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Jets in photoproduction events have been studied with the ZEUS detector for yp centre-of-mass energies ranging
from 130 to 250 GeV. The inclusive jet distributions give evidence for the dominance of resolved photon interactions.
In the di-jet sample the direct processes are for the first time clearly isolated. Di-jet cross sections for the resolved and
direct processes are given in a restricted kinematic range.
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1. Introduction

Electron-proton scattering is dominated by the
exchange of almost real photons. Although most of
the photoproduction cross section is due to soft pro-
cesses, a fraction of the yp collisions at HERA en-
ergies is expected to contain high-pr processes. In
lowest-order QCD, these hard processes are of two
main types [1,2], as shown in fig. 1. In the direct
processes, the photon participates as a point-like
particle, interacting with a gluon (yg — ¢g, photon
gluon fusion) or a quark (yg — gg, QCD Comp-
ton scattering). In the resolved processes, the photon
behaves as a source of partons which can scatter off
those in the proton. The unscattered constituents
of the photon then give rise to a hadronic system,
known as the photon remnant, going approximately
in the direction of the original photon.
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Fig. 1. Schematic diagrams showing examples of (a) a direct
process and (b) a resolved process.

Hard scattering in photoproduction should produce
multi-jet structures with features similar to those ob-
served in hadron-hadron collisions [3]. QCD-based
models of these processes, including parton distribu-
tions in the photon and proton compatible with ex-
perimental data, predict that the resolved processes
should dominate over the direct for a wide range of
jet transverse energy [2,4]. The presence of hard scat-
tering in yp collisions has already been observed at
HERA [5,6], with evidence for multi-jet structures
and for the presence of the resolved contribution.

In this study, we have searched for jets in a sample
of photoproduction events having a total transverse
energy of at least 10 GeV. We demonstrate that the re-
solved processes form the majority of the events. Us-
ing a sample of di-jet events, we separate unambigu-
ously for the first time the resolved and direct con-
tributions and obtain cross sections for the two pro-
cesses in a restricted kinematic region.

2. Experimental setup

The main components of the ZEUS detector [5,7]
used in this analysis are the high resolution uranium-
scintillator calorimeter (CAL), the central tracking
detector and the luminosity monitor. The calorime-
ter covers the polar angle range between 2.6° < § <
176.1°, where # = 0° is the proton beam direc-
tion. It consists of three parts: the rear calorimeter
(RCAL), covering the backward pseudorapidity *'

#1 » = —In(tan(8/2)).
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range (~3.4 < n < —0.75); the barrel calorimeter
(BCAL) covering the central region (—0.75 < 5 <
1.1); and the forward calorimeter (FCAL) covering
the forward region (1.1 < 5 < 3.8). The calorimeter
is segmented in depth into electromagnetic (EMC)
and hadronic (HAC) sections. The EMC sections are
divided into cells of transverse dimensions 5 x 20 cm?
(10 x 20 cm? in RCAL) and the HAC sections con-
sist of cells of transverse dimension 20 x 20 cm?.
The energy resolution as measured under test beam
conditions is gg/E = 0.18/VE (E in GeV) for
electrons and gx/E = 0.35/VE for hadrons [8].
The timing resolution of the calorimeter cells, 6, =
1.5/VE®0.5 ns [8,9], allows rejection of out-of-time
beam-—gas interactions. In the analysis presented here
calorimeter cells with EMC (HAC) energy below
60 MeV (110 MeV) are excluded to minimise the
effect of calorimeter noise. This noise is dominated
by uranium activity and has an r.m.s. value below
19 MeV for EMC cells and below 30 MeV for HAC
cells. The central tracking detector [10] was used to
measure charged particle trajectories in order to re-
construct a z vertex for each event, where the z-axis is
defined to be along the direction of the proton beam.

To measure the luminosity, two lead-scintillator
electromagnetic calorimeters were installed in the
HERA tunnel [11]. One of these measures the elec-
tron energy and the other the photon energy for the
bremsstrahlung process (ep — epy). The electron
calorimeter is also used to tag a fraction of very low
photon virtuality (Q?) events. These events have a
@? below 0.02 GeV? and will be referred to as “tagged
events” throughout the following. Events tagged in
the luminosity monitor have yp centre-of-mass ener-
gies between 130 GeV and 280 GeV.

