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Abstract
Photoproduction at HERA is studied in ep collisions, with the ZEUS detector, for γp
centre-of-mass energies ranging from 130-270 GeV. A sample of events with two high-pT
jets (pT > 6 GeV, η < 1.6) and a third cluster in the approximate direction of the electron
beam is isolated using a clustering algorithm. These events are mostly due to resolved
photoproduction. The third cluster is identiﬁed as the photon remnant. Its properties,
such as the transverse and longitudinal energy ﬂows around the axis of the cluster, are
consistent with those commonly attributed to jets, and in particular with those found for
the two jets in these events. The mean value of the photon remnant pT with respect to
the beam axis is measured to be 2.1 ± 0.2 GeV, which demonstrates substantial mean
transverse momenta for the photon remnant.
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A. Kotański, M. Przybycień
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A. Bamberger, S. Eisenhardt, A. Freidhof, S. Söldner-Rembold18 , J. Schroeder19 , T. Trefzger
Fakultät für Physik der Universität Freiburg i.Br., Freiburg i.Br., Federal Republic of Germany

I

c

N.H. Brook, P.J. Bussey, A.T. Doyle20 , J.I. Fleck4 , D.H. Saxon, M.L. Utley, A.S. Wilson
Dept. of Physics and Astronomy, University of Glasgow, Glasgow, U.K. o
A. Dannemann, U. Holm, D. Horstmann, T. Neumann, R. Sinkus, K. Wick
Hamburg University, I. Institute of Exp. Physics, Hamburg, Federal Republic of Germany

c

E. Badura21 , B.D. Burow22 , L. Hagge, E. Lohrmann, J. Milewski, M. Nakahata23 , N. Pavel, G. Poelz, W. Schott,
F. Zetsche
Hamburg University, II. Institute of Exp. Physics, Hamburg, Federal Republic of Germany c
T.C. Bacon, I. Butterworth, E. Gallo, V.L. Harris, B.Y.H. Hung, K.R. Long, D.B. Miller, P.P.O. Morawitz,
A. Prinias, J.K. Sedgbeer, A.F. Whitﬁeld
Imperial College London, High Energy Nuclear Physics Group, London, U.K. o
U. Mallik, E. McCliment, M.Z. Wang, S.M. Wang, J.T. Wu, Y. Zhang
University of Iowa, Physics and Astronomy Dept., Iowa City, USA p
P. Cloth, D. Filges
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G.R. Smith
University of Manitoba, Dept. of Physics, Winnipeg, Manitoba, Canada

a

F. Corriveau, D.S. Hanna, J. Hartmann, L.W. Hung, J.N. Lim, C.G. Matthews, P.M. Patel,
L.E. Sinclair, D.G. Stairs, M. St.Laurent, R. Ullmann, G. Zacek
McGill University, Dept. of Physics, Montréal, Québec, Canada a, b
V. Bashkirov, B.A. Dolgoshein, A. Stifutkin
Moscow Engineering Physics Institute, Mosocw, Russia

l

G.L. Bashindzhagyan, P.F. Ermolov, L.K. Gladilin, Y.A. Golubkov, V.D. Kobrin, V.A. Kuzmin, A.S. Proskuryakov,
A.A. Savin, L.M. Shcheglova, A.N. Solomin, N.P. Zotov
Moscow State University, Institute of Nuclear Physics, Moscow, Russia m
M. Botje, F. Chlebana, A. Dake, J. Engelen, M. de Kamps, P. Kooijman, A. Kruse, H. Tiecke, W. Verkerke,
M. Vreeswijk, L. Wiggers, E. de Wolf, R. van Woudenberg
NIKHEF and University of Amsterdam, Netherlands i
D. Acosta, B. Bylsma, L.S. Durkin, K. Honscheid, C. Li, T.Y. Ling, K.W. McLean25 , W.N. Murray, I.H. Park,
T.A. Romanowski26 , R. Seidlein27
Ohio State University, Physics Department, Columbus, Ohio, USA p
D.S. Bailey, A. Byrne28 , R.J. Cashmore, A.M. Cooper-Sarkar, R.C.E. Devenish, N. Harnew,
M. Lancaster, L. Lindemann4 , J.D. McFall, C. Nath, V.A. Noyes, A. Quadt, J.R. Tickner,
H. Uijterwaal, R. Walczak, D.S. Waters, F.F. Wilson, T. Yip
Department of Physics, University of Oxford, Oxford, U.K. o
G. Abbiendi, A. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, M. De Giorgi, U. Dosselli,
S. Limentani, M. Morandin, M. Posocco, L. Stanco, R. Stroili, C. Voci
Dipartimento di Fisica dell’ Universita and INFN, Padova, Italy f

