DESY 95-147
July 1995

pu—

z o
f )
I‘} 1
< A

FERM’LAB

AlUg 8 1995

L,BE"?‘RY

Inclusive Hadron Distribuﬁfions
in Deep Inelastic ep Scattering
at HERA Energies Compared with
Results from Fixed Target Experiments

- 5%9§/§/7

i
0 1160 0047?LY42 &

I

N. Pavel
1II. Institut'fiir Theoretische Physik, Universitit Hamburg

52~
Chang K too2d M

ISSN 0418-9833




95-147 ISSN 0418-9833
DESY -
July 1995

Inclusive Hadron Distributions
in Deep Inelastic ep Scattering
at HERA Energies L
compared with Results from
Fixed Target Experiments

Nikolaj Pavel .

II. Institute of Ezxperimental Physics, University of Hamburg !

Abstract

With the ep collider HERA at DESY a completely new kinematic range in deep inelastic
scattering (DIS) can be explored. The invariant mass W of the hadronic final state produced
is increased by a factor ten with respect to that reached in previous experiments with a sta-
tionary proton target. Here recent analyses of inclusive hadron distributions are presented,
which have been performed using the data taken with the ZEUS experiment in 1993. The
comparison of the hadronic energy flow measured in the HERA laboratory frame with pre-
dictions of various models for the simulation of the hadron production in DIS shows that the
effect of multi-gluon emission is essential for the understanding of the experimental results.
The zr and transverse momentum (p;) distributions and the mean square of p! of charged
hadrons are measured in the range of zz > 0.05. The contribution of non-perturbative QCD
effects in this range of W and Q? is found to be small with respect to that of the processes on
the parton level, which can be treated in perturbative QCD. The W, Q? and z dependence
of <p;?> is disussed in the context of the different concepts for the simulation of the parton
branching processes. A comparison of energy flow, zr and p; distributions is made between
events with and without a large rapidity gap between the proton direction and the hadronic
final state. The result indicates that the amount of gluon radiation in the large-rapidity-gap
(LRG) events is small compared to the non-rapidity-gap (NRG) events. The mean square of
p: in LRG events is of the same magnitude as that measured in fixed target DIS experiments
at a value of W, which is approximately equal to the mean of Mx, the invariant mass of the
observed hadronic final state in LRG events. This observation is consistent with the hypoth-
esis that the hadronic final state of LRG events resembles that of a deep inelastic scattering
process but at the scale given by My rather than by W.

1The essential parts of the Habilitationschrift, presented to the faculty of physics at the University
of Hamburg, October 1994
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1 Introduction

Deep inelastic lepton scattering experiments have made very important contributions
to the understanding of the structure of matter and of the strong and electro-weak
interactions. The pointlike nature of the leptons makes these particles ideal projectiles
for structure analyses. The other advantage of leptons, which couple to- the target
nucleon or nucleus by the exchange of ay, Zo or W=, is that the electro-weak interaction
is described by a theory which is tested and experimentally proven with high precision.

The basic principle of a scattering experiment is to scatter a pointlike energetic
test particle on the probe and to measure its angular and energy distribution after
the interaction. The object size § that can be resolved in the scattering process is
determined by the four-momentum @ transferred to the target particle. From the
uncertainty principle it follows that 6§ =~ 1/Q. ‘ -

The long tradition of experiments of deep inelastic scattering started with the
experiment at the linear accelerator at SLAC in 1968, where an approximate scaling
of the nucleon structure functions in a dimensionless variable z gave first evidence for
scattering on charged pointlike constituents of the nucleon. The variable z can be
interpreted as the fraction of the nucleon momentum carried by the constituent. -

In the 70’s and 80’s beam energies up to several hundred GeV became available
and allowed to measure with high precision the logarithmic scaling violation in the
structure functions which became instrumental for testing Quantum Chromodynamics
(QCD).

The other domain, in which lepton scattering experiments have turned out to be
successful, is the study of the hadron formation process. Unlike in hadron-hadron
interactions the probability of multiple inelastic interaction of a high energy lepton
is negligibly small and there are no fragments from the projectile which have to be
separated from those of the target. With the data from e*e~ collision experiments it
is only possible to investigate timelike processes on the quark level, whereas in deep
inelastic scattering the studies can be extended to the spacelike region allowing further
tests of QCD. :

The highest centre-of-mass energies can be achieved in storage ring experiments
where the test and target particles collide head-on. In 1992 the ep collider HERA was
put in operation, where centre-of-mass energies of 300 GeV can be reached compared
to about 30 GeV in fixed target experiments. This makes it possible to explore a
completely new domain in z and Q. With the data of the first two years running, the
analysis of the structure function could be extended down to =z =~ 10~*, which is two
orders of magnitude lower than in previous experiments.

The first measurements of the structure function F, at HERA show a strong rise
of F; when z decreases at fixed Q3. This rise can be interpreted as a steady increase of
the quark densities. The measurement have been performed in a range of Q224 GeV?,
where the strong coupling constant a,(Q?) is small enough to justify the application
of perturbative QCD calculations. The increasingly high parton densities, however,
indicate that more complex parton branching processes occur in the proton than those
which are described by the leading order parton evolution equation applied successfully
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at higher values of z.

The parton density distributions can be calculated in the low z regime using dif-
ferent evolution schemes (e.g. [DGLAP, BFKL, GRV93]). The predictions for the
structure function and the gluon density function are close to each oth®r in the kine-
matic range accessible at HERA. Thus, from the measurement of the inclusive cross
sections alone, it might be difficult to find out which of models describes the processes
on the parton level at best. The study of semi inclusive cross sections such as particle
multiplicities or energy flows, however, may offer new possibilities for testing the mod-
els. For that purpose a good understanding of the hadron formation process itself is
necessary.

The analysis of the hadronic final state in deep inelastic scattering provides infor--
mation about the QCD processes at the parton level as well as about the fragmentation,
i.e. the formation of hadrons from quarks. The latter process cannot be computed with
techniques of perturbative QCD. However, at HERA the invariant mass of the hadronic
final state produced in the inelastic scattering process is increased by a factor ten. This
results in a vast increase in phase space and physics potential. The influence of the
non-perturbative QCD effects should be less important and the observed hadronic final
state reflects more the-dynamics of the partonic processes. This becomes most evident ~
by the observation of events with a clear multi-jet structure.

With the measurement of inclusive hadron distributions one can extend these
studies to classes of events which cannot be unambiguously identified as n-jet events.
Energy flow distributions do not depend on a particular jet classification scheme. Ac-
cording to the idea of local parton hadron duality, they are determined by the partonic
structure of the event. The ZEUS detector with its high precision hadron calorime-
ter is ideally suited to measure the hadronic energy flow in deep inelastic scattering
events. First uncorrected energy flow distributions have been published by the ZEUS
Collaboration in [ZP93e].

