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Ahstract

This paper presents energy distributions of the hadronic system produced in neutral-
current electron-proton deep-inelastic scattering at a centre of mass energy of 296 GeV.
Compariaon of the results with QCD Monte Carlo models shows that QCD radiation
has & strong influence on the characteristics of the final state. The data are reasonably
reproduced by the Lund model based on a matrix element calculation in first order of
a,, followed by appropriate parton showers, as well as by the colour dipole model. The
HERWIG parton shower model also gives a reasonable representation of the data. Neither
the first order matrix elements alone nor the Lund parton shower model, without the
matrix element calculation, reproduce the data, ;
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1 Introduction

Operation of the HERA eleciron-proton collider has extended the kinematic range for studies
of neutral-current, deep-inelastic scattering (DIS). The beam energies of 26.7 GeV for the
clectrons and 820 GeV for the protons result in a centre of mass energy of /3 = 296 GeV,
an order of magnitude higher than has been available from fixed-target DIS experiments. In
this paper, energy distributions of the final state hadronic system, measured in the HERA
laboratory frame, are compared with the predictions of several Monte Carlo models. The data
were obtained with the ZEUS detector at the HERA collider and correspond to an integrated
luminosity of 30 nb~!. Similar comparisons, using a data set of about 1.6 nb~!, have been
published recently by the H1 collaboration [1].

Monte Carlo models that simulate the basic parton level processes, including both the per-
turbative and non-perturbative phases, have become essential tools in interpreting mulii-body
final states resulting from high energy interactions. These models allow a simulation of the
experimental conditions, but are also needed to interpret the observed data in terms of the
underlying parton level processes.

In the case of e*e~ annihilation, such models give a description of the final hadronic state that
can reproduce even fine details of the data [2]. The DIS process is more complex for several
reasons: the incoming proton can give rise to initial state QCD radiation, the kinematics of
the primary interaction of the exchanged boson depend on more than one variable and, finally,
the character of the proton remnant is not well understood. Even so, several models give a
satisfactory representation of the lower energy DIS data. The new range of kinematics opened
up by the HERA collider allows a mote detailed study, particularly of the dependence on the
kinematic variables.

Results from the lower energy DIS experiments have shown that perturbative QCD corrections
to the naive quark parton model (QPM) are required to describe the hadroaic final state [3, 4].
Qur recent observation of two jet production in DIS [5] shows clearly that higher order processes,
giving rise to multi-partonic final states, are important at HERA energies and so must be
included in the simulations.

2 The ZEUS Detector

ZEUS is a general purpose magnetic detector. A description of the detector, the trigger system
and the event selection has been given previously [5, 6]. Here we describe only the detector
parts relevant to this analysis. ‘

Charged particle iracks are measured by a cylindrical central-drift-chamber (CTD) [7]. During
the data taking period used for this analysis, the single wire resolutions were measured to be
o, = 4.0 cm and 0,5 = 1 mm. (The ZEUS coordinate system is right-handed with the Z-axis
pointing in the direction of the proton beam). The CTD is surrounded by a superconducting
solenoid with a thickness of 0.9 radiation lengths, which provided an axial magnetic field of
143 T. :

A high resolution, uranium scintillator calorimeter (CAL) [8] surrounds the tracking system,
covering 99.7% of the solid angle. It is made of three parts, the forward (FCAL), barrel (BCAL)
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and rear (RCAL) calorimeters. Each part is segmented longitudinally into an electromagnetic
{EMC) and either one or two hadronic (HAC) sections, In test beams, the energy resolution
for electrons was measured to be o{E)/E = 0.18/VE and for hadrons «(E}/E = 0.35/E,
where E is in GeV [8, 9], The scintillator tiles form 5918 cells, each of which is read out on two
sides. The transverse sizes of the readout cells are typically 5 cm x 20 ¢m in the EMC sections
of FCAL and BCAL and 10 ¢m x 20 cm in the RCAL. The HAC section cells cover four (two)
EMC cells in' FCAL, BCAL (RCAL) and 50 afé typically 20 cm x 20 cm in cross section. The
nominal interaction point at Z= 0 is approximately 220 cfn from the front face of FCAL and
150 cm from that of RCAL.