II

J. Bulmahn, J.M. Butterworth, R.G. Feild, B.Y. Oh, J.J. Whitmore29
Pennsylvania State University, Dept. of Physics, University Park, PA, USA
G. D’Agostini, G. Marini, A. Nigro, E. Tassi
Dipartimento di Fisica, Univ. ’La Sapienza’ and INFN, Rome, Italy
J.C. Hart, N.A. McCubbin, K. Prytz, T.P. Shah, T.L. Short
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, U.K.

q

f

o

E. Barberis, T. Dubbs, C. Heusch, M. Van Hook, B. Hubbard, W. Lockman, J.T. Rahn,
H.F.-W. Sadrozinski, A. Seiden
University of California, Santa Cruz, CA, USA p
J. Biltzinger, R.J. Seifert, O. Schwarzer, A.H. Walenta, G. Zech
Fachbereich Physik der Universität-Gesamthochschule Siegen, Federal Republic of Germany
H. Abramowicz, G. Briskin, S. Dagan30 , A. Levy31
School of Physics, Tel-Aviv University, Tel Aviv, Israel

c

e

T. Hasegawa, M. Hazumi, T. Ishii, M. Kuze, S. Mine, Y. Nagasawa, M. Nakao, I. Suzuki, K. Tokushuku, S. Yamada, Y. Yamazaki
Institute for Nuclear Study, University of Tokyo, Tokyo, Japan g
M. Chiba, R. Hamatsu, T. Hirose, K. Homma, S. Kitamura, Y. Nakamitsu, K. Yamauchi
Tokyo Metropolitan University, Dept. of Physics, Tokyo, Japan g
R. Cirio, M. Costa, M.I. Ferrero, L. Lamberti, S. Maselli, C. Peroni, R. Sacchi, A. Solano, A. Staiano
Universita di Torino, Dipartimento di Fisica Sperimentale and INFN, Torino, Italy f
M. Dardo
II Faculty of Sciences, Torino University and INFN - Alessandria, Italy

f

D.C. Bailey, D. Bandyopadhyay, F. Benard, M. Brkic, M.B. Crombie, D.M. Gingrich32 , G.F. Hartner, K.K. Joo,
G.M. Levman, J.F. Martin, R.S. Orr, C.R. Sampson, R.J. Teuscher
University of Toronto, Dept. of Physics, Toronto, Ont., Canada a
C.D. Catterall, T.W. Jones, P.B. Kaziewicz, J.B. Lane, R.L. Saunders, J. Shulman
University College London, Physics and Astronomy Dept., London, U.K. o
K. Blankenship, B. Lu, L.W. Mo
Virginia Polytechnic Inst. and State University, Physics Dept., Blacksburg, VA, USA

q

W. Bogusz, K. Charchula, J. Ciborowski, J. Gajewski, G. Grzelak, M. Kasprzak, M. Krzyżanowski,
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1

Introduction

Hard scattering between a real photon and a proton is expected, in lowest order QCD, to
occur by two diﬀerent mechanisms (Fig. 1). The photon may interact directly with a quark
or gluon from the proton or it may resolve into its constituent quarks and gluons which then
interact with the partons from the proton. These two processes are called direct and resolved
photoproduction, respectively [1].
In direct photoproduction, the entire photon participates in the hard scatter. In resolved photoproduction on the other hand, only a fraction of the momentum of the photon is involved in
the hard scatter while the remaining momentum is carried by spectator partons. These partons fragment into a photon remnant which is expected to be approximately collinear with the
original photon. The presence of resolved photon interactions at HERA has been demonstrated
[2, 3] and the existence of the photon remnant has been conﬁrmed. The separation between
the direct and resolved contributions has also been reported, together with the measurement
of a diﬀerential dijet cross section [4]. Inclusive jet [5, 6] and dijet [7] cross sections have given
further information on the kinematic properties of these two processes and on the gluon content
of the proton as well as on the parton structure of the photon.
The presence of a photon remnant in photon-proton collisions has been used as a means to
identify resolved photoproduction interactions. The study of the photon remnant itself, however, is also interesting: a detailed comparison with leading-order (LO) predictions has not
been performed and little is known about the internal structure of the photon remnant. On
the theoretical side, although the point-like coupling of the photon to quark-antiquark pairs is
included in parameterizations of the photon structure function, most Monte Carlo simulations
model the resolved photon as a hadron, with collinear incoming partons. This results in a photon remnant with low-pT with respect to the beam axis. Several studies have suggested that
next-to-leading-order contributions or ﬂuctuations of the photon into quark-antiquark pairs
with high virtuality may lead to a ‘photon remnant’ which has sizable transverse momentum
with respect to the incident photon direction [8, 9, 10].
In this paper, the photon remnant is isolated for the ﬁrst time. Its properties are studied using
a clustering algorithm and are found to be consistent with those commonly attributed to jets.
These remnant jets are then compared with the jets emerging from the hard interaction and
with LO Monte Carlo expectations. The data were collected with the ZEUS detector during
the 1993 data-taking period. The study is conducted for γp centre-of-mass energies (Wγp ) in
the range 130 < Wγp < 270 GeV.