With the 1993 data the energy flow could be investigated in a wide range of Q?
and z and for a subsample of deep inelastic scattering events, which are distinguished
by a large rapidity gap between the proton direction and the hadronic final state. The
energy flow was also studied in the Breit frame for these two event classes [ZP94f].
Standard QCD-inspired models for the hadron formation poorly describe the rate of
such events. Many ideas have been developed to explain the rate and the properties of
" these events. The analysis of the hadronic final state provides important information
which helps to unravel the underlying physics process.

With the information of the tracking detector the distributions of the hadron
momentum component transverse to the direction of the virtual photon exchanged, p;
could be studied. The mean square of p; is predicted to be sensitive to QCD processes
on the parton level. Although clear evidence for hard gluon radiation has been seen
in previous experiments on deep inelastic scattering [EMC80, ABC81], it was difficult
to disentangle the contribution from hard partonic processes and the non-perturbative
fragmentation.

At the high energies reached at HERA the contribution of non-perturbative effects



is expected to be much smaller than in the energy regime of ﬁxed target experiments.
Here the first analysis of the W2, Q* and zr dependence of <p;*> at HERA energies
is presented. The zp distribution is also measured and compared w1th results from
ete~ annihilation and fixed target up scattering experiments. The results of the Pr
analysis presented here as well as those of a fixed target experiment at lower energy
[EMC91a] are discussed in the frame of the different concepts for the simulation of the
hadron production and compared with most recent versions of the model calculations.
The zp distribution and mean square of p; found in events with a large rapidity gap
at HERA are compared with the corresponding results from deep inelastic scattering
at lower energy.

In the beginning of the article an introduction to deep inelastic scattering and the
concepts for describing the hadron formation process is given (section 2). Results from
the analyses of fixed target experiments, in which QCD effects in hadron "distributions
have been looked for, are also briefly reviewed. First results from the jet analysis in
deep inelastic scattering at HERA are shown in section 3. The ZEUS detector and
event reconstruction in the ZEUS experiment are described in section 4-5.

The main part of this report is devoted to the presentation of the results from --
the hadronic final state analyses, which are based on the data from the 1993 data-
taking periods. The event and track selection, the correction procedure applied and
the systematic uncertainties of the measurements are described in section 6 and 7. The
new results are presented and discussed in section 8. In the last section a summary
and outlook to future analysis of the hadronic final state in deep inelastic scattering
events at HERA is given.




2 Hadron Production in Deep Inelastic Scattering
2.1 The Inclusive DIS Process and the QPM

The basic deep inelastic ep scattering process is illustrated in Fig. 2.1. The incoming
lepton couples to a current mediated by a virtual photon (7*) or one of the heavy vector
bosons (Z, or W*), which probes the structure of the target nucleon. Here only the
neutral current processes initiated by an incident electron or muon in a range of Q?,
in which the contribution of the weak interaction is negligibly small, will be discussed.
@? is the negative invariant mass squared of the virtual boson exchanged.

CC— Ty B =91 o

Fig. 2.1. Schematic diagram of the deep inelastic scattering (DIS) process in the Quark Par-

ton Model (QPM).

Variable

Description

1 (1"
P
Q=-¢g*=~(1-1)

v= (P‘Z)/Mprot

z = Q?*/(2Pq)

= QQ/(2MpfotV)
y = (Pq)/(Pl)
W? = (P +g¢)?

= Q2 x(1-z)/z+ Miy

four-momentum of incident (scattered) lepton
four-momentum of proton

negative invariant mass squared of virtual
boson exchanged

energy of virtual boson exchanged

in the proton rest frame

Bjorken scaling variable

inelasticity parameter
invariant mass squared of hadronic final state

Tab. 2.1. Definition of the variables to describe the kinematics of DIS events

The kinematic variables used to describe the inclusive DIS are defined in Table 2.1.
If the lepton and the proton are unpolarised, the double differential cross section can
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be expressed in terms of the structure functions F; and Fi:

d*o 4o’ 2 ) o
dzdQ? = Q'z [zy Fi(z,Q%) + (1 —y)Fy(=,Q )] . (2.1)

where a term of O(Q?/v?) and radiative corrections have been neglected. The contri-
butions from the weak interaction and the electro-weak interference are omitted since
only DIS at relatively small Q? is discussed in this report.

The structure functions contain the information about the inner structure of the
proton. At the end of the 60’s, the important observation was made in ep scattering
that these structure functions approximately scale in a dimensionless variable .
z = Q*/(2Pq) (see Table 2.1) [BLO69, BRE69], as opposed to the proton elastic form
factors which decrease like 1/(1 + Q2/0.71)? [HOF55]. This behaviour indicated that
the leptons scatter on pointlike objects inside the proton which were called partons.
Introducing the ratio R of the cross section for longitudinal and transverse polarised
photons:

R = (Fz(l + Qz/Vz) - 2:!:F1)/22:F1 = FL/22:F1 = O'L/O'T (2.2)
the structure functions F; and F, are related by:
2z F, = Fy(1+ Q*/v*)/(1 + R) ' (2.3)

Fy is called the longitudinal structure function. In the limit of massless partons with
no transverse momentum w.r.t the proton momentum, the ratio R should be zero for
an interaction of the virtual photon with fermions and infinite for partons with spin 0.
Since the latter case could easily be excluded and the partons were found to have
fractional charges, the partons could be identified with the quarks, which had been
postulated 1964 by Gellman and Zweig to interpret the hadron spectrum [GEL64|.
These observations led to the development of the Quark Parton Model (QPM). The
basic idea of the QPM is that the boson couples to one of the partons and that the DIS
cross section is the incoherent sum of the cross section for these elementary scattering
processes. In the naive QPM picture the structure function F; can be written as:

F, =) elzqlz) e; = charge of the quark (2.4)

The parton density function (PDF), ¢;(z), gives the probability of finding a parton of
the type ¢ with fraction z of the light cone momentum of the proton.

The measurement of [y F3(z)dz showed that about 50% of the proton light cone
momentum is carried by neutral partons to which the boson does not couple. These
neutral partons can be identified with the gluons, which mediate the strong interaction
amongst the quarks. In addition to the three valence quarks so called ’sea quarks’ are
found in the proton which are created in pairs by the gluon splitting process (Fig. 2.6b)
predicted by Quantum Chromodynamics (QCD). The higher the resolution is, which




the target is probed with, the higher is the probability to see that the virtual photon
couples to one of the sea quarks, which exist only for a short time and populate the
region of small z. .

This leads to a logarithmic Q* dependence of the structure functions ite. a violation
of the scaling behaviour. In the region of z and Q2 accessed by the fixed target
experiments, the scaling violation of F; is well understood in the frame of QCD [DRES82,
VIR92]. QCD is a non-abelian gauge theory for spin 1/2 particles [POL73]. In contrast
to Quantum Electrodynamics, the gauge bosons in the QCD, which are the gluons,
carry colour charge and therefore can couple to each other (see Fig. 2.6¢c). Because of
the non-abelian structure of the QCD the coupling constant a, decreases towards higher
values of Q?, so that quarks at sufficiently high energies can be regarded as quasi free -
particles (‘asymptotic freedom’). Already to order O(a,) the scaling violation effects
can be remarkably well described and the free scale parameter of the theory, Agep,
can be approximately determined [ALT77, ALT92] at large z. However, if the analysis
is extended to region of smaller z and performed with higher accuracy, effects of higher
order QCD processes are expected to become more important.

