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Abstract

Global properties of the hadronic final state in deep inelastic scattering events at
HERA are investigated. The data are corrected for detector effects and are com-
pared directly with QCD phenomenology. Energy flows in both the laboratory
frame and the hadronic centre of mass system and energy-energy correlations in the
laboratory frame are presented. Comparing various QCD models, the colour dipole
model provides the only satisfactory description of the data. In the hadronic centre
of mass system the momentum components of charged particles longitudinal and
transverse to the virtual boson direction are measured and compared with lower
energy lepton-nucleon scattering data as well as with ete™ data from LEP.
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1 Introduction

The HERA collider at DESY, which delivered the first ep interactions in 1992, has opened
new kinematical domains in deep inelastic lepton-nucleon scattering (DIS) in both the
small z (Bjorken scaling variable) and large (* (negative 4-momentum transfer squared)
regions. In this paper topological properties of hadronic final states in DIS events at small
z (xz < 107%) are presented.

In the simple quark parton model of deep inelastic scattering, a quark is scattered
out of the proton by the virtual boson emitted from the scattering lepton. QCD modifies
this naive picture. Gluons may be radiated before (initial state radiation) and after (final
state radiation) the boson-quark vertex, and the boson may also interact with a gluon
inside the proton by means of a quark line (boson-gluon fusion). Probing the proton with
a boson results in the materialisation of virtual QCD fluctuations inside the proton, which
become visible in the hadronic final state.

The large phase space for QCD radiation at HERA makes the hadronic final state
an ideal testing ground for QCD. For z > 1072 DIS has been well measured and can be
understood theoretically in terms of the standard QCD evolution equations [1]. Novel
QCD effects [2] due to increasing parton densities may be expected in the small x region,
say ¢ < 1072, In the low # domain the region away from the expected current jet towards
the proton remnant is of particular interest in this analysis, as it may be the region
most sensitive to new effects. Expectations for the properties of hadronic final states are
available in the form of Monte Carlo models, which are based on standard QCD evolution
and which have been tuned to provide a satisfactory description of lower energy lepton-
nucleon data and of high statistics ete~data. In the new high energy domain of HERA
the models differ widely in their predictions. Significant differences between QCD models
and the data have already been observed [3, 4].

Increased statistics allow for a more detailed investigation, both in the laboratory
frame and in the hadronic centre of mass system. The data presented were obtained in
1992, when electrons of E, = 26.7 GeV were collided with protons of F, = 820 GeV,
resulting in a centre of mass energy of y/s = 296 GeV. They correspond to an integrated
luminosity of 22.5 nb~'. The kinematical region investigated is 107* < = < 1072, 10 <
Q? < 100 GeV? and W about 50-200 GeV, where W is the invariant mass of the hadronic
system. The data are corrected for detector effects in order to be used as an experimental
reference for theoretical developments. Transverse energy flows, transverse energy-energy
correlations and charged particle spectra are studied.

2 Detector Description

A detailed description of the Hl apparatus can be found elsewhere [5]. The following
briefly describes the components of the detector relevant to this analysis, which makes
use of the calorimeters and the central and backward tracking systems.

The hadronic energy flow and the scattered electrons are measured with a liquid
argon (LAr) calorimeter and a backward electromagnetic lead-scintillator calorimeter
(BEMC). Leaking hadronic showers are measured in a surrounding tail catcher.



The LAr calorimeter [6] extends over the polar angular range 4° < 6 < 153° with
full azimuthal coverage, where 6 is defined with respect to the proton beam direction
(42 axis). It consists of an electromagnetic section with lead absorbers and a hadronic
section with steel absorbers. Both sections are highly segmented in the transverse and the
longitudinal direction with about 44000 cells in total. The total depth of both calorimeters
varies between 4.5 and 8 interaction lengths. The electronic noise per channel is typically
between 10 and 30 MeV (1 o equivalent energy).

Test beam measurements of the LAr calorimeter modules show an energy resolution

op/E ~ 0.12/y/FE [GeV] & 0.01 for electrons and og/E =~ 0.50/\/FE [GeV] & 0.02 for

charged pions [5, 6, 7]. The hadronic energy measurement is performed by applying a
weighting technique in order to account for the non-compensating nature of the calorime-
ter [8]. Both the energy scales and the resolutions have been verified in the H1 experiment.
By comparing the measured track momentum of electrons and positrons with their cor-
responding energy deposition in the LAr calorimeter, the electromagnetic energy scale
is known to a precision of 3%. The absolute scale of the hadronic energy is presently
known to 6%, as determined from studies of the transverse momentum (pr) balance in
DIS events.

The BEMC (depth of 22.5 radiation lengths or 1 interaction length) covers the back-
ward region of the detector, 151° < § < 177°. A major task of the BEMC is to trigger
and to measure scattered electrons in DIS processes with Q? values ranging from 5 to
100 GeVZ2. The absolute energy scale is determined by comparing the measured electron
energy in the BEMC with that calculated from the angles of the hadronic system and
the electron. The BEMC energy scale for electrons is known to an accuracy of 2%. Its
resolution is given by og/E = 0.10/\/E [GeV] & 0.42/ E[GeV] & 0.03 [9].

The calorimeters are surrounded by a superconducting solenoid providing a uniform
magnetic field of 1.15 T parallel to the beam axis in the tracking region. The return
yoke surrounding the coil is fully instrumented with a tail catcher consisting of streamer
tubes with analog read-out to measure the leakage of hadronic showers. Its resolution is
op/E ~1.0/\/E [GeV].