2

Experimental setup

Details of the ZEUS detector have been described elsewhere [11]. The primary components
used in this analysis are the calorimeter and the tracking detectors. The uranium-scintillator
calorimeter [12] covers 99.7% of the total solid angle. It is subdivided into electromagnetic
and hadronic sections with cell sizes of 5 × 20 cm2 (10 × 20 cm2 in the outgoing electron
direction1 ) and 20 × 20 cm2 , respectively. It consists of three parts: the rear calorimeter
(RCAL) covering the region −3.8 < η < −0.75, the barrel calorimeter (BCAL) covering the
region −0.75 < η < 1.1 and the forward calorimeter (FCAL) covering the region 1.1 < η < 4.3.
1

The Z axis is deﬁned to lie along the proton direction; the Y axis points upward; the pseudorapidity,
η = −ln(tan θ2 ) where θ is the angle with respect to the Z axis.

1

q

The calorimeter has an energy resolution achieved in test beams of σ/E = 18(35) %/ E(GeV)
√
for electrons (hadrons). The timing resolution for each cell is σt =1.5/ E ⊕ 0.5 ns, where E
(GeV) is the energy deposited in the cell.
The tracking system consists of a vertex detector [13] and a central tracking chamber [14] inside
a 1.43 T solenoidal magnetic ﬁeld. The interaction vertex is measured with a resolution along
(transverse to) the beam direction of 0.4 (0.1) cm.
The luminosity is measured, using the electron-proton bremsstrahlung process, by electron and
photon lead-scintillator calorimeters [15] installed inside the HERA tunnel. In 1993 the beam
energies at HERA were Ee = 26.7 GeV for the electrons and Ep = 820 GeV for the protons.
Typical electron and proton currents were about 10 mA and the instantaneous luminosity was
about 6 × 1029 cm−2 s−1 . HERA operated with 84 colliding bunches. Additional electron and
proton bunches circulated without colliding and are used for background measurements.

3

Trigger and data selection

In this analysis, photoproduction events are deﬁned by requiring that the electron was scattered at small angles and was not detected in the calorimeter. This requirement corresponds
approximately to a cut of Q2 ≤ 4 GeV2 , giving a median Q2 of about 10−3 GeV2 [4]. The
trigger selects hard scattering events at low Q2 .
The ZEUS detector uses a three level trigger [11]. In the ﬁrst level trigger, the calorimeter
cell energies were combined to deﬁne regional and global sums which were required to exceed
given thresholds [16]. The second level trigger mainly rejected beam-gas interactions using
timing information from the calorimeter. The third level trigger performed further rejection of
beam-gas and cosmic ray events using information from both the calorimeter and the tracking
chambers. An event was rejected if no vertex was found by the central tracking chambers or
if the vertex was located in the region |Z| > 75 cm. To reject beam-gas interactions, events
were selected based on the following kinematic cuts [6]: Etot − pZ ≥ 8 GeV, pZ /Etot ≤ 0.94
and ETcone ≥ 12 GeV, where the calorimetric quantities Etot , pZ and ETcone are the total energy,
the total longitudinal energy and the transverse energy excluding a cone of 10◦ in the forward
direction, respectively. About 470,000 triggers were collected with these trigger conditions.
As in previous studies of hard photoproduction [6, 7], the following oﬄine cuts were applied to
select the ﬁnal event sample.
• Beam-gas interactions were reduced by tightening calorimeter timing cuts, as well as cuts
on the correlation between the vertex position (deﬁned by the tracking chambers) and
the calorimeter timing [17].
• The ETcone cut was raised to ETcone ≥ 15 GeV to select hard scattering events.
• To reduce beam-gas interactions, the event was rejected if less than 10% of the tracks
pointed toward the vertex.
• Deep inelastic scattering (DIS) neutral current events were removed from the sample as
described in our previous publications [2, 4].
• The fraction of the initial electron energy carried by the almost real photon, y = Eγ /Ee
where Eγ is the photon energy, was measured using the Jacquet-Blondel [18] estimator