2.2 Dynamical Evolution of the Parton Distributions at Small x

At HERA the DIS cross section can be measured down to very small z (z ~ 107%), at
values of @* (Q* > 4 GeV?) where the strong coupling constant «, is still small enough
so that perturbative QCD can be applied.

At not too small values of z (220.01) the dynamical evolution of the structure
function is described by the DGLAP integro-differential equations [DGLAP] which are
in excellent agreement with the data [VIR92]. The solution of these equations gives,
losely speaking, the probability to find a parton with a transverse size ~ 1/Q inside
the proton at fixed z. With increasing Q? this probability decreases and the transverse
size shrinks, so that the proton looks essentially "empty” at high Q% and not too small
z.

The opposite is true if z is decreased at fixed Q*. For z < 0.01 the structure
function F; is almost entirely given by the sea quark and the gluon density functions.
The gluon density is expected to increase with decreasing z due to multiple gluon
branching processes, which can be depicted in the form of ladder diagrams. At fixed
Q? the behaviour of the gluon density function zg(z,Q?) is given by the solution of
the BFKL equation (table 2.2). The integral kernel contains the splitting functions as
well as lowest order virtual corrections to the branching process. At high @Q* and low
z the double leading log approximation (DLLA) is used.

In both evolution schemes, the DLLA and the BFKL evolution, the gluon density
grows as a power of = towards z — 0. Since the transverse size of the partons is fixed
by 1/Q and since the partons are confined in the proton, there must be a critical value
of z (i) below which recombination processes lead to a saturation of the parton
density.

In the region between the domain of saturation of parton densities and the domain



Range of Validity | Name Equation for Gluon

4

a,lnQ*=0O(1) | DGLAP | 2290 — [P, @ Tig:+ P ® 9]
a,Inl k1 Py, Pyg = splitting functions

~

a,lnQ* < 1 BFKL 220=’) = K®g = A * g(z,Q?)

a,In 2 = O(1) = zg(z,Q?) x z* ; A ~ (—0.5)
K = integral kernel

a,InQ? = 0(1) | DLLA 5‘%—(—%% = 32z4(z,Q?)

a,lnl=0(1) = zg(z,Q%) x exp {V2/22In Q*In 1}

Tab. 2.2. Overview over the evolution equations for the gluon density function in the kine-
matic range of z and Q? accessible at HERA.

of steadily growing F3, one considers two competing processes: the emission of gluons,
which is o g(z,Q?)/(mR?,,..), and the annihilation of gluons, that is proportional to

proton
a term [g(z, Q?)]*/ (7 RZ, 5i0n)» Which is not linear in a,. Gribov, Levin and Ryskin have

added a non-linear term to the DLLA equations [GLR93]:

dg(z,Q?
29z, @)

2
aanz) = K@glz, Q) —

" 16R%K2

[z 9(2,0%)]’ (GLR)  (2.5)

These screening corrections are negative and proportional to 1/R2, .,
the effective confinement radius for the partons. L

The recent measurements of F; at HERA from the H1 and the ZEUS experiment
show a strong rise of F, towards small z at fixed @Q?, increasing by a factor of about
2-3 when z decreases from 1072 to 107%. The results from the ZEUS data analysis are
shown in Fig. 2.2 and are compared with four representative curves from recent PDF
evaluations. MRSD’ (solid line) and M RS Dy (dashed lines) [MRSD93] have a start-
ing scale for the DGLAP evolution of Q2 = 4 GeV?; D'_ has a singular parametrisation
for the sea quark and gluon distributions zg(z) — z~'/? as z — 0 and D), has a con-
stant behaviour zq(z) —const. as ¢ — 0. At the lowest values of Q? these two PDF’s
span the ZEUS data, for values of Q? larger than 35GeV? the data agree with the D’
parametrisation. The dashed-dotted line shows the CTEQ2D parametrisation [CTEQ)],
which also has a singular gluon distribution and a starting value for the evolution scale
of 4 GeV?, considering the results of the HERA experiments from 1992. The fourth
curve (dotted) shows the prediction of [GRV93], in which the PDFs are evolved from
a very low scale Q2 = 0.3 GeV?, starting with valence type parton distributions. Much
of the steep rise in F, at low z is generated dynamically by a long GLAP evolution in

where R,n¢ is

7




w Q'=85 Q=12
—— MRSD-p |
2R\ e MRSDOp [,
A GRV(HO) 3 "._"
g e CTEQ20p [ ™, )
- [ "4
1 . * .. ‘. .
SR S .
3 TR e ..'_ TP BT
. o'=25 -~
2 [
L
3 s el
[ Q' =50 2
2| -
[ [
| — "\‘ -
: I~
TR R Y. BT
4 K
10 10 l(l-'
. 3~
w - Q' =125 - B
[~ . N
; 3 —— MRSD-p [* [
2~ % eee MRSDOp - -
[ N - GRV(HO) -
R CTEQ20p [ r
l - | — __.
3 [ o 4ol N TIPSR P | oY
[ [\ 9= 2000 [
2 :_ P [
1 B [ L
NPT B I | R - bl gl
. K] K 2
T 10 1 10 1w 10
Xoy

Fig. 2.2. Recent results of F; measured at HERA ([ZEf2]) plotted as a function of x in bins of
Q? compared to the result of some representative PDF evaluations: MRSD~’ (solid
line), MRSD?’ (dashed line), CTEQ2D (dashed dotted line), GRV(HO) (dotted line)
Similar results are obtained by the H1 Collaboration [H1f2].

Q? from Q2 to the measured value. In the four lowest @? bins the prediction lies above
the measured F, values, at higher @? the calculation agrees with the data. The effect
of including the heavy quark mass lowers the calculated values for Q? < 50 GeV? and



z < 10~2 by about 10% and brings them closer to the ZEUS data. This result can be
also interpreted as an increase of the parton densities with decreasing z at fixed Q?, as
predicted qualitatively by the BFKL evolution equations. At the present state of the
data analysis it is not possible to discriminate already between the BFKL evolution
and the DGLAP evolution scheme using the structure function measuremeiits. _

It has been pointed out in many publications that the observation of final state
particles in coincidence with the scattered lepton offer new ways of testing the different
models for the evolution of parton densities at small = (e.g. [MUL87, BAR92, DUH94,
NPA94n]). For such analyses a good understanding of the hadron and jet formation
process is necessary.

1.2 Cu/D,
- <y>=62 GeV

%
i “¢¢+ ¢

Teu (21)
1

08 | S =
- 0.946+0.008
IR AR BT
0 0.5 i
Zy

Fig. 2.3. Ratio of the scaled energy (z) distribution for forward produced hadrons in DIS
on copper and deuterium: r¢,(z) = (F - dn ),,D /(F o ":ﬁf Jucu at an average
value of the virtual photon energy of < v >= 62 GeV [NPA89] (in the proton rest
frame z), is defined by z, = E,.4/v).