Charged particle tracks are measured in two concentric jet drift chamber modules
(CJC), covering the polar angular range 15° < § < 165°. Up to 56 space points can be
measured for each track. The radial coordinates are derived from drift time measurements,
and the z coordinates from charge division. The achieved resolutions are o,./pr =~
0.009 - pr [GeV] $0.015 and oy = 20 mrad [5]. A backward proportional chamber (BPC),
in front of the BEMC with an angular acceptance of 155.5° < # < 174.5° serves to identify
electrons and to precisely measure their direction. Using information from the BPC, the
BEMC and the reconstructed event vertex the polar angle of the scattered electron is
known to better than 5 mrad.

A scintillator hodoscope situated behind the BEMC is used to veto proton-induced
background events based on their early time of arrival compared with that for nominal
electron-proton collisions.



3 Event Selection and Kinematics

For this analysis DIS events with Q% < 100 GeV? are used, in which the scattered electron
is observed in the BEMC.

The events are triggered by requiring a cluster of more than 4 GeV in the BEMC and
no time of flight veto from the scintillator hodoscope. This trigger is fully efficient for
electrons with energies above 10 GeV. After reconstruction, DIS events are selected in the
following way:

e The scattered electron, defined as the most energetic BEMC cluster, must have an
energy larger than 14 GeV and must be associated with a space point in the BPC
within 5 cm of the cluster centre of gravity. These cuts reduce photoproduction

background [9].

e The BPC hit must lie less than 60 cm from the beam line, corresponding to an
electron angle above 157° with respect to the nominal interaction point. In addition
the electron angle 6. has to be smaller than 172.5°, ensuring full containment of the
electron shower in the BEMC.

e An event vertex, reconstructed from tracks in the central tracker within £50 cm of
the nominal interaction point, is required to reject beam induced background and to
ensure good determination of the kinematical variables. The events have a vertex
distribution centred at the nominal interaction point with a o, of 25 cm, which
reflects the length of the proton bunch.

e There has to be at least one central track fulfilling the track selection criteria given
below.

e The invariant mass squared, W?2, of the hadronic system must be greater than
3000 GeV?, ensuring substantial hadronic energy flow in the detector.

e The calorimetric energy Er in the forward region (3.5° < 6 < 15°) has to be larger
than 0.5 GeV.

In Fig. 1, the distribution of Ep before the cut is shown. Two distinct classes of
events are observed: the bulk of the events has considerable energy in the forward region,
while about 7% of the events have only very little forward energy. Events with such large
rapidity gaps in the forward region have been reported by the ZEUS and H1 collaboration
[10, 11]. These events are presumed to stem from diffractive-like processes which are not
included in the standard QCD models used in this analysis', and so are removed from the
sample.

The final sample contains 885 DIS events with an average * of 25 GeV? and with
107* < x < 1072, The remaining beam induced background is estimated from non-
colliding pilot bunch data (< 1%), and the photoproduction background in the sample is
estimated using Monte Carlo simulation to be less than 4 events.

1Only the HERWIG model (see ch. 4) generates some fraction of events with small Ep, though it
does not explicitly contain diffractive processes.



The hadronic energy flow is measured using energy depositions in the calorimeter cells,
with dead material corrected for. The polar angle acceptance is between 4.4° and 174°.
Electronic noise in the different calorimeters is suppressed by appropriate cuts and is
also included in the detector simulation by superimposing recorded events with random
triggers. A full account of energy measurements in H1 can be found in [5]. It has been
verified that the analysis results do not depend on details of the reconstruction method.

For the charged particle analysis CJC tracks are used which meet the following criteria:

e The track has to have a polar angle between 22° and 158°.

o The transverse momentum of the track has to lie in the range from 0.15 GeV to
10 GeV. The upper cut removes badly measured tracks.

e The track has to start in the innermost part of the jet chamber. The radial distance
between the first and last measured point on the track has to exceed 10 cm.

e The track has to be constrained to the event vertex with a distance of closest
approach in the z-y plane of less than 3 cm and a distance in z of less than 20 cm.

The reconstruction efficiency for tracks fulfilling the above requirements in the DIS
sample is estimated from a visual scan to be 92 4+ 3%. Losses are due to occasional
malfunctioning of readout electronics. Chamber inefficiencies affecting about 15% of the
azimuthal range are taken into account in the simulation.

The event kinematics are determined using information from both the scattered elec-
tron and the hadronic system. (? is calculated from the measured electron energy F’
and polar angle 6.,

0.
Q*=4FE, FE cos® 7 (1)

The scaling variable y is determined from the hadronic final state according to

En —pap

y = —_— 2
y hdzn TR (2)
with £} and p, ) being the hadron energy and its longitudinal momentum, respectively
[9]. To perform the sum over all hadrons a combination of calorimetric measurements and
reconstructed charged tracks in the central region is used [9]. The measurement of y is
made using the hadronic final state in preference to the electron. This has two advantages:
the precision is greater for small y and the influence of QED radiation from the lepton
lines on the measured kinematics is reduced. The scaling variable = is then derived via
x=Q%/(ys), and W? =m?2 + sy — Q.

The transformation to the hadronic centre of mass system (CMS), defined by the rest
system of the proton and the exchanged boson, is determined by the above kinematic
variables. The orientation of the CMS is such that the direction of the exchanged boson
defines the positive z* axis.



4 QCD Models

The data are compared to a number of QCD inspired models in the form of Monte Carlo
generators. They employ different ways of generating QCD emissions: first order QCD
matrix elements, or parton showers to all orders in the leading logarithmic approximation
(modelled either as bremsstrahlung like cascades or as emissions from colour dipoles), or
a combination of the two. A more detailed description of the models can be found in
the appendix and in [12]. For illustration, the naive quark parton model (QPM) without
any gluon radiation, is also compared to the data, in which hadrons are produced from
fragmentation of the string between the current quark and the remnant di-quark.