The absolute energy calibration and the cell to cell uniformity were established in test beam
measurements. These calibrations were transferred to the HERA environment using the mea-
sured signals induced by the natural radicactivity of the uranium. Both the cell to cell unifor-
mity and the stability of the system are at the 1% level. Althongh studies indicate that the
energy loss in inert material is well described by the detector simulation, except for the region
close to the beam pipe [6], the data shown in this paper are not corrected for acceptance, energy
losses, and other instrumental effects.

3 Kinematics

Neutral-current, deep-inelastic scattering takes place by the exchange of a virtual boson giving
rise to the reaction

ep — ¢+ hadrons. (1)

For the present data sample, the reaction is dominated by the exchange of a virtual photor,
7*. The event kinematics are characterized by Q2 the negative square of the four-momentum
transfer, and the Bjorken scaling variable, z. These quantities are conventionally calculated
from the energies of the incoming electron (E,) and proton (E,}, the energy of the scattered
electron (E.) and the electron scattering angle (¥.}. In lowest order (QPM), the DIS process is
just the interaction of this electroweak current with one of the quarks from the incoming proton,
¥* + g — ¢. The rest of the proton forms the target remnant. Although the basic properties
of the final state hadronic system are given by this interaction, the detailed properties reflect
higher ordei QCD éffects.

The hadronic final state itself can also be used to determine the event kinematics, in particular
through a characteristic angle, v5. In the QPM, with massless partons, 4;, would be the labo-
ratory angle of the final state quark. The value of this angle is determined by four-momentum
conservation and can be calculated from the transverse and longitudinal energy flow of the
hadronic system as [6]:

(pr}z + (Epr)g - (E(E _Pz))2
7 2
(pr) + (EPY) + (E(E _pz])z
where p, and p, are the transverse momentum components of the particles making up the
X ¥

hadronic system, p, is the longitudinal component, and £ is the energy. In calculating -,
the sum over particles is replaced by the sum over calorimeter energy deposits: E is now the

(2)

COS Yh =

energy measured in the calorimeter cell and p,,p,, and p, are the cell energies multiplied by
appropriate angular factors. Some particles are lost in the forward beam pipe, but they give a
small contribution to the above sum.

For reasons previously discussed [6], we measure the variables = and Q? from the two angles 9,
and 5 alone (the double angle method):

Q' - 4E? sin y,(1 + cos 9.} 3)

®sinyp, + sind, — stn(d. + )
E,\ {siny, + sind, + sin{d, + v2)
€ = | = - - - . (4)
E,/ \sin vy, + sind, — sin{d, + 74)

The invariant mass, W, of the hadronic system is related to =, @*, and the proton mass, m,,
by:
I—=
W2 = Qz " + m?n - ’ (8)

and has a maximum value of /5.

4 Event Selection and Reconstruction

The events were selected with a three level trigger, as previously described [5, 6}, and subse-
quently processed with the ZEUS off-line reconrstruction programs. Minimum energy culs were
applied to the cell energies to reduce the influence of the uranivm noise on the reconstruction
of the kinematical variables. Scattered electrons were identified by an algorithm based on the
properties of electromagnetic showers in the calorimeter [6]. The impact point of the electron
on the face of the calorimeter was determined from the disiribution of energy among the cells
contributing to the electron cluster, as well as from the signal balance between readouts on the
two sides of each cell. Charged tracks were reconstructed from hits in the CTD. At least two
well measured tracks were required to define a valid event vertex in Z; otherwise it was set to
Zero.

After reconstruction, the data were passed through filter programs [6] designed to remove events

coming from cosmic rays and background events induced by the proton beam alone. After these

initial cuts, the following requirements were made:

« § =31 E(1-cos?) >.35 GeV, where the sum runs overall calorimeter cells. The measured
energy of the cell is denoted by E and its polar angle with respect to the incident proton
beam by #. This cut removed most of the background from photoproduction events and
proton beam-gas events that originated inside the detector system. It also removed DIS
-events coming from electrons that have emitted an energetic initial state photon.

o Energy in the FCAL greater than 1 GeV. This removed most interactions of the electron
“beam with the residual gas in .the beam pipe as well as possible diffractive events.

o [dentification of an isolated electron with an energy greater than 5 GeV. This selection
tagged the event as a neutral current candidate.