Data were collected during 1992, when 820 GeV
protons were colliding with 26.7 GeV electrons. Col-
lisions took place between nine electron and pro-
ton bunches. Non-colliding bunches of electrons and
protons allowed an estimation of beam associated
backgrounds. A three-stage trigger was in operation
at ZEUS. At the first level, events were triggered
by a minimum energy deposit in the CAL [7]. The
rejection of beam-gas interactions was achieved us-
ing timing information from scintillator counters
near the beams at the first level trigger and from the
calorimeter at the second and third levels.

PHYSICS LETTERS B
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3. Data selection criteria

The raw data sample used in this analysis consists
of about four million events, corresponding to an in-
tegrated luminosity of 25.5 nb~!. The analysis follows
the data selection described in ref. [5]. A first filter re-
quired a trigger signal in the electromagnetic sections
of the BCAL or RCAL and either of the following two
conditions: 1) more than 10 GeV energy deposited
in the FCAL and more than 2.5 GeV deposited in
the RCAL or 2) more than 20 GeV total energy and
more than 10 GeV total transverse energy deposited
in the whole calorimeter. About 350 000 events satis-
fied these conditions. In order to reduce the proton
beam-gas contamination, a more refined second fil-
ter was applied. Firstly, it was required that all events
should have a reconstructed vertex. Secondly, strin-
gent requirements on the timing as measured by the
CAL and on the correlation between the z-vertex po-
sition and the event time measured in the FCAL [12]
were applied with negligible loss of genuine ep events.

In order to select a sample of photoproduction
events, deep inelastic neutral current events were
removed as follows. Electron candidates were iden-
tified using the pattern of energy distribution in the
calorimeter. For events with an electron candidate,
the inelasticity parameter, ), was calculated from the
electron variables:

!
- bee (1 —cosb)).
where E,, E, and 0, are the incident electron en-
ergy and the energy and angle of the scattered elec-
tron, respectively. For photoproduction events with
Q? = 0, y is equal to the ratio of the photon energy
to the electron beam energy. A number of photopro-
duction events have electron candidates found in the
calorimeter. These are hadrons misidentified as elec-
trons, or genuine electrons which are not the scat-
tered beam electron. Generally for these events the
calculated value of y. is high. Therefore, in order to
minimise the loss of photoproduction events from the
sample, an event is rejected only if y. is less than 0.7.
The cut is very effective in removing deep inelastic
events with Q? > 4 GeV?.

Further suppression of the background from beam—
gas collisions and the contamination from deep in-
elastic interactions was achieved using y estimated

ye=1
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from the calorimeter energy using the Jacquet-
Blondel [13] formula

o < SUE=22);
JB = 2Ee 3

where the sum runs over all calorimeter cells i and
D: is the z-component of the momentum vector as-
signed to each cell of energy E. This formula is valid
under the assumption that the scattered electron es-
capes down the beam pipe. The cell angles are cal-
culated from the geometric centre of the cell and the
vertex position of the event. Final state particles pro-
duced close to the direction of the proton beam give
a negligible contribution, since these particles have
(E — p;) ~ 0. Events in the range 0.2 < y;g < 0.7 are
selected. The lower cut suppresses background due to
proton beam-gas collisions. Remaining deep inelas-
tic events are removed by the higher cut since yyg will
be incorrectly measured to be ~ 1 for these events,
due to the presence of the scattered electron in the
calorimeter. Finally, events were selected with a to-
tal transverse energy deposition in the calorimeter in
excess of 10 GeV.

After these cuts 19589 events remained. The
beam-gas contamination was estimated from the
non-colliding bunches to be at most 0.3%. The con-
tamination from cosmic rays was estimated to be at
most 0.1%. The contamination from deep inelastic
events with 0? > 4 GeV? was estimated to be < 0.5%
using Monte Carlo techniques.