The model denoted here as MEPS [13] incorporates the QCD matrix elements to first
order, with additional soft emissions generated by adding leading log parton showers.

Two different pure parton shower models are compared to the data, referred to as
PSWQ [13] and HERWIG [14]. Both are based on leading log parton showers, but they
differ in their way of emulating QCD coherence effects.

In the colour dipole model [15], gluons are emitted from a chain of independently
radiating dipoles which are spanned by colour connected partons. Since all radiation is
assumed to stem from the dipole formed by the struck quark and the remnant, boson-
gluon fusion events cannot be generated in this way, they are instead taken from the QCD
matrix elements.

The CDM, MEPS and PSWQ models use the Lund string fragmentation model [16]
for the hadronisation of the generated partons, while HERWIG makes use of a cluster
fragmentation model [17]. In addition, HERWIG uses a soft underlying event, known
from minimum-bias pp collsions to model the remnant fragmentation. The MRS D_'(DIS)
structure function parametrisation [18], which is close to the recent F structure function
results obtained at HERA [9, 19], is used for the Monte Carlo generation.

5 Results

In the quark parton model the hadronic final state consists of a current quark, scattered
at large angles into the detector, and a remnant di-quark almost parallel to the incident
proton. The transverse momentum of the scattered electron is essentially balanced by the
current quark (and to a lesser extent by the target remnant). With QCD, radiated soft and
hard gluons populate the region between the struck quark and the di-quark. Hard parton
emission in QCD Compton and boson-gluon fusion processes leads to two well separated
partons, in addition to the target remnant. Non-perturbative hadronisation and particle
decays tend to wash out the underlying parton topology. However, perturbative QCD
effects should still be observable, particularly in the region between the current quark
and the diquark.

In the following, QCD effects in DIS events are studied in terms of the flow of transverse
energy in the hadronic final state, energy-energy correlations and in terms of charged
particle spectra. Since the event topology strongly depends on the kinematic variables
and Q?, energy flows and correlations are presented separately for events with x > 1073
(2/3 of the sample) and x < 1073. The latter region is of particular interest as it has not



yet been explored much experimentally.

The data are corrected for detector effects by dividing bin-by-bin with appropriate
correction factors. Bin widths are chosen not smaller than the experimental resolutions
obtained from Monte Carlo studies. An extensive discussion of this method can be found
for examplein [20]. The correction functions are determined from Monte Carlo simulations
of the H1 detector response. The results of the event generation are fed into the H1
detector simulation program containing a detailed description of the H1 detector geometry
and which is based on the GEANT package [21].

Monte Carlo events are processed through the same reconstruction and analysis chain
as the data. The calorimetric response in the simulation program has been tuned to test-
beam results [22]. Cosmic tracks and reconstructed K9 in the data have been used to
check the simulation of the tracking detector.

The correction factors for each bin are defined as the ratios between the recon-
structed and the generated values in the Monte Carlo simulation. Generated quanti-
ties are determined at the level of generated particles for events satisfying the physics
selection criteria, i.e. E/ > 14 GeV, 157° < 0, < 172.5°, W? > 3000 GeV?, and
Ep(3.5° < 8 < 15°) > 0.5 GeV. Particles for the energy flow analysis have to be within the
calorimeter region where a fully contained measurement is possible (4.4° < 6 < 174°), and
for the charged particle analysis they have to be in the +2* hemisphere of the hadronic
CMS. Corrections for particles outside these acceptances are not applied. The recon-
structed quantities are obtained after full detector simulation and reconstruction in the
same way as for real data. In using this procedure the presented results become detector
independent and are valid for DIS events satisfying the physics selection cuts. The CDM
generator (with the MRS D~ structure function [23]) has been chosen to determine the
correction factors as it provides the best description of the data which is necessary for the
bin-by-bin correction technique to be applicable. The CDM generator provides not only
a good description of the energy flows but also reproduces the distribution of the energy
within the energy depositions in the calorimeter and the number of energy depositions.
It has been verified in Monte Carlo studies that these bin-by-bin corrections are adequate
to reproduce the true distributions also for models other than the one with which the
correction functions were derived. This justifies using only one iteration to derive the
corrections.

To study the influence of QED corrections the CDM has been used, where the first
order QED corrections are generated by the HERACLES Monte Carlo [24]. QED radiative
effects on the measured distributions are at most 5 %, but generally much smaller. They
have not been corrected for and are included in the systematic error.

5.1 Energy Flows

The corrected transverse energy flow in the laboratory system is presented in Fig. 2a for
z < 1072 as a function of pseudorapidity, n = —1In tang . The distribution is normalized
to the number of events N. A steep rise of the transverse energy flow is observed at
negative values of n (i.e. the backward region), reaching a maximum of Er ~ 3 GeV per
unit of rapidity in the central region of the detector and then levelling off to £ ~ 2 GeV
per unit of rapidity in the forward region. For events with > 1072, see Fig. 2b, the onset



of the transverse energy flow is in the central detector, and the maximum value of Er is
shifted towards the forward region. Such a behaviour is expected, since in the QPM the
struck quark is scattered further into the forward direction of the laboratory system with
increasing x.