2.3 General Characteristics of the Hadronic Final State in DIS

In inelastic ep scattering at high energy a multi-particle final state with an invariant
mass W is created, which is much larger than the mass of the target particle. The
investigation of the hadron formation from excited quarks is one of the primary aims of
the analysis of the hadronic final state in deep inelastic scattering (DIS). The formation
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Fig. 2.4. Ratio of the fast forward hadron multiplicity (z, > 0.2) in p (e) scattering on copper

s . =1{n 1 dN* 1 1_dN3 :
and deuterium : R¢, = ( Jo2dzy= —;;—) cu / ( Jozdzi—4- pasa function of v.

The data are from [NPA89] (solid circles) and [OSB78] (open triangle), respectively.
The results are compared with model predictions with a finite hadron formation
time 7:

1) 7, = 0.15 % v [fm], 2) 74 = v [fm)], 3) 74 = Ej.q¢ [fm].

of hadrons is an elementary process in high energy physics, which still cannot be
completely calculated by QCD.

The hard boson parton scattering at high values of @2, which corresponds to
small space-time distances (,$0.1 GeV™!), can be calculated to a good approximation
applying perturbative QCD in fixed order a,. However, the Q? scale for the confinement
forces between the quarks in a hadron is much smaller so that it is no more justified
to neglect QCD processes of O(a?) with n > 2. In this regime long range forces and
non-perturbative QCD effects are dominant. The process of hadron formation in high
energy particle reactions is related to a transition from the high Q? regime, where the
partons can be treated as quasi free particles, to the confinement regime, where the
quarks form bound systems at very low Q2. Therefore it has been conjectured that the
hadron formation does not take place instantaneously after the hard interaction but
after a finite time. This formation time can be measured in lepton nucleus scattering
[NPA89] where one benefits from the secondary interaction of final state particles if the
particles are formed inside the nucleus. The target nucleus is used as a kind of passive
detector at the scale of a few fermi. Any inelastic interaction of final state hadrons
inside the nucleus leads to a softening of the differential energy distributions and a
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broadening of the transverse momentum (p;) spectra of the hadrons observed of heavy
w.r.t. lighter targets. The comparison of the hadron distributions from DIS on different

nuclei offers a direct way to extract information about the space-time st;ructure of the
hadron formation [NPAY1].

In Fig. 2.3 the ratio rcy(zs) of the hadron multiplicity as a function -of the scaled
hadron energy z, = Enqq/v in deep inelastic p-copper and ;L—deutermm scattering is
shown. (v is the virtual photon energy defined in Table 2. 1). The 2z, distributions are
integrated over the range of @* and v covered in this p scattering experiment [NPA89)
and normalised by the number of events in the @*-v interval. At high z; (zx > 0.2)
a reduction of the hadron multiplicity in DIS on copper w.r.t. that on deuterium by
about 5% is observed, with no significant variation of r¢,. Towards smaller z, the ratio
rises to values larger than unity, as expected from intranuclear cascading,

The reduction of the fast hadron multiplicity is expected to vanish at sufficiently
high values of v since the hadron formation time 7, observed in the target rest frame
increases with the energy of the hadrons due to Lorentz dilatation, so that eventually
all hadrons are formed outside the nucleus and do not re-interact anymore. This effect
can be seen in Fig 2.4, where the ratio of the hadron multiplicities integrated over
zp > 0.2 is shown as a function of v. The results are compared with models involving
finite hadron formation times. The question which of the models is the best and which
role a possible interaction in the preconfinement phase plays, cannot yet be definitely
answered. But these results support the idea that the hadron formation time is much
larger than the time of the hard interaction and the life time of virtual partons during
the DIS process, which is of the order of 0.2/Q fermi, where @ is given in [ GeV].

For modeling the hadron formation and calculating inclusive hadron distributions
in Monte Carlo programs it is convenient to distinguish two phases of the hadron
formation, a perturbative phase for QCD processes on the parton level at high Q?*
and a non-perturbative fragmentation phase for the confinement of the partons in
observable hadrons. This is schematically shown in Fig. 2.5. The large difference of
the time scales allow that the hadron production can be factorised in this way.

2.4 Perturbative Phase of the Hadron Formation Process

For very short times before and after the hard scattering of the photon off a parton
the partons are far away from the mass shell and the interaction between them is small
compared to the forces acting in bound parton systems. In this first phase of the
fragmentation QCD processes on the parton level before and after the primary hard
scattering process can be calculated at fixed order a,.

The contribution of the first order a, QCD process, shown in Fig. 2.6, can be
computed in complete J(a,) matrix element calculations (denoted in the following
by (ME)). Both the QCD Compton (QCDC) as well as the boson gluon fusion (BGF)
process lead to events where two jets in the current region are observed, if the transverse
momentum of the partons relative to each other is sufficiently high. Such events are
called events with 2+1 jet configuration where the jet formed from the target remnant
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final state

parton shower =P
(FSPS)

initial state
parton shower
(ISPS)

target remnant

Fig. 2.5. Schematic diagram of the general conception of Monte Carlo programs for the sim-
* " ulation of the hadron production in DIS events.

is accounted for by ”+41".
a)

T

<)

Fig. 2.6. Feynman diagrams for the O(c,) QCD processes between partons:
a) gluon radiation, b) gluon splitting, c) gluon self coupling.

The matrix elements to fixed order a, are divergent in the limit where the gluon
energy or the opening angle between the partons vanishes. In the analytical calcula-
tions these soft and collinear divergences partly cancel with the next to leading (NLO)
virtual corrections or are partly absorbed in the parton density functions. For the
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Fig. 2.7. Illustration of the Chudakov effect (a),
and of the gluon interference in parton showers (b).

implementation in a Monte Carlo simulation one has to introduce a cutoff to avoid the
regions where the matrix elements become singular. This can be done by requiring
a minimum mass m;; of a pair of partons in the final state, including the target sys-
tem. However this makes the simulation of soft gluon emission in this approximation
problematic, in particular at high W and small z, where a relatively large cutoff value
has to be chosen to prevent unphysically high probabilities for the QCDC and BGF
process.

Moreover, DIS events with more than 2 jets in the current jet region have recently
been observed at HERA [ZP93j, H1-93]]. This shows that the contributions of processes
beyond the leading order become important at the large energies reached at HERA.
Complete O(c?) matrix element calculations are only available for the evaluation of
jet cross sections [GRA91, BRO92] but not yet for semi inclusive cross sections.

An approach to include higher order QCD processes is based on parton shower
calculations (PS). Subsequent gluon emission processes lead to the development of a
parton shower. The probability for a single branching process is given in the leading
log (Q?) approximation (LLA) as opposed to the exact treatment in fixed order ME.
The splitting functions are the same as those used in the DGLAP evolution equations
for the structure functions [DGLAP].