The yp centre-of-mass energy (W) of these events
can be calculated via the expression W = /4y E. E),
where E, is the proton energy. In the final sample W
ranges from 130 GeV to 250 GeV. For events tagged
by an electron in the range 5 GeV < E, < 25 GeV
(5390 out of the 19 589) a comparison of the W mea-
sured from the electron energy and from the hadronic
system showed for the latter a systematic underesti-
mation of approximately 10%. This discrepancy is at-
tributed to energy losses in inactive material in front
of the CAL and to particles lost in the rear beam pipe,
and is adequately reproduced in the Monte Carlo sim-
ulation of the detector.

To ensure that the data are photoproduction events,
the median value of Q? in the sample was estimated.
This was done using the Monte Carlo simulation, since
the scattered electron escapes undetected (except for
tagged events) down the beam pipe, and the Q? res-
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olution from the measured transverse energy in the
central detector is insufficient. A Monte Carlo sim-
ulation for the direct processes (see below) gives a
median value of 0.001 GeV? and produces the same
fraction of tagged events (for which the Q? is below
0.02 GeV?) as in the data. The median Q? is expected
to be similar for the resolved processes.

4. Monte Carlo simulation

Two independent Monte Carlo generators, HER-
WIGS.7 [14] and PYTHIAS.6 [15], were used to
simulate the hard photoproduction processes. In these
generators, the direct and resolved processes are each
simulated using leading order matrix elements, with
the inclusion of initial and final state parton showers.
The lower cut-off on the transverse momentum of the
generated final-state partons (prmin) was chosen to
be 2.5 GeV/c [14,16].

Fragmentation into hadrons is performed using a
cluster algorithm in HERWIG and a LUND string
model in PYTHIA. The lepton-photon vertex is mod-
elled according to the Weizsidcker-Williams approx-
imation, except in the case of the simulation of the
direct processes in HERWIG where exact matrix ele-
ments are used.

Events were generated using the leading or-
der prediction by GRV [17] for the photon and
MRSDO [18] for the proton-parton distributions.
In addition, samples of events using DG [19] and
LAC1 [20] for the photon and MRSD~ for the
proton-parton distributions were studied.

The generated events were passed through detailed
detector and trigger simulation programs based on the
GEANT package [21]. They were reconstructed using
standard ZEUS off-line programs and passed through
the same analysis chain as the data.

5. Analysis of jet production

We searched for jet structure in the selected data
sample using a jet finding algorithm in pseudorapid-
ity (n)—azimuth (¢) space [22,23]. The cone radius
R = \/A¢#? + An? in the algorithm was 1 unit. This
value was chosen in order to contain the relatively low
transverse momentum jets studied here. Calorime-
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ter cells within 10° (n > 2.44) of the proton beam
direction were excluded from the jet analysis. Rem-
nants of the proton are expected to be predominantly
at angles below this value. Cells were grouped into
clusters; those clusters with transverse energy (Ej;‘)
larger than 5 GeV were called jets. Below this value
the sensitivity to the prmin cut in the Monte Carlo
simulations becomes large. The transverse momen-
tum weighted mean pseudorapidity (7'®) and az-
imuth (¢*) of each jet were evaluated and jets were
accepted for the present analysis if 7' was less than
1.6 (8 > 22.8°). This cut was dictated by the chosen
value of R and the need to remove calorimeter cells
near the proton beam direction.

Of the sample of 19589 events, 6.5%, 1.4% and
0.1% of the events were of the one-jet, two-jet and
three-jet type, respectively. A total of 1548 events
with jets was found. From a comparable number of
Monte Carlo events, a QCD based simulation using
the HERWIG generator predicts the fractions to be in
the range 6.3-9.8% and 0.7-1.9% for the one-jet and
two-jet categories, respectively. The quoted ranges in-
dicate the spread of the values obtained with the dif-
ferent proton and photon parton distributions men-
tioned above. The agreement between data and Monte
Carlo simulation for the jet multiplicities is also good
if the radius of the cone is set to 0.7 units. The frac-
tion of three-jet events in the Monte Carlo sample,
which does not include higher order matrix elements,
was 0.01%.

The inclusive jet sample consists of 1850 jets. The
E distribution, shown in fig. 2a, falls steeply, reach-
ing values as high as 18 GeV. It should be noted that
the data in this and subsequent figures are not cor-
rected for energy absorbed in inactive material nor for
resolution smearing and other detector effects. These
effects are included in the Monte Carlo simulation.
Only statistical errors are quoted in the figures. The
Monte Carlo distribution (normalised to the data) for
HERWIG is shown as a full line. The shape of the
data is described well. The expected relative contri-
butions of direct and resolved photon processes are
also shown.

