is probed. The GRV-LO pa-
rameterization of photon structure (full curve in Fig. 5),
which includes the effects of the pointlike term in the
DGLAP equations, describes the measurement. If this
term is excluded, the data are not described: an exam-
ple for a purely hadronic calculation based on the VDM
model is shown as dashed curve. Further, as information
on the photon quark distributions is obtained from the
FJ measurements, it is possible to identify the contribu-
tion they make to the effective parton distribution mea-
sured here (dotted curve). The difference between this and
the measured values is a consequence of the gluon con-
tent of the photon. This is observed to contribute about
20% to the total effective parton distribution in the range
0.4 < zy < 0.7 and about 50% in the lower z., range,
02<z,<04.

The precision of the jet measurement is similar to that
obtained in the ete™ experiments. The data extend the
kinematic region where the parton distributions of the
photon are measured to the scale p2. = 1250 GeV2.

7 Summary

A measurement of the double-differential inclusive di-jet
cross section in terms of the parton fractional energy and
the transverse energy scale was presented from H1 photo-
production data. This measurement constrains the quark
and gluon distributions of the photon with a precision that
is competitive with two photon data. In addition, a new
kinematic range up to zI** ~ 1 and (EX™)? = 2500 GeV?
is covered.

For the first time, an effective parton distribution of
the photon was extracted from the data. The observed
scale dependence shows an increase with p that is com-
patible with the logarithmic increase predicted by per-
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turbative QCD calculations of the parton content of the
photon.
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