In DIS the struck quark may radiate gluons before or after the coupling to the
boson, leading to an initial state (ISPS) and final state (FSPS) parton shower, respec-
tively. A parton close to mass shell in the incoming nucleon may initiate a parton
emission cascade, where at each branching point one parton becomes increasingly off-
shell with a space-like virtuality, and the other is on-shell or has a time-like virtuality.
This results in a space-like quark which interacts with the boson and turns into a
time-like quark. In a subsequent FSPS the off-shell mass is reduced by branching into
daughter partons with decreasing off-shell masses.

The comparison with measured hadron multiplicities shows that one has to con-
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sider coherence effects in the parton shower, by which the emission rate of soft gluons is
reduced. This kind of effect has been known for a long time for electromagnetic showers
(Chudakov effect [CHU55]). A photon with a long wavelength which is. emitted from
a e*e” pair under a small angle (Fig. 2.7a) cannot resolve the charges of the electron
and positron. Therefore the emission of such photons is suppressed. .

The same destructive interference effect occurs in a parton shower [GLU]. It has
been shown that the simulation of the gluon interference effect in a Markov process,
can be achieved by introducing an ordering in the emission angles such that the gluons
are emitted in a cone of decreasing opening angle (see Fig. 2.7b) [MAR84a, MARSS).

The treatment of the time-like parton shower has been well tested in ete~ an-
nihiliation [DRE92]. For the ISPS the situation is more complicated and so far not-
yet well tested. The ISPS is performed using the backward evolution scheme [SJO85],
where the shower is constructed from the hard boson-quark interaction backward with
decreasing virtualities. In each step the parton density function must be taken into
account. The steeper the rise of the PDF’s is the more this radiation is suppressed.

The simulation of both, the FSPS and the ISPS has to be stopped, if the virtuality
of the partons becomes smaller than a threshold value (Q2) of about 1 GeV?, where o,
becomes too large to justify the application of perturbative QCD. '

The coherent parton shower approach is implemented in two Monte Carlo pro-
grams for the simulation of DIS events, the programs HERWIG [WEB92] and JETSET
[SJO87, ING91]. In the first program, gluon emission takes place in cones of angular
size set by the incoming and outgoing parton. The characteristic scale is given by
2E?*(1 — cos (¢)), where E is the energy of the emitting parton and ¢ the angle w.r.t.
its colour connected partner. In the second program different scales, i.e. maximum
values of the virtuality can be optionally chosen. While in e*e™ annihilation the scale
is known to be Q% = W?, in DIS the scale could be Q? or W? or any function of both
variables. At HERA, where for most of the events W? is much larger than Q?, one can
investigate, which scale is more appropriate.

The development of a multi-parton configuration can alternatively be simulated
using the colour dipole model (CDM) [AND83, LOEN92b, BEN87]. This model is
based on the idea that the struck quark and the target remnant form a colour dipole
which emits gluons with a spectral function similar to that of a Hertz dipole in QED.
Since the gluons themselves carry twice as much colour charge as the quarks, an emitted
gluon together with either of the neighboured quarks (diquark) forms two new colour
dipoles from which gluons are radiated (see Fig. 2.8). This iterative process is continued
until the gluons emitted by neighboured dipoles are quasi-collinear. The emission from
dipole attached to the target remnant is suppressed, since the target remnant system is
assumed to have a finite size and the wavelength of the emitted gluons must be smaller
then the size of the emitter.

When colour-ordering the partons in the colour dipole cascade in z;, which is
the fraction of the proton light cone momentum of the parton at the i-th step of the
cascade, the transverse momentum k, of the radiated gluons are not strictly ordered

14



Fig. 2.8. Formation of colour dipole from a ¢§ pair created in e* e~ annihilation. In DIS either
the quark or the antiquark has to be replaced by target remnant, which carries also
colour charge.

like in a parton shower described above. It is important to note that in the coherent
parton shower, which is based on the DGLAP evolution equations, a strong ordering -
in z; and the transverse momentum is required, whereas in the CDM the phase space
restrictions in k, are less strong and more similar to those prescribed in the BFKL
evolution scheme. '

The BFG process which at the very low values of z covered in the ep collision
experiments, is very important due to the rise in the gluon density, is not accounted
for in the ’pure’ CDM. Therefore provision has been made to introduce the BGF
process according the probability function calculated with the exact O(a,) matrix
element calculation. This is matched to the first step in the colour dipole cascade.
This modified option will be denoted by CDMBGF.

In order to exploit the advantages of the ME and PS approach in the simulation,
the ME calculation and the PS model can be combined (option MEPS). A parton
shower is added to a parton configuration, which is simulated according to the proba-
bility functions from exact first order matrix element calculation. The parton shower
development is matched such that only gluons with a scaled invariant mass mZ;/W?

below the cutoff in the ME calculation are generated in order to avoid double counting
[ING91]. *

2.5 The Fragmentation Phase

The partons generated in the ME, PS or CDM simulation have to be transformed
into hadrons. This second phase, called fragmentation, can only be described by phe-
nomenological models. There are two main fragmentation models which are imple-
mented in the event generator programs used nowadays, the cluster decay model and

1Recently exact first order matrix element calculation has been combined with the parton shower
model of [WEB92] (HERWIG) ([SEY94]).
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the string fragmentation model.

‘ In tllus cluster decay model [WEB84] the gluons are split into light ¢-§ or 99-Gq
pairs. With these quarks and diquarks colour singlet states are formed-which are called
clusters. These clusters may decay into 2-3 hadrons according a simpl® phase space
model. Light clusters can form only a single hadron. In this case, four-momentum con-
servation is achieved by allowing for an exchange of momentum between neighbouring
clusters. In DIS events, little is known about the correct treatment of the cluster
which contains the partons from the target remnant. In the program the option is
offered, to add some additional hadronic activity on the particles produced in the par-
ton shower. The multiplicity distribution and spectra according to which these extra
hadrons are created are obtained from parametrisation of minimum biased events from -
hadron-hadron reactions. This option is denoted by ”soft underlying event” (SUE).

'The Lund string model [ANDS83] is based on the idea that the colour field between
two quarks, which move away from each other, is confined in a colour flux tube of small
transverse size, typically of the order of the size of a hadron (~ 1 fm). It can be treated
as a relativistic one-dimensional string [ATR79, AND80]. The energy stored in this
string is proportional to its length, i.e. the distance between the colour charges. The
string can break while it is stretched. At the breakpoint a g-§ or qq-4g pair is formed.
The energy of the original string is divided up amongst the two substrings according
to a probability function f(z), which depends only on a dimensionless variable z, i.e..
scales with the string energy. This process is continued until only substrings with an
invariant mass close to that of hadrons remain.

In both fragmentation schemes a momentum component transverse to the direction
of the cluster momentum or of the string is generated. This gives a contribution to
hadron momentum component transverse to the virtual photon direction, which will
be denoted by p¢ fragm in this report.