From the kinematic variables y and ()* the pseudorapidity n, = —Intan %‘1 can be
calculated, where

2FE.y (3)

Eey+Q*1—y)/(4Eey)
This direction coincides with the current quark direction in the QPM, but is not necessarily
related to the directions of the jets observed in the events. In Fig. 3 the transverse energy

cosf,=1—

flow is shown with respect to this ‘current quark’ direction, i.e. as a function of the
pseudorapidity distance Anp = —n,. The maximum E7 flow around the ‘current quark’
direction is always shifted towards the direction of the proton remnant, the shift being
larger at small . Comparing with the QPM curve, which is strongly peaked very close
to the ‘current quark’ direction, the shift observed in the data can be attributed to QCD
radiation. For z < 1072 the data show a plateau of Er ~ 2 GeV per unit of rapidity away
from the ‘current quark’, the drop at An > 4 is due to the detector acceptance. For the
large = data the maximum Fgp is higher. A plateau is not observed, because the event
kinematics boosts the hadronic system more into the forward region and the detector
acceptance has a severe effect on the measurements for An > 2.5.

In the hadronic CMS the QPM ‘current quark’ direction coincides with the direction of
the exchanged boson (+z*). In the CMS transverse energies are not obscured by a boost
to the laboratory system and allow a more direct observation of QCD radiation. Fig. 4
shows the transverse energy flow in the hadronic CMS as a function of the pseudorapidity,
Table 1 lists these values. The current hemisphere, n* > 0, exhibits a plateau which is
almost flat at £} ~ 2 GeV per unit of rapidity. The pseudorapidity distribution is slightly
wider for the lower = data. The target remnant at n* < 0 is essentially not observed due
to the calorimeter acceptance of the detector. A comparison with the QPM shows that
the larger part of the transverse energy is generated by QCD radiation.

Finally in Fig. 5, the mean transverse energy in the hadronic CMS is given as a
function of W2, providing an overall measure of the parton radiation activity. The mean
transverse energy rises with increasing W?, as expected from the increasing phase space
for QCD radiation. A slight rise is seen for the QPM too, however, this can be attributed
to the increased multiplicity which leads to a higher overall £} being produced in the
non-perturbative hadronisation step. The slope is reproduced by the QCD models, but
they differ in their absolute prediction.

The corrections and uncertainties are discussed here for Fig. 2a as an example; similar
considerations hold for the other distributions. The correction functions used to obtain
these energy flows vary by 10% around 1.0 in the central barrel part of the calorimeter,
rise up to factors of ~ 1.8 in the forward region and in the backward part it drops to
~ 0.6 (see Fig. 6). The increase in the forward region is due to secondary interactions in
dead material in front of the calorimeter, and to a lesser extent due to the calorimetric
shower spread of the steeply falling angular particle distribution. The losses in the back-
ward calorimeters reflect the limited hadronic response of the detectors involved. The
dependence on the shower model describing hadronic cascades in the detector has been
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studied by comparing simulations with the GHEISHA [25] and FLUKA [26] packages and
is found to be less than 5%. The correction functions depend only weakly on the choice
of QCD model (CDM or MEPS: differences up to 5% in general) and structure function
(MRS D~ or MRS D°: differences < 3%). Including the hadronic energy scale error the
total systematical uncertainty is about the 10% level, and less than the statistical error
of the data. Only in the BEMC region are the uncertainties larger but they are of less
importance for this measurement.

Though events with visible rapidity gaps are removed, the influence of a possible
contamination by diffractive events on the correction functions has been studied using
the RAPGAP [27] generator. This generator produces diffractive events, some of which
survive the selection criteria used for this analysis. However, from an estimation of the
total cross section this surviving diffractive contribution is less than 10% of the DIS
sample, and those events look similar to events generated by the MEPS generator in
terms of energy flows, so the correction function is not affected.

It has been estimated from Monte Carlo studies that the remaining photoproduction
background could lead to a systematic overestimation of the transverse energy flow in the
laboratory system for the lower  bin of up to 5 % within a restricted pseudorapidity
range 0 < n < 2. This effect has been included in the sytematic error.

The investigated QCD models offer a large variety of predictions for the presented
energy flow measurements. Only the CDM model is in reasonable agreement with the
data, although at large = it falls somewhat below them. All other models differ signifi-
cantly from the data with respect to the shape of the distributions and/or the absolute
amount of transverse energy, in particular towards the remnant direction. HERWIG gives
a good description of the average E; produced (Fig. 5), but the Ej-flow as a function
of pseudorapidity differs greatly from the data. The discrepancies in the target remnant
direction are more pronounced at z < 1072. Most models predict too little energy in the
remnant direction, HERWIG and CDM being the exceptions. This agrees with previously
published uncorrected data [3, 4].

5.2 Energy-Energy Correlations

Energy-energy correlations (EEC) and their asymmetries are a powerful tool in ete™ anni-
hilation experiments for discriminating against various QCD models and for determining
the strong coupling constant «g, since these distributions are largely independent of the
hadronisation of the primary partons [28].

Similar investigations can be done in deep inelastic ep interactions when working in
the hadronic CMS. At HERA, however, one is severely limited by the losses of particles
belonging to the proton remnant in the beam pipe. A way out of this difficulty has
been proposed [29], namely to study transverse energy flow correlations in the laboratory
system. Denoting for each event the transverse energy Fr;, the pseudorapidity n; and the
azimuth ¢; of each calorimeter cell (for detector or simulated data)? or each particle (for

Monte Carlo generator data) ¢ in the laboratory system, a distance between two objects

2Technically the energies of all calorimeter cells are projected into an n-¢ grid of width Ap = A¢ = 0.15
in order to align them along the shower axis. The directions 7; and ¢; of each grid cell ¢ are calculated
from its centre of gravity.
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in the n-¢ plane is constructed by
wi = (=)t + (6 95)" (4)

Using p%_ = Q* (1 —y) of the scattered electron as a suitable normalization, the transverse
energy-energy correlation at a distance w can be defined as

w2 B T s 5)
NA(.U N i1 pT(i W_A2_w * ’

Qw) =

where autocorrelations ¢ = j are excluded, Aw is the bin width and the sum is made
over all N events. The effects of the beam hole become less important, since the choice
of transverse energies suppresses the target remnant jet and enhances the current jet and
its QCD radiation effects.