¢ @* > 10 GeV?, This implies a fiducial cut on the impact point of the electron close to
the RCAL beam pipe.

e Shad > 0.04F,, where &p,,4 is the hadronic contribution to §. This ensures that the event

kinematics are sufficiently well measured.

A data sample of 2444 events satisfied these selections, of which approximately 70% had a
reconstructed vertex. One third of the events were visually inspected to check the purity of the
sample. The contamination from cosmic ray interactions and other obvious background sources
was at the one percent level. The effect of the residual ‘background from photoproduction
reactions is small, as we discuss later, and does not effect the conclusions of the paper.

The distribution of events in the W? — = plane is shown in figure la. The data reach = values
that are two orders of magnitude smaller than have heen accessible to previous fixed target
experiments in this range of momentum transfer so that the W?¥ values extend to almost 10°
GeV?, This is much higher than the range of Q? seen in figure 1b. This distribution_has been
normalized to the number of events, N. The distribution also falls rapidly with 3, reflecting the
dominant effect of the photon propagator, whereas the distribution in W is relatively uniform.
The histogram shows, as an example, the prediction of one of the models discussed below. The
. QPM kinematics are also illustrated in figure 1a by the ~;, contours (full ines) that mark the
boundaries between the three parts of the calorimeter. The dashed line shows a 10° contour
discussed later.

5 QCD Models and Event Simulation

In describing the structure of the hadronic final state in DIS, it is necessary to include higher
order QCD contributions. The exact matrix elements, calculated order by order in the strong
coupling constant «,, can be used to estimate these corrections, However, only partial second
order results exist for DIS [10]. Alternatively, models based on the leading logarithm approx-
imation (LLA), with modifications for coherence effects, can be employed. There are several
such models: parton showers [11, 12] and colour dipoles [13]. Both the parton shower and
colour dipole models describe present e*e™ data [2] for the radiation of the final state quarks
and are in general accord with the lower energy DIS data [14]. The present data, which extends
to much lower = values where increased radiation may be expected and where the W? and §?
values are very different, is a powerful testing ground of the different models.

In addition to the leading order reaction, 4* + ¢ — ¢, two processes contribute to DIS to first
order in a,: hoson-gluon fusion (BGF),¥* + ¢ — ¢+ § and QCD Compton scattering (QCDC),
%" +4q — g+ g. The exact matrix elements, calculated to first order, are used to simulate
these processes. In order to calculate cross-sections for these reactions, a cut on the minimum
invariant mass of all pairs of final state partons, m%; = yuaW?, is needed to ensure that they are
well behaved. The matrix element calculations are combined with the electroweak scattering
cross section in the Monte Carlo program LEPTO [15]. We denote this simulation by ME.

In higher orders, one generally expects several partons in the partonic final state. One model
that simulates such multi-parton stabes is the parton shower (P5) model. In this picture, the
struck quark can emit partons either before or after the boson vertex. As the quark is radiating
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the initial state shower, before the photon vertex, it becomes more off-shell or virtual. After the
interaction, the quark may again be off mass-shell and returns to the mass-shell by radiating the
final state shower. The magnitude and hardness of the radiation are Limited by the maximum
virtuality (invariant mass) of the struck quark just before and just after the interaction with
the virtnal photon. In DIS this maximum virtuality scale is not well defined and could, in
principle, be any funciion of @® and/or W7 [11].

In this paper, we show the predictions of two extreme choices of virtuality scale that are available
in LEPTO, Q* and W?, denoted by PS(Q?) and PS{W?), respectively. Although neither choice
is theoretically satisfactory, they span the range of possibilities predicted by this model. An
intermediate scale, based on the limiting behaviour of the matrix elements at low and high =
is given by Q*(1 — z)max(l,In 1) [15]. We denote the parton shower model with this scale by
PS(Q*(1— z)). Interference between the initial and final state showers is neglected in LEPTO.
Since typical Q* values are quite low, the predictions of the PS(Q?) model will be close to those
of the QPM. ’

An alternative Monte Caclo program that incorporates the parton shower approach is HER-
WIG [16]. In this model the parton shower takes place inside a cone of angular size set by
the incoming and outgoing struck parton. In DIS, this correlates the initial and final parton
showers. The characteristic scale of the parton shower is given by 2E%(1 — cos ¥) where E is’
the energy of the parton and ¢ is the angle with respect to its colour connected partner,

The parton showers in both LEPTO and HERWIG are simulated in the LLA. The technigue
used to simulate final state partonic radiation [16, 17] is the same as that used to describe
ete” annihilation, where. it is well tested experimentally [2]. The simulation of initial state
radiation [16, 18], however, is not well tested and is also dependent on the parton densities in
the proton. ' .