The higher the value for Q% and W are, the more important are the partonic sub-
processes, which can be treated in perturbative QCD, for the hadron formation process.
The hadron distributions thus depend less on the details of the non-perturbative QCD
effects in the fragmentation phase. -

2.6 QCD Effects in Inclusive Hadron Distributions Measured in Fixed
Target Experiments

Inclusive hadron distributions have been extensively studied in fixed target experiments
at c.m. energies of ~ 10 — 30 GeV. These analyses were focused on the behaviour of
hadron distributions as a function of the variables z;, zf, p; and ¢. In the proton rest
frame z;, is hadron .energy scaled by the virtual photon energy

Zp = Ehad/ll (2.6)

where E}.4 is hadron energy and v the difference of incident and scattered lepton
energy in the proton rest frame; zr is the Feynman scaling variable defined by

zp = 29} /W (2.7)
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Fig. 2.9. Definition of the kinematic variables to describe the final state hadrons produced in
DIS, which are used in the analyses in the proton rest frame. p, is the momentum
of a final state hadron.

where W is the invariant mass of the hadronic final state. pj, is the hadron momentum
component along the direction of the virtual photon (4*) in the 4*p c.m.s. and p}
is the hadron momentum component perpendicular to this direction. In fixed target
experiments p; can be measured in the laboratory frame, which is the proton rest frame
by taking the component of the hadron momentum perpendicular to the direction of
the virtual photon which is defined by the difference of incoming and scattered lepton
momenta in the laboratory frame. In fixed target experiments the variable p} is usually
denoted by p,. The azimuthal angle ¢ is the angle between the hadron photon plane
and the lepton scattering plane as shown in Fig.2.9.

p: distributions were found to be particularly sensitive to the influence of higher
QCD processes. Fig. 2.10 shows the differential hadron distribution as a function of p?
from a fixed target experiment with a 280 GeV muon beam. The data are compared
with the prediction of the Quark Parton Model (QPM) i.e. without considering any
hard QCD processes, and with a model calculation where the O(a,) processes shown
in Fig. 2.6 are included. \The behaviour of the tail of the distribution at high p,
cannot be reproduced by using the QPM or by varying parameters, which control the
non-perturbative effects of the fragmentation. It is necessary to consider O(a,) QCD
processes. This was interpreted as an evidence for hard gluon radiation in DIS.

For a closer investigation of the influence of non-perturbative and perturbative
QCD effects on the p; spectra the mean square of p;, < p? >, is plotted as a function
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Fig. 2.10. Transverse momentum distribution N—f;%:—;— in pp scattering compared to the
prediction of the QPM (dashed-dotted line). Monte Carlo calculation including
O(a,) QCD processes (ME) using two values for < p¢ >fragms < Pt Dfregm=
0.31 (0.28) GeV, are shown by the solid and dashed line, respectively (from
[GAYS1]).

of z2 (Fig. 2.11). Under the assumption that a fraction z, of the parton momentum is
transferred to the hadron, < p? > can be decomposed into:

<PE>= <P > frag (< K prim > + <P} >qcp) * 21 (2.8)

where k¢ prim is the primordial transverse momentum of the parton which the virtual
photon couples to, and < p? > 4,4, is the contribution from the fragmentation phase. <
P2 > frag has been estimated from DIS [KRUS89] and e*e™ data [TAS80] by extrapolating
the 22 dependence of < p} > back to z, = 0. The value of 0 =< Pt > frag= /5 <P} > frag
was found to be about 0.45 GeV and to vary only little with W. The contribution from
perturbative QCD processes, < p? >qcp, was calculated in first order a,. The sum of
both components is smaller than the observed value of < p? >. The missing amount
of transverse momentum was ascribed to the primordial k; of the parton struck by the
photon which is, scaled by the factor z, transferred to the hadron.
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Fig. 2.11. Mean square of p,, <p? >, as a function of z7 as measured in up scattering [EMC80].
The lines show the contribution to < p} ?> from the fragmentation (I), from O(a,)
QCD processes (ME) (II), the sum of I+II (III). For IV a term proportional to
the primordial transverse momentum of the incoming parton, 2 * k¢ prim, has been
added (see equation 2.8).

From Fig. 2.11 it can be seen that the influence of non-perturbative QCD effects
at energies reached in fixed target experiments is sizeable. The comparison of the final
results on < p? > from the EMC experiment with ME and PS model calculations shows
that the experimental values are underestimated and a larger contribution of soft gluon
radiation is required for an adéquate description of the data [EMC91a].

The QCD scaling violation effects in the longitudinal momentum distributions (zj
and zr) are smaller compared to those in p, [EMC82]. However these effects should
be observable if a large range in Q% and W can be investigated. The measurement of
the asymmetry in the azimuthal angle () distributions of final state hadrons offers,
in principle, the possibility of testing perturbative QCD predictions [POL78, MEN78].
However this asymmetry is diluted by the fragmentation process. This can be seen
in Fig. 2.12, where the mean of cos ¢, which is one measure for the size is, compared
with the result of a model calculation, in which the first order QCD processes on the
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Fig. 2.12. Asymmetry of the azimuthal angle distribution of hadrons, measured by
< cos (¢) >, as a function of zp. The data are from [NPA83] (open squares)
and [EMC87p] (solid circles). The solid line shows the prediction of a model
calculation [KRO82, NPA82, NPA83], where the effect of O(c,) QCD processes as
well as finite value of the primordial transverse momentum of the incoming parton
(< k¢ prim >= 0.7 GeV). The dashed line shows the result with no k¢ prim.

parton level and the fragmentation of the partons has been simulated [KRO82, NPA83]
(dashed curve). A finite value of the primordial transverse parton momentum ke rim has
to be considered in order to describe the experimental results (solid curve) reasonably
[NPA83, EMCB87p]. This again shows that non-perturbative effects are dominant in
the energy range covered by fixed target experiments.
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3 Analysis of the Hadronic Final State at HERA

3.1 Jet Physics

In ep collisions at HERA values of W? are reached which are larger than in fixed target
experiments by almost an order of magnitude. At such high energies events with an
unambiguous multi-jet structure can be seen and the measurement of jet rates is much
easier than in the fixed target experiments. Fig. 3.1 shows the transverse energy w.r.t.
the proton beam axis as a function of the pseudorapidity 7 = —In (tan?/2) and the
azimuthal angle ¢ for events with a clear 1+1, 241 and 3+1 jet structure . The polar
angle w.r.t the proton beam axis ¥ and the azimuthal angle ¢ are measured in the
HERA laboratory frame. In DIS the jet emerging from the target remnant is counted-
separately from the other jets. This is denoted by ”+1”. The Feynman diagrams for
the O(a,) QCD processes in DIS are shown in Fig. 3.2 o

Hadron jets are believed to maintain the kinematic properties of the underlying
quarks and gluons in the final state. Experimental studies of jets in high energy particle
reactions are therefore ideal tools to test basic features of QCD and determine the free
parameter of the theory (Agcp)-

In e*te™ collision experiments, there is a long tradition for measurement of the ~
jet rates R,, defined as the ratio o,/ of the cross section of n-jet events and the
total cross section. First evidence for 2-jet events was seen in 1975 in ete™ colli-
sions at SPEAR [HAN75|. At PETRA experiments a small fraction of planar well-
separated 3-jet events were observed which could be attributed convincingly to the
emission of a third parton with zero electric charge and spin 1, as expected from gluon
bremsstrahlung predicted by QCD [PETRA]. First analyses based on the definition
and reconstruction of resolvable jets was published in 1980 [BER80]. Since that time
many more analyses from experiments at PETRA, TRISTAN, AMY, and in particular
at LEP and SLC have been performed and lead to a very precise determination of jet
rates (for a review see e.g. [BET92]). For the determination of the strong coupling
constant a, from jet rates an exact definition of a resolvable jet is necessary, which can
be applied both in the experimental analysis and the theoretical calculations.