2

of the Bjorken-y:
yJ B =

Σi (E i − piZ )
.
2Ee

The sum runs over calorimeter cells with energy E i and longitudinal energy piZ . To reduce
uranium noise, the cell energies were required to be greater than 60 MeV (110 MeV) for
the electromagnetic (hadronic) cells. This calculation assumes that the scattered electron
was not detected in the calorimeter. For DIS events in which the electron deposits energy
but is not identiﬁed in the calorimeter, yJ B will be near unity. Therefore, for further
rejection of DIS events, we required yJ B < 0.7. To reject proton-gas interactions, yJ B
≥ 0.2 was required. These requirements correspond approximately to 0.2 < y < 0.85.
√
• To remove charged current background and cosmic ray showers, a cut on p/T/ ET < 1.5
GeV1/2 was imposed, where p/T is the total transverse momentum and ET is the total
transverse energy of the event.
After these selection cuts, a sample of 99,894 events remained, corresponding to an integrated
luminosity of 0.55 pb−1 . The estimated proton-gas and DIS background contributions are 0.4%
and 1 to 2%, respectively. Cosmic ray and electron-gas backgrounds are negligible.

4

Monte Carlo simulation

In the following, the data are compared to Monte Carlo simulations based on the PYTHIA
5.6 [19] event generator which includes leading-order QCD calculations. The HERWIG 5.7 [20]
event generator was used to check the PYTHIA results. The cut on the minimum transverse
momentum, p̂T min , of a hard scatter was set at 2.5 GeV. In PYTHIA, the photon ﬂux is
calculated using the Weizsäcker-Williams approximation. The parton densities used were GRV
LO [21] for the photon and MRSD− [22] for the proton. For comparison, we also used the
parameterization LAC1 [23] for the photon.
The generated events were passed through a detector simulation based on GEANT 3.13 [24].
The same reconstruction program that was used in the data analysis was applied to the generated events. The generated Monte Carlo event sample was obtained by combining the resolved
and direct samples in proportion to the generated Monte Carlo cross sections (approximately
7:1 for the GRV photon parton densities).
In PYTHIA the distribution of the intrinsic transverse momentum, kt , of the partons in the
2
2
proton and in the resolved photon is parameterized by the distribution, dN/dkt2 ∝ e−kt /k0 ,
where k0 is a parameter which determines the hardness of the kt spectrum. The default value
of k0 for both the proton and the resolved photon is 0.44 GeV. An option in PYTHIA allows
events to be generated using a diﬀerent functional form for the kt spectrum and a diﬀerent value
of k0 . This option has been used to generate events with a harder kt spectrum (see section 8).

5

Analysis using the k⊥ algorithm

Previous analyses of photoproduction at HERA have implemented a cone algorithm to ﬁnd
jets [2, 3, 4]. This algorithm [25] uses a cone of ﬁxed radius in pseudorapidity and azimuthal
angle space and maximizes the transverse energy within this cone. It is therefore well suited
for high transverse energy jets. The photon remnant, however, is expected to deposit energy in
the electron direction with low transverse energy. Due to the rapid variation of pseudorapidity
3

in this region, and to the low transverse energy, a cone algorithm cannot be used to identify
the photon remnant. Therefore, we chose to use the k⊥ clustering algorithm [26]. The analysis
was done in the laboratory frame instead of the γp frame due to the uncertainties in the boost.
The k⊥ algorithm ﬁnds jets by iteratively merging clusters. Initially, clusters are individual
calorimeter cells. For the Monte Carlo events, the algorithm is also used to cluster generated
particles (see section 7). In the merging procedure, the quantity k⊥ is evaluated for each pair
of clusters,
2
k⊥ = 2Emin
(1 − cosθnm ),
where θnm is the angle between the two clusters n and m, and Emin is the minimum value
of the cluster energies En and Em . In the small angle approximation, k⊥ is the transverse
momentum squared of the lower energy cluster with respect to the higher energy cluster. A
pseudo-particle with inﬁnite momentum along the Z axis is included in the clustering procedure
to take the proton remnant into account. The value of k⊥ between the pseudo-particle and the
other clusters is calculated using the same formula as above. When all of the k⊥ values have
been calculated, the two clusters with the lowest k⊥ value are merged. The four-momentum of
the new cluster is the sum of the four-momenta of the two merged clusters. The calculation
of k⊥ is then repeated, replacing the two merged clusters with the new cluster. The iteration
continues until the energy-angle resolution variable, Y (Y = k⊥ /ET2 , where ET is the total event
energy transverse to the beam axis), becomes larger than some threshold, Ycut . The value of
Ycut may be ﬁxed or chosen on an event-by-event basis. For high transverse energy jets, the
k⊥ cluster-ﬁnding algorithm gives results which are similar to those obtained with the cone
algorithm.