For the above EEC definition the pseudorapidity  and the azimuthal angle ¢ are not
well suited for particles or energy clusters close to the beam pipe. Particles belonging to
the remnant jet are spread over large n and ¢ ranges, thus diluting the collimation of the
jet in the 7-¢ plane. In order to reduce the influence of the remnant jet fragmentation
and the energy flow in the forward part of the detector, a cut on the polar angle of the
calorimeter cells and Monte Carlo generator particles of § > 8° is applied to the present
EEC analysis.

The corrected transverse energy-energy correlations are shown in Fig. 7 and listed in
Table 2. The correction function is constant and close to 1.3 (within £0.1) up to w < 5
for x < 1073, At z > 1072 the corrections vary between 1.2 and 1.6 for w < 4 and start
to rise up to ~ 2.5 with large uncertainties at larger w values. The model dependence of
the corrections introduces a systematic error of 10-15%, but rises up to 30% for w > 4.
The dependence on the structure function used for correction contributes an uncertainty
of about 5%. The uncertainty of the calorimeter energy scales gives an overall systematic
error of 12%. Note that the statisical errors of the EEC distributions are not independent
of each other, since each energy contributes many times.

For < 107 (Fig. 7a) the data rise continuously towards a pronounced correlation
around w ~ 7 (roughly a factor of 2 stronger than at low w), followed by a steep decrease.
For z > 107° (Fig. 7b) the EEC exhibit a rather flat distribution with two distinct
enhancements at low w and w ~ 7. Correlations within a jet-like object are expected
to populate the region at low w. Furthermore the transverse energy flow shows a wide
spread in azimuth in the forward region of the detector. This leads to the expectation of
a rather flat EEC distribution up to an w given essentially by the maximum azimuthal
particle separation, followed by a decrease determined by the separation in pseudorapidity.
Comparing the data with the QPM prediction, apart from the differrent overall scales,
the data show stronger enhancements at low w and around w ~ 7. The excess at w ~ 7
can be attributed to 2 + 1 jet configurations, e.g. boson-gluon fusion and QCD Compton
processes. In the hadronic CMS the two parton jets are produced opposite in azimuth, a
feature which is approximately preserved in the laboratory system. The w range covered
is shorter at high z, which can be understood by the fact that the partons are scattered
more into the forward part of the detector (see Fig. 2), thus reducing the separation in
pseudorapidity between the observed particles. The mean values of Q(w) are considerably
smaller for the high = data, because here the electron has on average a larger pr..
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None of the investigated QCD models describes the data perfectly, the discrepancies
being largest at low z. The best representation of the data is provided by the MEPS
model. This is somewhat surprising, since it fails to reproduce the energy flow in the
forward detector region. The CDM model gives a reasonable account of the shape of the
distributions, however, it always lies above the data and may be just consistent within
the systematic energy scale uncertainty. The PSWQ model describes the shape of the
distributions reasonably, but lies systematically above the data outside the systematic
energy scale uncertainty. HERWIG provides a fair description of the data at large =z,
while the shape at small z is not reproduced.

5.3 Charged Particle Spectra

In the following charged particle spectra are presented in the hadronic CMS for longitu-
dinal (pf) and transverse (p}) momentum components with respect to the virtual boson
direction. The data are corrected over the full +z* hemisphere taking into account losses
due to the limited central tracker acceptance.

The scaled longitudinal momentum is defined by xp = 2p*/W. The xp spectra for
the three different W ranges between 50 and 200 GeV are given in Table 3 and displayed
in Fig. 8. Acceptance corrections are generally 20-30%, of which 15% are due to a well
understood chamber inefficiency. However, for the lowest W range they rise to 60% at
zp = 0.03 due to particles leaving the tracker acceptance in the 4z direction. For the
largest bin of W, the corrections decrease from 60% at zp = 0.01 to 25% at zp = 0.03,
and then rise slowly again to 50 % at the largest xp bin due to particles lost in the —z
direction. The systematic error due to model dependent corrections rises from about 5%
in the lowest zp bin to about 25% in the largest zp bin. The xp resolution due to the
boost to the CMS is 13%. The uncertainty in the calorimetric scale affects the boost to the
hadronic CMS and leads to errors between 3 and 15 %, rising with zp. The determination
of the track finding inefficiency introduces a small systematic error of 3%. Due to the
large zp bins, the momentum resolution does not contribute to the systematic error.

The spectra fall steeply with zp. Within the experimental errors the distributions
for the different W ranges agree with each other, in accordance with the simple scaling
hypothesis. Scaling violations due to QCD radiation are presently not resolvable within
the data. All models are able to describe the data within errors, and as an example CDM
is shown in Fig. 8a.

In Fig. 8b the data averaged over all values of W are compared to lepton-nucleon
scattering at much lower < W >= 14 GeV from EMC [30]. For zp > 0.15 the slope of
the H1 data appears steeper than for the EMC data, an indication of scaling violation.
At smaller zy a proliferation of particles is observed when going from the EMC to HERA
energies, which is correlated with the increase of phase space for the fragmentation process:
starting with a larger energy of the primary quark, more particles can be produced in the
fragmentation chain until there is not enough energy left for producing a pion.

Data from a different reaction, ete™ annihilation at LEP [31], at a similar W, can
also be compared to the H1 data®. The DELPHI data agree well with the H1 data for

3Due to the large W and the dominantly small p%, the H1 spectra in terms of zp = 2p% /W, zp =
2E* /W and z, = 2p* /W differ by less than the size of the symbols, and can be compared directly to the
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xp > 0.15. At smaller zp, the H1 data lie significantly below the LEP data.