The purpose of a jet finding algorithm is to cluster particles (tracks) or regions
of energy deposit in the calorimeter ("cells”), which are close to each other until the
"size” of the clustered object exceeds an adjustable threshold value. This requires the
definition of an appropriate variable é;; to measure the distance between two objects
(particles or "cells”), a scale to normalise §;; and a recombination scheme. In arecursive
process the particles or cluster of particles which has the smallest value of the scaled
distance, y;; = §;;/s, are replaced by ( or "recombined to”) a single cluster according
to the prescription of the recombination scheine as long as y;; < ycu:- This procedure is
repeated until all y;; are larger than the jet resolution parameter y... The remaining
clusters are called jets.

The definition of the scaled distance variable and the recombination scheme is
listed in Table 3.1 for the jet finding algorithms used in DIS. The cone algorithm
was developed for calorimetric energy flow measurements in pp collisions [CONE]. In
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Fig. 3.2. Feynman diagrams for the lowest order process (a) and the O(a,) processes in DIS:
b) QCD Compton process (QCDC), c) boson gluon fusion process (BGF).

Resolution Parameter
Yijy Tij

Recombination Scheme

Comment

T,'j
V=050 + (o — 05)
7:.=—1In (tan:?g/z)
J; polar angle

®; azimuthal angle

E,v=E,;+E,;

_ (m/Eri+n;/EL})
M = “Q/E, o 1/Es

i simile

E.L,k = Ek * sln (19;;)

JADE 2E;E; lv;cos 9 Pe =pi + P; approx. Lorentz invariant.
adding four-momenta applicable in HERA
lab. frame.
min(E2,E*)(1—cos (¥;; - 3 . .
ke 2min(By g,u <o (93) Pk = pi + pj not Lorentz invariant.
adding four-momenta applied in Breit frame.
cone = if 7;; < Reone : conservation of energy.

(m —m5)s (i —@5), Ex
w.r.t.

longitudinal boost.

Tab. 3.1. Resolution parameter (=scaled distance variable) and the recombination scheme
for the jet finding algorithms used in DIS

around the proton beam direction, where no calorimetric measurement is possible, the
observed debris of this target remnant jet may be associated to one of the current jets
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or mimic the presence of an additional current jet. In order to keep the corrections for
such effects small, an fictitious particle with zero transverse momentum is introduced,
which carries the missing longitudinal momentum. This fictitious particle is treated

like any other particle or cluster in the JADE scheme. v
§ 100
o |
L
80 |
60 |
] ZEUS Preliminary
f . — NLO (DISUET)
20 - --=- NLO (PROJET)
20 |
--;JAL..jA;‘.l... | S ] P R
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Fig. 3.3. The production rate of 1+1 and 2+1 jet events, R; in % as a function of the resolu-
tion parameter in the jet finding algorithm, y.,., compared to the NLO calculation
of the programs PROJET [GRA94] and DISJET [BRO94]. The data have been
corrected for acceptance and hadronisation effects using a Monte Carlo model for
DIS. Only statistical errors are shown (from [ZE94a]).

Fig. 3.3 shows the jet rate for 14+1 and 2+1 events as a function of the jet resolution
parameter Yo, for 160 < Q? < 1280GeV? and 0.01 < z < 0.1. For the data the
JADE algorithm has been applied to four-momenta which are constructed from the
energy deposit and the angular position of calorimeter cells. As scale parameter, the
invariant mass of the hadronic final state that is reconstructed from the calorimeter
information (see section 4) has been used. The experimental results are in a good
agreement with analytical calculations to complete O(a?) from [GRA94, BRO94]. A

value for As;?s = 312MeV has been chosen for this comparison which corresponds
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to a,(M2) = 0.124, a value which is compatible with recent results from the LEP
experiments [BET93].
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Fig. 3.4. (a) The rate of 2+1 events, R,y = 034;/0tot at fixed value of the resolution
parameter y.,. = 0.02 for different values of Q* [H1-94a] (¥;. > 10°).
(b) a, extracted from the jet rate for different values of Q* [H1-94a] (closed circles).
The result is compared with a fit to the data using a running a, (dashed line) and
constant a, (dashed-dotted line). The errors of the fit are indicated by the solid
lines. The value obtained by e*e~ collision experiments at LEP [BET93] is shown
for comparison (open circle).

From the 2+1 jet event rate at a fixed value of Y. = 0.02, as shown for 3 different
values of Q? in the left part of Fig. 3.4, one can extract «, using the above mentioned
analytical calculations of the jet rates. The result from the H1 experiment (right part
of Fig. 3.4) is compared with a fit to the 2-loop solution of the renormalisation group
equation (dashed line) and with a constant a, (dashed dotted line). The data favour the
running o, over the constant a,. This demonstrates that at HERA the Q2 dependence
of a, can be measured without the need of combining data from other experiments.

Recently also the application of the k; jet finding algorithm|[CAT91] in DIS, has
been studied. This algorithm differs from the JADE scheme in the definition of the
distance variable and scale parameter and has to be applied in the Breit frame. In ete™
physics it has been found that the hadronisation effects for the k, algorithm are smaller
than for the JADE algorithm. Furthermore the k; algorithm is formulated such that
the resummation of logarithmic terms is possible, which is necessary to obtain reliable
predictions at low values of y..:. These features have made this jet finding algorithm
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attractive for jet physics in ete™ annihiliation. First experimental studies in DIS show
that the corrections for the effects of the detector acceptance and resolution as well as
of the hadronisation are small. However, theoretical calculations to.order O(a?) are
not yet available for DIS so that an extraction of a, is not yet possible.®

3.2 Inclusive Hadron Distributions

The measurement of inclusive hadron distributions is a useful tool to extend the study
of the hadronic final state in DIS to classes of events which cannot be classified un-
ambiguously as n-jet events. The measurement is sensitive to the details of the hard
scattering process as well as to soft QCD radiation and fragmentation. With the new.
data from the HERA experiments it is possible to test the concepts and details of the
models for the hadron formation process in a complete new kinematic range of W and
Q?. It is expected that at such large values of W the influence of processes on the
parton level becomes dominant over the effect of the fragmentation. This should allow
tests of the dynamics in parton showers such as coherence effects and the rate of gluon
emissions in DIS which can be related to the parton evolution schemes discussed in
section 2.4.