6

Photon remnant identification

To identify the photon remnant, we begin with an intuitive approach which is later justiﬁed
using simulated events. As illustrated by Fig. 1b, resolved hard photoproduction events have a
ﬁnal state which includes two high pT jets from the hard scatter as well as photon and proton
remnants. Since we expect to ﬁnd three clusters (in addition to the proton remnant) in each
event, we choose the value of Ycut on an event-by-event basis so that three clusters are found in
each event [27]. These three clusters then should correspond to the two clusters from the hard
scatter and the photon remnant. Since the photon remnant is expected to have low transverse
momentum with respect to the beam axis, the separation between the photon remnant and the
two jets from the hard scatter can be achieved, to a ﬁrst approximation, by associating the
photon remnant with the cluster having the smallest transverse momentum. For direct events,
where we do not expect to see a photon remnant, the lowest transverse momentum cluster will
either be part of the proton remnant or part of one of the two high transverse momentum jets.
Therefore, the pseudorapidity distributions of the lowest transverse momentum clusters will be
diﬀerent for resolved and direct events.
In Fig. 2a-c, we show the (uncorrected) pseudorapidity distributions of the three clusters obtained with the k⊥ algorithm. The data (full circles) and Monte Carlo events (histogram) are
shown normalized in the region η cal ≤ 1.6. While the two clusters with the highest pT cal (Fig.
2a,b) are mostly found in the η cal > 0 region, the third cluster, with the lowest pT cal , (Fig. 2c)
is observed mostly in the η cal < 0 region, i.e. in the photon direction. Data and Monte Carlo
expectations agree for the two highest pT cal clusters except in the forward region, η cal > 1.6,
where we observe, in the data, an excess similar to that already reported in our previous anal4

yses [6, 7]. The peak observed in Fig. 2c, for the third cluster, in the negative pseudorapidity
region is accounted for by the Monte Carlo simulation including resolved and direct processes
(full histogram). The Monte Carlo distribution, however, is shifted slightly to lower values.
The direct process, which does not contain a photon remnant, does not contribute to this peak
as shown by the dashed line in the ﬁgure. Therefore, we are justiﬁed in using this method to
separate direct and resolved events. In addition, the third cluster, when it is in the negative
pseudorapidity region, can be associated with the photon remnant.
In order to maximize the possibility that the two highest pT cal clusters stem from the partons
in the hard scatter and to minimize the possibility that one of the two highest pT cal clusters
is, in fact, part of the proton remnant, we require that the two highest pT cal clusters have
high transverse momentum (pT cal
1,2 > 5 GeV) and that they are well separated from the forward
cal
region (η1,2
< 1.6).
The distribution of the pseudorapidity of the third cluster, η3cal , after the above cuts and the
requirement E3cal > 2 GeV, is shown in Fig. 2d. The comparison with the distribution predicted
for direct processes shows that the events with η3cal < −1 are almost exclusively due to resolved
processes. The agreement of the Monte Carlo simulation for resolved plus direct contributions
with the data is not perfect; in the data there are somewhat fewer events with large negative
η3cal values. The diﬀerence between the data and the Monte Carlo simulation is not improved
when the photon parton parameterization LAC1 (dotted line) is used instead of GRV LO. For
the following analysis, the resolved event sample is selected by requiring η3cal < −1.
A measurement of the mean value of Ycut also demonstrates the diﬀerence between the two
event samples on either side of η3cal = −1. Higher values of Ycut indicate energetic clusters
which are spatially well separated. For the events at high η3cal , the mean value of Ycut is 0.028.
For the low η3cal events, the mean value of Ycut is 0.063. This result suggests that the high η3cal
events contain a signiﬁcant number of direct, two-jet events, for which the clustering procedure
has been prematurely stopped. For the sample at η3cal < −1, however, the separation between
the three clusters is quite distinct.
A total of 1370 events satisfy the cuts. For these events, the fraction of the photon momentum
involved in the hard scattering, xγ , measured from the two highest pcal
T jets [4], peaks at low
values as expected for resolved processes (not shown). By deﬁning direct events, in this sample,
as events with xγ > 0.75 [7], we obtain a contribution from direct processes of about 8%. The
contribution from direct photon interactions, estimated using LO direct Monte Carlo events, is
also 8%.
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Correction procedure