LEPTO also allows the possibility of adding parton showers to the first order matrix element
{ME+P8) [19]. This option gives the exact first order hard emissions in the BGF and QCDC
processes and, in addition, limits the choice of virtuality scale for the parton showers. If the
matrix element gives o radiation, then the choice of scale for the softer emissions is determined
by the my; cutoff used in the matrix element calculation. An event originating frotn a first order
process has a maximum virtuality for the final state radiation set by the invariant mass of the
resulting partons.

A different approach to the problem of describing the partonic final state is provided by the
colour dipole model (CDM). In this model, the struck quark and the proton remnant are
considered to form a colour dipole. When this dipole radiates a gluon, it splits into two radiating
dipoles: one between the struck quark and the gluon and the other between the gluon and the
remnant. Repeated gluonic emissions lead to a chain of such dipoles. Unlike the ete- case,
in DIS one end of the dipole system is ot point-like since the proton remnant is an extended
object. As a result, the maximum p} in the hadronic centre of mass system for an emitted gluon
varies as W# [20]. For DIS, the simulation of the QCDC process is only approximate because
of the extended proton remnant. The dipole model is coded in the program ARIADNE [21],
which in turn is interfaced to that part of LEPTOQ which generates the hard scattering.

Since the boson-gluon fusion process is not accounted for in the CDM, the provision has been
made in ARTADNE to include this process as given by the first order matrix element. This will
be referred to as CDM4BGF. In this option, the produced quark and anti-quark each form
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independent dipoles with the remnant system. The first gluon emission in e*e~ annihilation is
exactly simulated by the dipole radiation.

First .order electroweak radiative cross sections are calculated in the program HERACLES [22]
which is interfaced [23] to LEPTQ as well as to ARIADNE. This program chain allows fragmen-
tation and QCD cascades to be studied in radiative events. The ME, ME+PS, and CDM+BGF
models were investigated without electroweak radiative corrections. All these programs work
within the framework of the Lund string model [24] where the hadrons are formed along colour
flux tubes stretched between the outgoing partons. This hadronization method is implemented
in the JETSET program [25].

The hadronization in HERWIG is based on a scheme where the partons formed late in the
shower are combined into low mass, colourless clusters which then decay isotropically. Any
heavier clusters are first allowed to decay into two lighter clusters in a manner similar to that
used in the Lund string. HERWIG was investigated without electroweak radiative corrections.

There is no clear theoretical prescription for dealing with the proton remnant and this leads
to major differences between the predictions of the different models. In the LEPTO versions
of the Lund string model, simple quark counting is used [26] for the remnant treatment. For
scattering off a valence quark the remnant is taken to be the resulting diquark. For a sea
quark scatter the remnant is split into either a baryon and a quark or a meson and a diquark.
For the BGF process the three valence quarks in the remnant are divided into a quark and a
diquark. In HERWIG two approaches are available. The default choice uses a soft underlying
event (SUE} based on a phenomenological description of minimum bias events from the UAS
experiment [27]. This method splits the remnant into many ‘soft’ clusters. The other technique
allows the remnant to only split into two clusters.

Event samples generated by the above Monte Carlo methods were processed with the ZEUS
detector simulation program, a trigger simulation and the offline reconstruction procedure.
Electronic and uranium noise in the calorimeter was simulated. The detector simulation is
based on the general purpose program GEANT3.13 [28]. The description of the responses of
the various detector components was tuned to reproduce test beam data, The Monte Carlo
event samples were subjected to the same selection procedure applied to the data.