At HERA, contributions to the transverse momenta of particles from intrinsic py in
the proton and from fragmentation are expected to be small, leaving gluon radiation as
the dominating source. As a sensitive measure of this effect the so-called seagull plot is
presented, which gives the average transverse momentum squared, p3?, as a function of
zp. The H1 data are given in Table 4 and displayed in Fig. 9. Corrections applied vary
from 2% at small xp to 27% at large xp. The systematic errors take into account the
model dependence of the corrections (3-7%, rising with zp), the calorimeter calibration
(similar magnitude) and the dependence of the result on the choice of the pr < 10 GeV
cut (affecting the data up to 10% in the highest zx bin).

With increasing zp, the average transverse momentum squared increases by about an
order of magnitude. Comparing the H1 data at < W >= 117 GeV to EMC data [30] at
< W >= 14 GeV, much larger transverse momenta are observed. This increase has to
be attributed to increased QCD radiation. The QPM gives a factor of about 5-10 less
< piE >,

As to the strength of this effect, the models differ in their prediction. MEPS and CDM
describe the data adequately, while PSWQ is only marginally compatible with the data.
HERWIG differs significantly from the data, not only in magnitude, but also in the shape
of the spectrum.

6 Conclusions

Observables describing some general features of the hadronic final state in deep inelastic
scattering events have been measured in a new kinematic domain of low = and large W
where new QQCD effects can be expected. Exact QCD calculations for these observables
are not available, rather there exist a number of phenomenological models, which are
based on different approximations of the underlying QCD processes. These models have
been used for Monte Carlo simulations of the hadronic final state, and make very different
predictions. The best overall description of the H1 data is provided by the colour dipole
model. All other models fail to describe the flow of transverse energy, the energy-energy-
correlation, or the transverse momenta of charged particles. Straightforward variation of
their parameters did not result in a significant improvement of the overall description of
the data. The discrepancies are largest at small z and towards the proton remnant.
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Appendix A: Generators

Version numbers and the non-default parameters of the various Monte Carlo generators
are listed and their features are given in more detail. Throughout, the number of flavours
has been set to 5, MRS D~'(DIS) parton distributions are used and Agcp has been set
to 190 MeV.

o PSWQ

— generator: LEPTO 6.1 [13], JETSET 7.3 [16]

— model specifications:
PSWQ is a parton shower (PS) model incorporating QCD emissions to all
orders in the leading logarithmic approximation. The maximum value of the
evolution variable, in this case the virtuality of the emitting parton, is set
to WQ. QCD coherence, i.e. the depletion of soft gluons due to destructive
interference, is partly implemented by imposing strong angular ordering on the
final state cascade. Interference between the initial and final state cascade is

neglected.
— parameter settings:
parameter | meaning default value | value used
LST(8) PS or MEPS 12 2
LST(9) PS-scale 5 3
¢ MEPS

— generator: LEPTO 6.1 (an error in routine LMEPS was corrected after con-

sultation with the author) [13], JETSET 7.3 [16]

— model specifications:
This model implements the first order QCD matrix elements (ME) for DIS with
added leading log parton showers [32]. A cut-off is used to avoid regions where
the ME are divergent. The amount of emission generated by thGQME depends

on the value of this cut-off parameter, implemented as y..; = 7;,—";, where my;
is the invariant mass of the two partons generated by the ME. The maximum
of the evolution variable (again the virtuality) of the PS is essentially given
by the invariant mass of the two partons. For events with no hard radiation
produced at the matrix elements stage the parton shower evolution variable
has a maximum given by y..;W?.

— parameter settings:

all at their default values
e CDM

— generator: LEPTO 6.1 [13], ARIADNE 4.03 [15], JETSET 7.3 [16]
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— model specifications:

CDM provides an implementation of the colour dipole model with the approxi-
mation of a chain of independently radiating dipoles connected via the emitted
gluons. The maximum of the evolution variable (in this case the p3 of the
emitted gluon) for the first radiated gluon is given by (%-)¥/242/%, as a result of
the proton remnant being an extended coloured object with an inverse radius
p = 0.6 GeV [33]. This leads to suppressed emissions in the target region,
depending on the value of p. Subsequent emissions are ordered in decreasing
p4, which ensures that the approximation of independent dipoles is valid and
QCD coherence effects are taken into account. ARIADNE uses LEPTO for
generating the electroweak part of the process and utilises the ME to gener-
ate boson-gluon fusion events [32]. In the case of boson-gluon fusion both the
quark and the antiquark form a dipole with the remnant. Further emissions of
the two dipoles can be restricted by setting the maximum allowed p3 for the
first emitted gluon to the average p% of the gg-pair in the hadronic CMS. Theo-
retical considerations suggest that emissions with higher py’s should be highly
suppressed [34]. Applying this procedure without changes to the model param-
eters does not result in significant differences from the default in ARTADNE
for the distributions discussed in this analysis, they are less than 3%.

— parameter settings:

default values according to EMC/DELPHI tuning
¢ HERWIG

— generator: HERWIG 5.7 [14]

— model specifications:

HERWIG provides a leading log parton shower model obeying QCD coherence
in both the initial and final state cascade. A coherence condition derived
from the colour connections of the partons of the hard subprocess fixes the
maximum value of the evolution variable [35]. This takes interference between
the initial and the final state into account. Only in HERWIG is an attempt
made to include some of the additional QCD effects that arise at small =
[14]. HERWIG uses a cluster fragmentation model employing non-perturbative
splitting of gluons into colourless clusters. The model for the soft underlying
event (s.u.e.) is basically a parametrisation of the existing minimum-bias data
in pp with necessary modifications for the cluster fragmentation model and
DIS. The fraction of events with s.u.e. can be varied between 0 and 1, where
1 is the default value used.