In the following, the data are corrected back to the hadron level using the PYTHIA Monte
Carlo program previously described. For the Monte Carlo events, the k⊥ algorithm is applied
independently at both the generated hadron level and the calorimeter cell level. In both cases
the resulting clusters are sorted according to pT . The detector level cuts in η cal , pT cal , E3cal ,
and yJB correspond approximately to two hadron jets with pT 1,2 > 6.0 GeV and η1,2 < 1.6, a
remnant cluster with η3 < −1 and E3 > 2 GeV, and 0.2 < y < 0.85. Therefore, the hadron
level Monte Carlo distributions were determined for events within this kinematic region.
The correspondence between hadron and calorimeter clusters was determined by comparing
the value of k⊥ for each pair of hadron and calorimeter clusters. Each hadron cluster was then
matched with that calorimeter cluster with which it had the lowest value of k⊥ . After all cuts
were applied at both the hadron and calorimeter levels, and neglecting the possible interchange
5

of the labels, cluster 1 and cluster 2, due to the sorting (this occurs in events in which the
two highest pT jets have similar pT ), all three clusters were found to be correctly matched for
97% of the events. For 3% of the events, a high-pT cluster at one level was associated with the
proton remnant at the other level. In less than 0.5% of the events, the lowest pT clusters at the
hadron and calorimeter levels were not matched.
The experimental shifts and resolutions of the measured variables were evaluated using the
matched hadron and calorimeter clusters. The average measured value of η is shifted, with
respect to the hadron level, by less than −0.02(+0.08) and has a resolution of 0.07(0.43) units
for the ﬁrst two jets (third cluster). The measured transverse jet momentum, with respect to
the beam, is reduced, on average, by 15% and has a resolution of 11%. This is due either to the
magnetic ﬁeld acting on low energy particles or to dead material in the apparatus. The value
of y is reconstructed with an average shift of −0.14 units and a resolution of 10%, also due to
losses in the beam pipe and detector eﬀects.
On average, the third cluster contains 75 ± 20% of the photon remnant energy, as deﬁned by
the third cluster energy at the hadron level. Inactive material in front of the calorimeter results
in an energy loss of about 20%, independent of the cluster energy. Particles lost in the beam
pipe account for the rest of the energy loss; this eﬀect increases with cluster energy, becoming
comparable to the detector eﬀects at measured energies above 10 GeV.
The data were corrected with the following procedure. First, the contamination from events
outside the kinematic range was estimated using Monte Carlo events and was subtracted binby-bin from the measured distributions. The resulting distributions were then corrected with a
correlation matrix that was generated using the matched hadron and calorimeter clusters. The
unfolding procedure is described in [28] and includes acceptance corrections for the trigger and
cuts described in section 3. The statistical errors were estimated by randomly varying, within
their statistical errors, both the experimental data (before the background subtraction) and
the Monte Carlo correlation matrix and calculating the root mean squared deviation in each
bin.
The systematic uncertainties were estimated by considering the following eﬀects: diﬀerent
photon parton densities, a 5% energy scale uncertainty in the Monte Carlo simulation of the
energy response of the calorimeter, a variation of the cuts on the measured quantities (yJ B ,
cal
cal
pT cal
1,2 , η1,2 , η3 ), corrections using the HERWIG Monte Carlo simulation, an increase in the
direct cross section by a factor of three relative to the resolved one, and the use of calorimeter
islands (see next section) instead of cells. For the HERWIG systematic study, a fraction of
the events was generated with p̂T min set to 5.0 GeV. The systematic errors were evaluated by
calculating the root mean squared deviation between the original data point and each of the
points found using the systematic variations mentioned above, weighting each deviation by its
statistical errors. In the following ﬁgures the statistical errors are shown as the inner error bars;
the outer bars show the statistical and systematic uncertainties added in quadrature.
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Photon remnant properties

In Fig. 3, we show the pseudorapidity, transverse momentum (with respect to the Z axis),
and energy distributions for the photon remnant, corrected back to the hadron level. The
average correction factors are typically 1.2 and are approximately constant for each of the
three variables.
The η3 distribution is shown in Fig. 3a. The corrected data and the expectations from PYTHIA
(solid histogram) disagree in the negative η3 region, as observed in Fig. 2d. The measured
6