6 Results

A series of calorimeter cell energy distributions is used to compare the data with the predictions
of the Monte Carlo models described above, Each calorimeter cell defines a vector, E, with
direction given by the geometrical centre of the cell and magnitude by the energy deposit.
In order to study the z dependence of QCD radiation, the distributions are plotted in three
different z bins indicated in figure la: = < 1073, 107% < z < 107%, and = > 1072. The highest
bin is close to the = region covered by existing data, whereas the lowest z region only becomes
accessible at HERA energies. In all of the comparisons, cells with ¢4 < 10° are removed fo
reduce the influence of the proton remnant. The error bars on the data are statistical and are
within the symbols if they are not shown. Systematic checks on the Monte Carlo event samples
are discussed in the following section. All the Monte Carlo samples shown were generated with
the MRSDO parton density parametrization [29].
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The energy flow distributions as a function of the polar angle, 4, are shown in figure 2 for the
three x regions and for different W? selections. In the lowest z range, figure 2a, the jet energy
peak at large angles is clearly visible superimposed on a falling distribution at small angles.
With HERA kineinatics, at fixed = the current jet swings from the forward to the backward
region as the W? values increase. This is illustrated in figures 2(b-d}, showing results in the
intermediate & range. At high 2, shown in figure 2e, the data exhibits a smooth fall with #
since for most of the events the hadronic system has a high energy and populates the forward
region. In all cases, however, the energy is distributed over the full range of polar angles.

The transverse energy flow of the hadronic system is shown in figure 3. To illustrate better the
model comparisons, the same data are shown separately in two sets of three z—range plots.
These distributions show transverse energy weighted azimuthal angles, ¢, where ¢ = 0° is
defined by the direction of the scatiered electron. The transverse energy, Er, of each cell is
given by Esgin#d. In all cases the data peak at ¢ = 180° with the hadrons balancing the Eg
of the electron. This is particularly clear in the two higher z bins. In the lowest = region,
the data show a broader Ey distribution. In addition, the total Et, which is the area of each
distribution, increases as & decreases, i.e. as W increases.

The histograms in figures 3(a-c) show the predictions of several different medels. The first
order matrix element calculation (dashed-dotted histogram) predicts a distribution that is more
peaked in ¢ than is observed, particularly at the lower 2 values. This poor agreement between
the data and the predictions of the first order matrix elements highlights the need to take into
account higher orders in «,. The PS(W?} model (dashed histogram) reproduces the general
shape of the data but much overestimates the Er. On the other hand, the PS{(?) approach
{dotted histogram) predicts even less Er than the matrix elements, particularly at the lower =
values. The ME+PS model {full histogram) gives a good description of the Er distributions
of the data. Since the PS(Q?) choice yields little gluon radiation, the comparison of the data
with the predictions of this model suggests that the observed broadening of the event structure
in the transverse plane is due not to kinematics but primarily to QCD radiation.

The different behaviour predicted by the W?* and @? choices of the virtuality scale, shown in
figure 3a, can be understood from equation (5}: at low z, the values of W? are much larger
than those of 2, thus allowing more gluon radiation. For the highest = region, however, the
predictions of all parton shower models are similar since the (% and W? values are more similar.
In this regioni all miodels give a reasonable representation of the data.

The PS(Q*(1 — z)) choice (dotted histogram) is shown in figures 3(d-f}. It gives a good descrip-
tion of the data in the two highest = bins, but predicts too little E7 at low #. The comparisons
with the CDM (dashed histogram), and CDM+BGF meodels (full histogram), along with the
HERWIG model without the SUE (dashed-dotted histogram), are also shown in these figures.
It is clear that these models are in reasonable accord with the Er distributions of the data.
The HERWIG prediction including the SUE {not shown) is similar.

To study the transverse energy arising from gluon radiation, the energy component perpendic-
ular to the scattering plane, (E;},u was measured. The scattering plane contains the Z-axis
and an axis that was determined by maximizing the E; in that plane, (E})i, of all the cells (in-
cluding those associated with the found electron). In the QPM, this is the plane that contains
the beam axis, the scattered electron and the struck quark.

In figure 4 the mean {F,),.; of tke hadronic system is shown as a function of W? for the
different « bins. The data show an increase of (E;}ou as W? increases. This might be expected
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since an increase in W? at fixed z means that the energy is not taken by the remnant and is
therefore available for QCD radiation. These comparisons with the Monte Carlo models show
the same general trends seen in the previous comparisons. Again, the PS(Q?), PS(W?), and ME
predictions are in poor agreement with the data, whereas the CDM, ME+PS, and HERWIG
predictions are in general agreement with the data, although some deviations are evident at

high = and high Q°.