Fig. 2b shows the inclusive 7' distribution, together
with the Monte Carlo distribution from HERWIG.
Also shown for the Monte Carlo simulation are the
separate contributions from resolved and direct pro-
cesses. Since only a fraction of the photon’s momen-
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Fig. 2. Inclusive jet distributions for (a) transverse energy
of jets, (b) pseudorapidity of jets, where the Monte Carlo
distribution is normalised to the data in the region /¢ < 1.2,
as discussed in the text. The relative contributions of the
direct and resolved processes as predicted by the Monte
Carlo simulation are also shown.

tum participates in the hard scatter in the resolved
case, the centre of mass is in general more strongly
boosted in the proton direction, and the two contribu-
tions have quite different 7’ distributions. The data
require a substantial resolved component. The data
show a rise of the jet rate towards high #'® values
which is not well reproduced by the Monte Carlo sim-
ulations. It is not clear whether this excess is due to
an incorrect description of the proton remnant region
or to the choice of parton distributions. In fig. 2b the
Monte Carlo distribution is normalised to the num-
ber of jets in the data excluding the highest 7’ bin.
Di-jet production has been studied by selecting
events with two or more jets in the accepted rapid-
ity range (#*® < 1.6). In the case of events with
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Fig. 3. Kinematic distributions for events with two or more jets. The Monte Carlo is normalised to the data, and in all cases
the relative contributions of the direct and resolved processes, as predicted by the Monte Carlo simulation, are shown. (a)
Jet—jet invariant mass for jet pairs. (b) Transverse energy of jets. (c) Pseudorapidity of jets. (d) cos8* of jet angles in the

jet—jet c.m.s. measured with respect to the proton momentum.

more than two jets the two jets with highest EJ are
taken as these are expected to most closely reflect
the kinematics of the final state partons in leading
order QCD. The di-jet sample consists of 284 events.
The di-jet invariant mass (M”7) spectrum, shown in
fig. 3a, extends up to values of 40 GeV. The EjTe‘ spec-
trum of the di-jet sample, which reaches values as
high as 18 GeV, is shown in fig. 3b. The jet pseudora-
pidity distribution is shown in fig. 3c. In all cases, the
data and Monte Carlo distributions are in reasonable
agreement. In particular the agreement extends to the
highest pseudorapidity bin. Fig. 3¢ shows again the
need for a large contribution from resolved processes.

Further insight into the mechanism of di-jet produc-
tion is gained by studying the scattering angle distri-
bution, cos 8*. The angle 6~ is computed in the centre-
of-mass frame of the two jets, with respect to the pro-
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ton momentum boosted into the same frame. The an-
gular distribution is displayed in fig. 3d. The trans-
verse momentum cut on the jets decreases the accep-
tance for events with low A7/ and high cos 8*. In or-
der to reduce the effect of this cut, events with A%/ >
16 GeV have been selected. The distribution rises at
large values of cos §”; the drop beyond cos§* = 0.8
is an artifact resulting from the #**' region selected.
Below this value the cos8* distribution reflects the
angular distributions of the parton-parton scattering
processes. The QCD-based simulations again accept-
ably reproduce the data.

Summarizing this section, these results show for
several independent distributions agreement of the
data with QCD simulations which include hard pro-
cesses involving the partonic content of the photon.
The same conclusions are reached using the PYTHIA
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Monte Carlo and other parameterisations of the pro-
ton (MRSD™) and photon (DG and LAC1) parton
distributions.

6. Observation of the direct component

In this section we use the selected di-jet sample to
separate the contributions of the direct and resolved
photon processes.

In two-to-two parton scattering, the momenta of
the incoming partons can be calculated from the two
partons in the final state. Let x, and x, be the frac-
tions of the photon and proton momenta carried by
the initial-state partons (see fig. 1). Conservation of
energy and momentum gives

Zpanons (E + pz)parton

o = 2E, :
= Epanons (E — pz)parton
Yy = 2 Ey ’

where E, is the initial photon momentum and the
sum is over the two final state partons. For the direct
processes, xy = 1.