distribution peaks at higher values of η3 than the Monte Carlo prediction. A similar eﬀect
can be observed in the transverse momentum distribution (Fig. 3b), where the requirement
η3 < −1 is applied for this and all following ﬁgures. Here also, the data show a higher average
value. The distribution peaks at 1.5 GeV with a tail extending to 6 GeV. The mean value of
the photon remnant pT at the hadron level is measured to be hpT 3 i = 2.1 ± 0.2 GeV. The Monte
Carlo expectation is hpT 3 i = 1.44 ± 0.02 GeV.
The energy distribution (Fig. 3c) peaks around 7 GeV and extends to 20 GeV. The solid
histogram shows the Monte Carlo expectation which agrees with the data, except in the lowest
bin where the Monte Carlo expectation is about 30% higher.
The unlikely possibility has been studied that an incorrect Monte Carlo description of the energy
response in the RCAL might result in the observed discrepancy between the data and the Monte
Carlo expectation. The RCAL energy scale was reduced by 10% within 10◦ of the RCAL beam
pipe to simulate additional inactive material. The discrepancy in the pT 3 distribution was not
improved, and the disagreement with the data for the E3 distribution became worse.
The observation that the average transverse momenta of the photon remnant is higher than
expected from PYTHIA, is in qualitative agreement with the theoretical predictions mentioned
in the introduction. Therefore, following [10], we have compared the data with Monte Carlo
events generated with a harder intrinsic transverse momentum spectrum for the partons in the
photon, i.e. dN/dkt2 ∝ 1/(kt2 + k02 ). The “PYTHIA high kt ” results are shown as the dotted
histograms in Fig. 3. The parameter k0 is determined by minimizing the χ2 between the Monte
Carlo hadron level and the corrected data pT 3 distributions. The result is k0 = 0.66 ± 0.22
GeV. This corresponds to hkt i ≈ 1.7 GeV, as compared to 0.4 GeV for PYTHIA with default
parameters. The agreement with the energy distribution is unchanged, while it is considerably
improved for the η3 and pT 3 distributions. On the other hand, the distributions for the ﬁrst
two clusters remain unchanged (not shown). Equally good agreement between the data and
the Monte Carlo simulation has been achieved by reweighting the Monte Carlo events to the
default intrinsic kt spectrum (not shown). In this case, k0 = 1.90 ± 0.21 GeV, much higher than
the default value of k0 = 0.44 GeV assumed in PYTHIA. These results show that adjusting the
intrinsic transverse momenta of the partons in the photon is a way to improve the agreement
between the data and the Monte Carlo predictions.
One of the well-known properties of jets is that the average energy transverse to the jet axis is
limited as the jet energy increases. In general, this results in an average energy transverse to the
jet axis per particle, hETi i, of the order of a few hundred MeV. In measuring this quantity for
the photon remnant, we used calorimeter islands. Islands are groups of calorimeter cells more
closely related to particles than individual calorimeter cells and therefore represent a better
choice for this measurement. The analysis performed with calorimeter cells provides an upper
limit on the systematic uncertainties of this measurement. Figure 4a shows the average value of
hETi i versus the cluster energy for the third cluster, both for the data after corrections and for
the Monte Carlo simulation. The corrections include the eﬀect of particles lost down the beam
pipe. The largest component of the systematic errors (+30%) comes from using calorimeter
cells instead of islands.
The mean value of hETi i starts below 200 MeV, and slowly increases with the remnant energy,
E3 . The total cluster energy, on the other hand, spans a range from 3 to 21 GeV. This
result demonstrates that the photon remnant exhibits limited transverse energy per particle,
as expected for jet-like objects. Further support to this conclusion is given in Fig. 4b, which
shows the average values of the corrected total transverse (Σi ETi ) and total longitudinal (Σi ELi )
energy of the third cluster, with respect to the cluster axis, as a function of the energy of the
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cluster. The longitudinal component increases much faster than the transverse energy, and
most of the cluster energy is along the cluster axis. This is consistent with a jet-like structure
of the photon remnant.
We also studied how the energy is distributed around the axis of the third cluster. Figure
4c shows the corrected energy ﬂow of the third cluster as a function of 1 − cosΘ for both
the data and the Monte Carlo simulation. Here, Θ is the angle of the particle with respect
to the cluster axis. This is eﬀectively a plot of the energy deposited in rings of ﬁxed area
centred on the cluster axis. Because there is not a simple correspondence between particles and
calorimeter cells, it is diﬃcult to construct a correlation matrix between the generated (hadron
energy) and experimental (calorimeter cell energy) quantities. Therefore, these distributions
are corrected bin-by-bin. The average correction factor is around 1.15. In Fig. 4c, we have
required reconstructed (uncorrected) jet energies between 8 and 14 GeV and hadron level jet
energies between 8 and 15 GeV. The statistical errors are the error on the mean. The energy
distribution for the data is quite collimated. The Monte Carlo simulation agrees very well with
the data, indicating that the fragmentation of the remnant is understood.
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Comparison of the photon remnant with jets from
hard scattering