A more sensitive display of the energy flow for the low = region is shown as a function of
pseudorapidity in figure 5. The pseudorapidity, #, is given by 4 = —In (tan (%) . This plot
shows the energy weighted pseudorapidity difference between the calorimeter cell and that of
the hadron angle ., the direction of the scattered quark inf the QPM, An = 7 —7,,. Note that
for a ), at the RCAL/BCAL boundary, the 10° beampipe cut corresponds to a An of ~ 3.1 so
that the shape of the peak at large An is influenced by this cut. The fall off at negative values
of An is not affected by the rear beam pipe, which is near An = —1.5. It is striking that almost
all of the energy appears at positive values, between the direction of -y, and that of the proton
remnant. Such a behaviour is expected from the gluon radiation that should be concentrated in
this angular range. For this low ¢ range, there is a continuous distribution of energy flow from
that associated with the struck quark to that coming from the proton remnant even though
~ points in the direction of the RCAL, i.e. opposite to the direction of the proton remnant,
as can be seen in figure 1a. In addition, a shift in the peak from the expectation of the QPM
model (An = 0) is clearly seen.

The predictions of PS(W?) (dashed histogram), PS(@?) (dotted histogram), and ME {dashed-
dotted), shown in figure 5a, do not reproduce the data. The peaks in the PS(Q?) and ME
distributions are centered at -y. (An = 0}, thus indicating that the shift in the data is in fact
due to QCD radiation. The ME+PS prediction (full histogram) is in better agreement with the
data near An = 0 although the peak is somewhat broader than that observed. This prediction
falls below the data in the large An region. However, in this region the model prediction is
sensitive to the y.. parameter. In this plot we have used a value of 0.01; the prediction with
the default value of 0.015 underestimates the data even more.

The CDM models are compared to the data in figure 5b. Both the CDM (dashed histogram}
and the CDM+BGF (full histogram) give a better representation of the data than the other
models, particularly at lacrge An. However, these models somewhat overestimate the energy in
the region between the guark and the proton remnant. The PS(@*(1 — z)) model is shown as
the dotted histogram in figure 5b. It reproduces the peak at An = 0 better than either the
PS({W?) or PS(Q?) models, but predicts too little energy for An > 1. It must be stressed that
these differences in the Lund models in the larger An region are due solely to differences in
the treatment of QCD radiation because all models use the same hadronization of the proton
remnant.

Figure 5¢c shows the predictions of the HERWIG model both with (dashed histogram) and with-
out {solid histogram) the SUE. The latter is in equally good agreement with the measurements
as the CDM+BGF model whereas the prediction with the inclusion of an underlying event
overestimates the energy flow in the large As region.

7 Systematic Checks

To investigate whether these conclusions are sensitive to the details of the models, various checks
were made, The FCAL energy requirement of 1 GeV, applied after the other event selection
cuts, rejected about 1% of the events in all of the Monte Carlo samples, with one exception. It
removed about 4% of the events from the data sample. The exception was HERWIG without
the SUE, for which the fraction of events rejected was considerably higher. A study of these
events showed that the partonic final state usnally contained only a struck quark and a proton
remnant with the latter remaining in the forward beam pipe.

To study the effects of the electroweak radiative corrections, the predictions of ARIADNE
calculated both with and without the interface to HERACLES were compared. The shifts
observed in the distributions were negligible compared to the large differences in the predictions
of the various models,

The dependence of the predictions of the parton shower and matrix element models on the
parton density parametrization was studied by using two sets by Morfin and Tung (MTB1 and
MTB2) [30] and two sets by Martin, Roberts and Stirling {MRSD0 and MRSD—) [29]. For all
plots, the differences were smaller than the statistical errors in the data.