— parameter settings:
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parameter | meaning default value value used
IPROC process number none 9000 (DIS with s.u.e.)
CLMAX | max. cluster mass [GeV] 3.5 3.0

PSPLT cluster split spectrum 1.0 0.5

QSPAC cut-off for initial PS 2.5 2.0

PTRMS | intrinsic kr [GeV] 0.0 0.7
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Appendix B: Tables

< 107° x> 1072
n* 1/NdE}/dn* (GeV) | 1/NdE; /dn* (GeV)
—-1.25 - -1.00 0.34 £ .07 £+ .04
—1.00 — -0.75 1.06 + .13 £ .09 0.10£ .02+ .01
—-0.75 - -0.50 1434+ .13 £ .10 0.40 £ .05+ .03
—-0.50 — -0.25 1914+ .16 £ .12 0.81 £ .08 + .04
—-0.25 - -0.00 1.76 + .16 £ .10 1.244+ .09+ .05
0.00 - 0.25 1.894+ .17+ .11 1.524+ .10 £ .06
0.25 - 0.50 1.904+ .17 £ .10 1.90+ .13 £ .08
0.50 - 0.75 2.07 £ .18+ .10 1.824+ .12 £ .07
0.75—1.00 2.00£ .17+ .10 1.814+ .11 £ .07
1.00 - 1.25 2194 .224+ .11 1.89 £ .13 £ .07
1.25 - 1.50 1.954+ .20 £ .09 2.05£ .13 4+ .08
1.50 - 1.75 1.95+ .22+ .10 2.184+ .16 + .08
1.75 - 2.00 2104+ .23+ .11 2.09 4+ .16 + .08
2.00 — 2.25 2514+ .29+ .13 2.26+ .17+ .09
2.25—2.50 2.014+.224 .10 2354+ .17+ .10
2.50 — 2.75 3.00+ .44 4+ .15 2314+ .16+ .10
2.75—-3.00 2.00 £ .24+ .10 2.33+£ .18+ .11
3.00 — 3.25 2414 .26 + .12 2.06 + .16 + .11
3.25 - 3.50 2144+ .25+ .11 1.35+£ .12+ .08
3.50 - 3.75 1.754+ .23 £ .09 0.90 £ .09 &+ .06
3.75—4.00 1.36 + .17 £ .08 0.69 £ .08 + .05
4.00 — 4.25 0.854+.114+.05 0.414 .05+ .04
4.25 - 4.50 0.55 £ .09 £+ .04 0.31 £ .04 4+ .03
4.50 — 4.75 0.50 £ .08 £+ .04 0.15£.024+ .02
4.75 - 5.00 0.27 £ .06 + .03 0.08 £.024.01
5.00 — 5.25 0.17 £ .04+ .03 0.04 £.014+.01
5.25 —5.50 0.10 £ .03 + .02 0.03£.014+.01

Table 1: Corrected transverse energy flow E7in the hadronic centre of mass system for two
different = ranges as a function of the pseudorapidity n*. The first error is statistical, the
second systematic; the overall systematic error of 6% of the energy scale is not included.
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<1073 x> 107°
w Q(w) Q(w)

0.15-0.30 1.28 £ 0.28 £ 0.20 0.46 £ 0.04 £ 0.04
0.30 — 0.45 1.34£0.17£0.14 0.574+0.05£0.05
0.45 — 0.60 1.28 £ 0.15 £ 0.06 0.53+£0.04 £ 0.04
0.60 —0.75 1.38 £ 0.17 £ 0.05 0.524+0.03£0.04
0.75 - 0.90 1.25£0.14 £ 0.09 0.47+0.03+£0.04
0.90 - 1.05 1.36 £0.15£0.14 0.444+0.03£0.03
1.05 - 1.20 1.44£0.17 £ 0.17 0.424£0.03£0.03
1.20 - 1.35 1.39£0.15£0.17 0.414+£0.03£0.03
1.35 - 1.50 1.48 £0.16 £ 0.18 0.4240.03£0.03
1.50 — 1.65 1.43£0.17£0.16 0.43+0.03£0.03
1.65 - 1.80 1.50 £0.17 £ 0.16 0.444+0.03£0.03
1.80 — 1.95 1.59 £0.18 £ 0.15 0.43+0.03£0.03
1.95-2.10 1.63£0.18+£0.14 0.43+£0.03£0.03
2.10 - 2.25 1.69 £ 0.18 £ 0.12 0.43+£0.03£0.03
2.25-2.40 1.84 £ 0.20 £ 0.12 0.454+0.03£0.03
2.40 — 2.55 1.90 £ 0.20 £ 0.10 0.454+0.03£0.03
2.55 - 2.70 2.02+£0.224+£0.07 0.484+0.04 £0.03
2.70 — 2.85 2.28+£0.27£0.05 0.53+£0.04 £ 0.04
2.85 - 3.00 2.57£0.31£0.02 0.54 +0.04 £ 0.04
3.00 — 3.15 2.66 £0.33+£0.07 0.524+0.04 £0.03
3.15-3.30 217+£0.31+£0.11 0.37+£0.03 £ 0.02
3.30 — 3.45 1.71£0.25£0.14 0.25+0.02+£0.01
3.45 — 3.60 1.47£0.18 £ 0.18 0.194+£0.02+£0.01
3.60 — 3.75 1.14 £ 0.13 £ 0.18 0.13+0.01£0.01
3.75 - 3.90 1.02£0.13£0.21 0.08+0.01£0.01
3.90 — 4.05 0.82+£0.10£0.21 0.06 £ 0.01 £0.01
4.05 —4.20 0.68£0.08£0.21 0.04 £ 0.00 £ 0.01
4.20 — 4.35 0.58£0.07£0.18 0.03+£0.00£0.01
4.35 —4.50 0.51£0.07£0.16