Having established the jet-like properties of the photon remnant, we next compare it with the
jets originating from parton hard scattering. The comparison of these two types of jets is of
interest because one is the debris of the photon and is a low-pT jet, with pT typically well below
6 GeV, while the other two jets come from the hard scattering of the partons in the photon
and proton and are high-pT jets, with a minimum pT of 6 GeV. A comparison between low-pT
and high-pT jets has been proposed as a method of studying the hadronization process [29].
Figures 4d, e, and f present the results of this comparison for the average value of hETi i, hΣi ETi i
and hΣi ELi i, and 1−cosΘ, respectively. In Fig. 4f, we again require reconstructed (uncorrected)
jet energies between 8 and 14 GeV, and hadron level jet energies between 8 and 15 GeV. This cut
is especially important for this ﬁgure in order to compare jets with approximately equal energies.
In all ﬁgures, good agreement between the third cluster and the two hard jets is observed. From
these comparisons we conclude that, in the kinematic region and for the variables studied, the
low-pT photon remnant jet exhibits the same hadronization characteristics as the high-pT jets
originating from the hard scattering process.

10

Conclusions

For the ﬁrst time, in a sample of quasi-real photon-proton collisions, the photon remnant
produced in resolved photon interactions has been isolated. The selected events contain two
high-pT jets with pT > 6 GeV and η < 1.6, and 130 < Wγp < 270 GeV. The properties of the
photon remnant, as deﬁned by a cluster with η3 < −1 and E3 > 2 GeV, are studied and shown
to exhibit a collimated energy ﬂow with a limited transverse energy with respect to the cluster
axis, characteristic of a jet structure.
The leading order QCD Monte Carlo simulation, with default parameters, does not reproduce
the pseudorapidity distribution or the transverse momentum distribution (with respect to the
incident photon) of the photon remnant. The mean value of pT for the photon remnant,
2.1 ± 0.2 GeV, is substantially larger than the Monte Carlo expectation. Better agreement can
8

be obtained by increasing the average intrinsic transverse momenta of the partons in the photon
to about 1.7 GeV. These results are in qualitative agreement with theoretical expectations of
substantial mean transverse momenta for the photon remnant.
The photon remnant has also been compared, in the laboratory frame, with the two high-pT
jets originating from the parton hard scattering. Although the origins of these two types of jets
may be quite diﬀerent, within the present statistics and in the kinematic range studied, they
exhibit similar properties for the energy ﬂow and the transverse and longitudinal energy with
respect to the jet axis.
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Figure 1: Examples of leading order diagrams for (a) direct and (b) resolved hard photoproduction interactions.
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Figure 2: Pseudorapidity distributions of clusters for the inclusive photoproduction sample.
The three clusters are sorted by pT cal with (a) having the highest, (b) the second highest,
and (c) the lowest pT cal . Each Monte Carlo distribution is independently normalized to the
data in the region η cal < 1.6. In (c) and (d) the direct contribution alone is shown as the
dashed line. The η cal distribution of the lowest pT cal cluster (as in (c)) is shown again in (d)
cal
cal
after requiring pT cal
1,2 > 5 GeV, η1,2 < 1.6, and E3 > 2 GeV. Resolved events are selected by
requiring η3cal < −1 (vertical line in (d)). The dotted line shows the expectation using the
LAC1 photon parton parameterization.
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Figure 3: (a) Pseudorapidity distribution of the third cluster corrected back to the hadron
level. (b) Corrected pT distribution. (c) Corrected energy distribution. In (b) and (c) we require
η3 < −1. The solid histograms are the hadron level distributions given by the default version
of PYTHIA (Gaussian with k0 = 0.44 GeV). For each of the ﬁgures, the dotted line shows
the Monte Carlo predictions with dN/dkt2 ∝ 1/(kt2 + k02 ) and k0 = 0.66 GeV, corresponding to
hkt i ≈ 1.7 GeV.
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Figure 4: (a-c) Comparison between the data and the hadron level Monte Carlo expectations.
(a) The mean value of hETi i, the average energy transverse to the cluster axis per particle, as a
function of the cluster energy. (b) The average values of the total transverse (Σi ETi ) and total
longitudinal (Σi ELi ) energy. (c) The ﬂow of energy around the cluster axis. (d-f) Comparison
between the photon remnant (cluster 3) and the two high-pT jets. The error bars show the
systematic and statistical errors added in quadrature.
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