The jet energies and momenta may be used to esti-
mate the energies and momenta of the final state par-
tons. Using the energy of the cells assigned to the jet to
evaluate the jet energy and longitudinal momentum
and since E, =~ E.y = E.yyg, we can approximate X,
and x;, as

meas _ Zjets (E + p: jet

P 2E, ’
xmeas = M
’ Ei (E -p:);

where the sum in the denominator runs over all
calorimeter cells. Note that in the formula for x;"*
many systematic uncertainties in the measurement
of energy by the calorimeter cancel out.

From Monte Carlo studies it is found that impos-
ing the requirements |7’ — ¥*2| < 1.5 and |¢** -
#2| > 120° improves the x* resolution and these
cuts are applied in the following analysis. The num-
ber of events surviving these cuts is 193. The contam-
ination from deep inelastic interactions with Q* >
4 GeV? is evaluated to be at the 1-2% level. No events
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Fig. 4. Kinematic distributions for events with two or more
jets. (a) xgreas distribution for the final sample. (b) xneas
distribution for the final sample. For both figures, the Monte
Carlo distributions are the result of the fit to the data shown
in (b) (see text).

from the non-colliding bunches remain in this sample
and visual scanning shows that no cosmic ray events
remain in our final sample.

The distribution of x;"* is shown in fig. 4a. From
the Monte Carlo simulation, the estimated error in
log x5°** is £24% for resolved events and +9% for di-
rect events. The data range from 1.6 x 1073 to 10~!
with a mean value of 1.4 x 102, The Monte Carlo dis-
tributions describe the data well and are insensitive to
the choice of proton—parton distributions, since most
of the range covered by the present data is in the re-
gion where precise measurements of the proton struc-
ture exist (xy** > 10~2). These measurements are
well described by the parameterisations of the proton
structure used here.

The x;*** distribution shown in fig. 4b rises at both
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low and high values. The Monte Carlo simulations
of the resolved and direct processes, shown in the
same figure, have very different characteristics. The
resolved processes show a rise towards low x;** | as
observed in the data, but cannot account for the rise
at high x;°** . This is the case for both HERWIG and
PYTHIA and for all the parton distributions studied.
The direct processes predict a sharp rise towards high
x;"** as observed in the data and only a small num-
ber of events for x;*** < 0.7. For the Monte Carlo
simulation of the resolved processes, the distribution
of (x;** —x,) peaks at around 0.1 (0.2) and has a
width of 0.14 (0.22) for HERWIG (PYTHIA). We
conclude that the peak at the high end of the x;***
distribution cannot be reproduced from resolved pro-
cesses by experimental and acceptance effects, and
that this peak results from direct processes.

The sample of 44 tagged events, which have Q% <
0.02 GeV?, also exhibit a peak in the high x, region.
For this subsample of events we can also use the mea-
surement of the scattered electron energy to calculate
the photon energy and so obtain an alternative esti-
mate of x,. The distribution thus obtained again peaks
at the high values where the direct processes are ex-
pected.

In fig. 4b the sum of the independently normalised
contributions from the resolved and direct processes
was fitted to the x;°*** distribution using the shapes
predicted by Monte Carlo simulation. The combined
fit is able to reproduce the data acceptably, although
at low x;"* there is a discrepancy related to jets in the
most forward region. From the fit we obtain a con-
tribution of 65 + 17 events from the direct processes.
We subtract this number from the total 193 events in
the sample, and attribute all the remaining events to
resolved interactions. This is done to reduce possible
bias due to the poor agreement between the resolved
Monte Carlo distribution and the data at low x,.

7. Determination of direct and resolved cross sections

The clear separation between resolved and direct
contributions allows us to measure the di-jet cross sec-
tions for each of the two processes. Extrapolation into
kinematic regions not covered by the data sample de-
pends heavily on the details of the Monte Carlo and
parton distributions used, and this is particularly true
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for the resolved component. For this reason we give
ep cross sections restricted to a kinematic region sim-
ilar to that defined by the cuts used in the analysis.