4.50 — 4.65 0.37£0.06£0.12

4.65 — 4.80 0.28£0.04£0.10

4.80 —4.95 0.27£0.05£0.09

4.95—-5.10 0.16 £0.03 £0.05

5.10 — 5.25 0.13£0.03+£0.04

5.25 —5.40 0.07£0.01£0.02

5.40 — 5.55 0.03£0.01£0.01

Table 2: Corrected transverse energy-energy correlations Q(w) for two different x ranges.
The first error is statistical, the second systematic; the overall systematic error of 12%
from the energy scale is not included.
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1/Ndn/dzp

W =50-100 GeV | W = 100-150 GeV | W = 150-200 GeV
Tp < W >=177 GeV < W > 122 GeV <W >=169 GeV | < W >= 117 GeV
0.00-0.02 250 £ 12 + 18
0.02-0.04 67+5+5 69+4+3 59+5+5 64+2+5
0.04-0.06 36+3+3 37+3+2 42+445 38+2+3
0.06-0.08 24+2+2 21+2+2 20+3+4 24+ 142
0.08-0.12 183+1.4+£1.8 14.8+1.24+1.3 15+2+2 16.0+£ 0.8+ 1.8
0.12-0.16 9.0£09+1.2 11.0+£1.14+1.1 88+ 1.3+1.1 9.6+ 0.6+ 1.2
0.16-0.20 594+ 0.8+0.8 59+ 0.8+0.7 58+ 1.1+0.8 6.0+ 0.5+0.8
0.20-0.24 3.8+ 0.6+0.5 50+0.7+0.6 4.7+0.9+0.7 44+04+0.6
0.24-0.28 21+£04+£0.3 244+05+£0.3 42+1.04+0.6 26+£03+04
0.28-0.36 251+04+0.4 1.5+0.3+0.2 1.8+044+0.4 1.9+0.24+0.3
0.36-0.44 1.3+£0.3+0.3 0.62 £+ 0.18 £ 0.09 1.2+044+0.3 0.97+0.15+0.20
0.44-0.52 0.6+ 0.2+0.2 0.33+0.12+0.07 0.4+0.2+0.1 0.45+0.10+0.10

Table 3: Corrected charged particle spectra (zr = 2p /W) in the hadronic CMS for three

different W ranges. The first error is statistical, the second systematic.

Tp < pi? > (GeV?)

0.00-0.03
0.03-0.07
0.07-0.11
0.11-0.15
0.15-0.20
0.20-0.28
0.28-0.40
0.40-0.54

0.214+0.01 £0.01
0.39£0.03£0.03
0.57£0.07£0.05
0.72£0.17 £ 0.06
0.88+£0.13£0.10
1.204+£ 0.28 £ 0.17
1.384+ 0.28 £ 0.21
2.40+£0.72£0.65

Table 4: Corrected values of < p3? > for charged particles in the hadronic centre of mass
system as a function of xz. The first error is statistical, the second systematic.
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Figure 1: The energy in the forward region, 3.5° < § < 15°. The data are compared with
the CDM Monte Carlo (see ch. 4). Both are normalized to the number of events N.
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Figure 2: Transverse energy flows FEp in the laboratory system as a function of the
pseudorapidity 7 for events with a) < 107 and b) = > 107®. The proton direction
is to the right. The error bars contain the statistical and systematic errors added in
quadrature, except for an overall 6% energy scale uncertainty.
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Figure 3: Transverse energy flows Fp in the laboratory system as a function of the
pseudorapidity distance to the ‘current quark’ n — 5, for events with a) z < 1073 and b)
x > 1072, The proton direction is to the right. The error bars contain the statistical and
systematic errors added in quadrature, except for an overall 6% energy scale uncertainty.
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Figure 4: Transverse energy flows E7 in the hadronic center of mass system as a function
of the pseudorapidity n* for events with a) x < 1072 and b) = > 107>. The proton
direction is to the left. The error bars contain the statistical and systematic errors added
in quadrature, except for an overall 6% energy scale uncertainty.
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Figure 5: Mean transverse energy in the hadronic CMS as a function of W2. The error
bars contain the statistical and systematic errors added in quadrature, except for an
overall 6% energy scale uncertainty.
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Figure 6: Correction function (reconstructed/generated values) for the transverse energy
flow in the laboratory system for x < 1072, The proton direction is to the right.
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Figure 7: Transverse energy-energy correlations () in the laboratory system as a function
of w for events with a) * < 107® and b) x > 1072. The error bars contain statistical
and systematic errors added in quadrature; the overall systematic error of 12% from the
energy scale is not included.
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Figure 8: Scaled charged particle spectrum (zp = 2p*/W). The distributions are normal-
ized to the number of events N, and n refers to the number of charged particles in a given
bin. For the H1 data statistical and systematic errors are added in quadrature. In a) the
H1 data for three different W bins are shown, together with the Monte Carlo which has
been used for data correction (CDM). In b) the HI1 data are compared with data from
EMC and DELPHI. The DELPHI data are divided by two to account for the two jets in
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Figure 9: Seagull plot: average p4? as a function of xp = 2pZ/W. The error bars for the
H1 data contain statistical and systematic errors added in quadrature. Compared to the
H1 data are the different model predictions and EMC data at lower W.
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