The sensitivity of the PS and ME predictions to model parameters was also studied to deter-
mine if the observed differences between the data and model predictions could be reduced by
parameter tuning. The minimum virtuality of 1 GeV in both the initial and final state parton
showers was increased and decreased by a factor of three. This is the virtuality at which par-
tons are assumed to be on mass-shell. The A parameter of the strong coupling constant used
in both the initial and final state showers was also varied by a factor of three, In addition, the
Gaussian width of the primordial transverse momentum distribution of the partons within the
proton was varied. The effect of the fragmentation was checked by changing the parameters
that govern the energy-momentum fraction and the pr distributions of the primary produced
hadrons in the Lund string model. The transverse energy flow plots were the most sensitive to
these changes. Nevertheless, the effects were, again, always smaller than the statistical errors.
The ME model is sensitive to the . parameter in the forward region. An increase from 0.0025%
to 0.015 decreases the prediction for the energy deposited in the 10° — 20° region by appoxi-
mately 10%. However, the transverse energy flow has little sensitivity to this parameter. We
note that these variations are larger than those made in tuning the values {14] to match lower .
energy data.

The electron identification algorithms can introduce a systematic error for various reasons. One
is that the algorithms have differing purities for accepting DIS events compared to possible
photoproduction background which mainly occurs in the low @2, low = regions. Another is
related to the assignment of calorimeter cells to the electron. The difference between different
algorithms exhibited small effects on the general overall shape of the distributions and do not
alter any of the conclusions drawn. By increasing the energy cut on the found electron from
5 GeV to 10 GeV, possible photoproduction background is reduced. This change does not alter
the overall trends of the distributions so that the conclusions are unchanged. The estimated
photoproduction backgound is 10% in the lowest = region and 3% overall,

The effect of varying the hadronic energy scale by 5% was smaller than the statistical errors.
The detector simulation shows that energy corrections due to dead material and the smearing
coming from resclution and acceptance effects were about 20% for most of the distributions,
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8 Summary

We have presented measurements of hadronic energy distributions in DIS at HERA. For de-
creasing z an increase in Er of the hadronic system, with respect to the proton direction, is
observed as well as a general broadening of the energy flow in the transverse plane. In the
low z region, the peak in the hadronic energy flow in the direction of the current jet is shifted
from the position expected by the QPM towards the proton remnant with most of the energy
appearing between the position of the expected jet peak and that of the proton remnant.

The comparisons with the data show that the Lund model, in which the first order matrix
elements are combined with parton showers, gives a reasonable description of the energy flows.
The predictions of the colour dipole and the HERWIG parton shower models also agree with
the overall trends of the data.

By contrast, the predictions of a model based on the first order mairix elements alone are in
disagreement with observation. Furthermore, in the Lund parton shower model alone, neither
the choice of W7 nor 7 to set the virtuality scale for the parton showers can describe the final
hadronic states. The scale G*(1 — z}ma=(1,In 1), motivated by the behaviour of the matrix
elements, alse fails. The differences cannot be accounted for by changes in the fragmentation
parameters, model parameters, or present parton density parametrizations.
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Figure 1: (a) The W? — z distribution of the ZEUS data marked with the z bins used in the
analysis. The contours of the angles, y, corresponding to the boundaries of the calorimeter
components are shown as the full lines. The dashed curve, at low W? and high =z, corresponds
to a 10° contour. (b) The Q* distribution. All the variables have been calculated from the
double angle method. The histogram shows the HERACLES+ARIADNE (CDM) Monte Carlo

discussed in the text.
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Figure 2: The energy weighted + :ljstributions in :he ranges of £ and W* used in th.is analysis. Figure 3: The transverse energy weighted azimuthal angular distributions in the three ranges
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() @ > 0.01 and 1000 < W* < 60000 GeV™. _  dashed histogram PS(W?), the dotted histogram PS(Q?), and the dash-dotted histogram ME.

In {d), (e} and (f) the full histogram is CDM+BGF, ihe dashed histogram CDM, the dotted
histogram PS{Q*(1 — #)) and the dash-dotted histogram HERWIG.
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Figure 5: The energy weighted pseudorapidity difference, A7, of the hadronic system calorime-
ter cells with respect to the struck quark from the quark-parton model. The ZEUS data points
are shown as the dots. In (a) the full histogram is ME--PS5, the dashed histogram PS(W?),
the dotted histogram PS(@*), and the dash-dotted histogram ME. In (b) the full histogram is
CDM+BGF, the dashed histogramm CDM and the dotted histogram PS(Q*(1 — =)). In () the
full histogram is HERWIG without the SUE and the dashed histogram HERWIG including the
SUE.
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