From the full Monte Carlo sample, generated over
the complete y range, we calculate the number of re-
constructed di-jet events, Ny, using the full detec-
tor simulation and including the experimental trigger
conditions and the complete set of selection cuts used
in the data analysis. Also from the full Monte Carlo
sample, events with a generated y in the range 0.2-
0.7 were selected. Using the generated momenta of
the final state particles, two jets with transverse en-
ergies above 5 GeV and pseudorapidities below 1.6
were also required. These cuts select Ngen events and
define the kinematic region of the quoted cross sec-
tions. The ratio Nrec/Ngen is the experimental di-jet
acceptance. In this way the effects of the |¢* — ¢i|
and |7’ — #)| cuts are also corrected.

The acceptance is determined separately for the di-
rect and resolved processes. The numbers of direct
and resolved events seen in the data are then divided
by the product of the respective acceptance and the
experimental luminosity to give di-jet cross sections
within the defined kinematic region. The acceptances
are around 25% for both the resolved and direct com-
ponents and depend only weakly on the Monte Carlo
simulation used and on x;°.

A study of possible systematic errors in the cross
section measurements, arising from uncertainties in
the fit and the acceptance calculations, has been car-
ried out separately for the resolved and direct contri-
butions. In all cases the uncertainties in the resolved
and direct contributions are similar, and the larger
of the two is quoted. The principal sources of pos-
sible errors are as follows: different proton and pho-
ton parton distributions give a systematic error of
+ 12%. Different Monte Carlo generators (HERWIG
and PYTHIA) give variations of &+ 16% in the calcu-
lated cross sections. The sensitivity of our measure-
ment to the prmin cut off in the Monte Carlo was in-
vestigated and gives an estimated uncertainty of + 8%.
The variation between different implementations of
the jet finding algorithm and treatments of jet merg-
ing is = 13%. The uncertainty in the absolute energy
scale of the detector gives rise to a systematic error of
+ 17%. The effect of uncertainty in the trigger thresh-
old energies is + 5%. Finally, a + 5% uncertainty in
the luminosity determination [12] is included in both
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calculations. The final results are 21.1 + 5.2(stat.) +
5.7 (syst.) nb for the resolved contribution to the di-jet
cross section and 9.4 + 2.7 (stat.) &+ 2.7 (syst.) nb for
the contribution of the direct processes. The quoted
cross sections are the averages of the values obtained
with different parton distributions, different Monte
Carlo generators and different jet finding procedures
mentioned above. These are cross sections for ep col-
lisions with Q? ~ 0 leading to events in the kinematic
region 0.2 < y < 0.7 with two jets of transverse en-
ergies greater than 5 GeV and pseudorapidities below
1.6. The sum of the resolved and direct ep cross sec-
tions quoted here corresponds to around 1% of the
total low-Q? ep cross section in the given y range.

The shapes of the distributions obtained using sim-
ulations based on leading order QCD are in accept-
able agreement with the data. In order to obtain agree-
ment with the measured cross section, the predictions
for both the resolved and direct contributions have to
be scaled up by factors of 1.3 to 1.8, depending upon
the Monte Carlo simulation and parton distributions
used. However, the ratio of the measured cross sec-
tions for resolved and direct processes is consistent
with the leading order QCD predictions as described
in the Monte Carlo.

8. Summary

A sample of hard quasi-real photoproduction events
with centre-of-mass energies between 130 GeV and
250 GeV has been isolated in ep collisions at HERA.
Jet structure is observed and analysed. The jet dis-
tributions are adequately described by Monte Carlo
simulations involving resolved and direct processes,
with the resolved processes being dominant.

In the di-jet sample the distribution of x;"** , the
measured fraction of the photon energy participating
in the hard collision, shows a clear peak at large val-
ues. This is an unambiguous signature for the presence
of direct processes. Fits to this distribution allow a
separation and determination of the resolved and di-
rect contributions. Di-jet ep cross sections involving
the exchange of almost real photons in the region de-
fined by 0.2 < y < 0.7, jets with transverse energies
greater than 5 GeV and pseudorapidities less than 1.6
are measured to be 21.1 + 5.2(stat.) + 5.7 (syst.) nb
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for the resolved and 9.4 + 2.7(stat.) + 2.7(syst.) nb
for the direct processes.

Acknowledgement

We thank the DESY Directorate for their strong
support and encouragement. The remarkable achieve-
ments of the HERA machine group were essential for
the successful completion of this work, and are grate-
fully appreciated.

References

[1]J.F. Owens, Phys. Rev. D 21 (1980) 54.

[2] M. Drees and F. Halzen, Phys. Rev. Lett. 61 (1988)
275;

M. Drees and R.M. Godbole, Phys. Rev. D 39 (1989)
169 and Bombay preprint BU-TH-92/5;

G.A. Schuler and T. Sjostrand, Phys. Lett. B 300
(1993) 169.

(3] See for example Proton Antiproton Collider Physics,
eds. G. Altarelli and L. Di Lella (World Scientific,
Singapore, 1989)

[4] G. Kramer and S.G. Salesch, in: Proc. of the Workshop
on Physics at HERA (DESY, 1991) 649 and in DESY
preprint DESY-93-10;

L.E. Gordon and J.K. Storrow, Phys. Lett. B 291
(1992) 320;

D. Bddeker, Phys. Lett. B 292 (1992) 164;

M. Greco and A. Vicini, Frascati preprint, LNF-
93/017 (April 1993).

[5] ZEUS Collab., M. Derrick et al., Phys, Lett. B 297
(1992) 404.

[6] H1 Collab., T. Ahmed et al., Phys. Lett. B 297 (1992)

205;
H1 Collab., I. Abt et al., Phys. Lett. B 314 (1993) 436;
H1 Collab., presented by M. Erdmann at the XX VIIIth
Rencontres de Moriond (Les Arcs, France, March
1993) and preprint DESY 93-077.

[7]1 ZEUS Collab., M. Derrick et al., Phys. Lett. B 293
(1992) 465; B 303 (1993) 183.

[8] ZEUS Calorimeter group, A. Andresen et al., Nucl.
Inst. and Meth. A 309 (1991) 101;

A. Bernstein et al., Nucl. Inst. and Meth. A 336 (1993)
23;

U. Mallik et al., Proc. Int. Conf. on Calorimetry in
High Energy Physics (FNAL, 1990).

[9] A. Caldwell et al., Nucl. Inst. and Meth. A 321 (1992)
352;
see also A. Caldwell, talk given at the Int. Conf. on
High Energy Physics at Dallas and L. Hervas, Thesis
(Universidad Autonoma de Madrid) unpublished.

299



Volume 322, number 3

[10] N. Harnew et al., Nucl. Inst. and Meth. A 279 (1989)

290;
C.B. Brooks et al., Nucl. Inst. and Meth. A 283 (1989)
477,
B. Foster et al., Nucl. Phys. B (Proc. Suppl.) 32 (1993)
181.

[11]17J. Andruszkéw et al., DESY 92-066 (1992).

[12] ZEUS Collab., M. Derrick et al., Phys. Lett. B 315
(1993) 4 81.

[13] F. Jacquet and A. Blondel, Proc. of the Study for an
ep Facility for Europe, ed. U. Amaldi, DESY 79/48
(1979) 391.

[14] G. Marchesini et al., Comp. Phys. Comm. 67 (1992)
465.

[15] H.-U. Bengtsson and T. Sjostrand, Comp. Phys.
Comm. 46 (1987) 43;

T. Sjostrand, CERN-TH.6488/92.

300

PHYSICS LETTERS B

17 February 1994

[16] G. Abbiendi, private communication.

{171 M. Gliick, E. Reya and A. Vogt, Phys. Rev. D 46
(1992) 1973.

[18] A. Martin, W.J. Stirling and R.G. Roberts, Phys. Rev.
D 47 (1993) 867.

[19] M. Drees and K. Grassie, Z. Phys. C 28 (1985) 451.

[20] H. Abramowicz, K. Charchula and A. Levy, Phys. Lett.
B 269 (1991) 458.

[21] R. Brun et al., GEANT3, CERN DD/EE/84-1 (1987).

[22] UA1 Collab., G. Arnison et al., Phys. Lett. B 123
(1983) 115.

[23] J. Huth et al., Proc. of the 1990 DPF Summer Study on
High Energy Physics (Snowmass, CO) ed. E.L. Berger
(World Scientific, Singapore, 1992) p. 134.