Both experiments at HERA, H1 and ZEUS, are equipped with high resolution
calorimeters and tracking detectors covering almost the complete solid angle. This
enables the measurement of energy flow distributions of charged and neutral particles
and of charged particle spectra. The analysis of hadron multiplicity distributions in the
Breit frame and the so called humped back plateau’ is described elsewhere [JAM94].

In this report, the analyses of the hadronic final state are presented, which have
been performed in 1993/94 using the data taken with the ZEUS experiment In sec-
tion 4-7 the ZEUS experiment and procedure to determine and to correct the hadron
distributions for effects of the detector acceptance and resolution, are described. In
section 8.1 energy flow distributions measured in the main calorimeter of the ZEUS
detector are presented and compared with model calculations. The zf and p; distri-
butions of charged hadrons in the 4*p centre-of-mass are investigated and the results
are compared with those of fixed target experiments (section 8.2). In the last part of
section 8 the W? and @? dependence of the mean square of p; measured at HERA and
in fixed target experiments is discussed in the frame of the different concepts which
have been developed for the simulation of the hadron formation process.

3.3 Observation of Events with a Large Rapidity Gap at High Q?

The dominant mechanism of DIS is the hard scattering of the exchanged current from
a coloured quark in the proton. The colour field between the struck quark and the
target remnant is responsible for populating the rapidity interval between them with
final state hadrons. However, a class of events has been observed in which there are no
hadrons close to the proton beam direction. Expressed in terms of the pseudorapidity
7, these events exhibit a large difference between the pseudorapidity of the smallest
angle measurable in the detector (¥ = 1.5°,7 = 4.3) and the pseudorapidity of the
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Fig. 3.5. Distribution of .., the maximum rapidity of a calorimeter cluster with an energy
> 400 MeV in an event for 1992 data [ZP93]] and Monte Carlo events. The bound-
aries of the calorimeter are indicated. Values of 7., > 4.3 may occur when particles
are distributed in several contiguous cells around the beampipe hole in FCAL and
combined to one cluster. The number of Monte Carlo events with n,., > 1.5 is
normalised to the number of data events in the same 7., range.

cluster in the calorimeter (with an energy deposit in excess of 400 MeV) closest to the
proton direction (7mqz)- Figure 3.5 (taken from [ZP93l]) shows the distribution of max
for all DIS events selected from the 1992 data.

The shaded area represents the expected rate of a Monte Carlo calculation based
on a model, which describes the main fraction of DIS events reasonably well. The Monte
Carlo events have been passed through the detector simulation and the reconstruction
program to be compared directly with the measured event distribution. There is a
significant excess of events over Monte Carlo events at small 7,0, < 1.5. These events
are denoted as large-rapidity-gap” (LRG) events.

The qualitative difference in the event topology for standard DIS and LRG events
is sketched in Fig. 3.6. The invariant mass of the hadronic final state observed is
denoted by Mx. Fig. 3.7 shows the correlation between Mx and W the invariant mass
of the 4*p system for the LRG events and the rest of the DIS sample selected from the
1993 data, called non-rapidity-gap (NRG) events [ZP94j]. The LRG events are distinct
from the NRG events by small values of Mx, (typically < 20 GeV). This data and the
distributions in Fig. 3.8 are not corrected for detector effects.

In Regge phenomenology the cross section for a two-body scattering via pomeron
exchange is approximately independent of the centre-of-mass energy W, while the =
or p exchange would give a contribution falling with W like W~* or W~2. In order
to examine the W dependence for this subprocess to the total DIS, the ratio r of the
of the number of events with 7,,. < 1.5 and the total number of events is studied
(Fig. 3.8a). In the same figure also the relative acceptance of the cut on 9. is shown
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Fig. 3.6. Schematic diagram of the particle production in DIS (a), and in diffractive DIS (b).
N represents a proton or a low mass nuclear state. My is the invariant mass of the
hadronic final state observed in diffractive DIS.
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Fig. 3.7. Correlation between the invariant mass Mx of the hadrons observed and the invari-
ant mass W of the 7°p system [ZP94j]. Wp, is the variable as reconstructed using
the double angle method (see section 5)

as a histogram. For W 2140 GeV the ratio r is independent on W. In this range the
ratio r is, within the errors, constant. This observation and the steeply falling My
distribution of the LRG events are suggestive for a diffractive process.

The ratio r is displayed as a function of @ in three intervals in Bjorken-z (Fig. 3.8b-
d. The data were restricted to W > 140 GeV, where one finds from the Monte Carlo
calculations that the acceptance in Q? is flat. Since the total DIS cross section shows
a leading twist behaviour, one can conclude from the approximate independence of
on Q? that the production mechanism leading to the LRG events is a leading twist
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Fig. 3.8. a): Fraction r of events with a large rapidity gap in the total DIS event sample as
a function of W. The histogram shows the relative acceptance of the 7,,.. cut.
b-d): The same fraction as a function of Q? in three intervals of z.
All variables (W, Q? and z) are caculated with the double angle method (see sec-
tion 5). In [H1-94g] (H1) the same W and Q? dependence was found.

effect [ZP931, ZP94j, H1-94g]. Also semi inclusive properties of the LRG events, such
as jet production, jet shape and hadronic energy flow distributions have been studied
[ZP94j, ZP94f]. The interpretation of the characteristics of the events is consistent
with an interaction between a virtual photon and a parton of a colourless object from
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the proton.

In this report further investigations of the hadronic final state in LRG events are
shown. The charged hadron multiplicity distributions in the HERA laboratory frame
as well as the charged hadron spectra in the v*p c.m.s. are examined. The hadronic
energy flow distribution in the HERA laboratory frame are discussed in-the context
with a detailed comparison of the measured hadronic energy flow with the Monte Carlo
calculations for non-diffractive DIS events.
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4 Data Taking Conditions
4.1 HERA

The layout of HERA (HERA = Hadron Electron Ring Anlage) at DESY is shown in
Fig. 4.1. Electrons and protons are accelerated and stored in two separate ring systems.
For the 1992/93 data taking periods HERA was operated with electrons and protons’
accelerated up to 26.67 GeV and 820 GeV, respectively. The electron and proton beam
are brought to collision in the two interaction points. In the experimental halls NORTH
and SOUTH the experiments H1 and ZEUS are set up.

HERA is designed to operate with 210 bunches each in the electron and the proton
ring. The time between subsequent bunch crossings is 96 ns. During the data-taking -
periods in 1993 HERA, 94 bunches were filled for each beam for collisions. In addition

Fig. 4.1. Layout of HERA

10(6) unpaired bunches of electrons (protons) circulated for the measurement of the
background event rate from e-gas and p-gas interactions. The integrated luminosity
used for this analysis is 550 nb™1.
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4.2 The ZEUS Detector

ZEUS is a general purpose magnetic detector with a tracking region surrounded by
a high resolution calorimeter followed by a backing calorimeter and myon detection
system as shown in Fig. 4.2. Only those details are described here which are essential
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Fig. 4.2. Cross section of the ZEUS detector

for the understanding of the analysis presented. An extensive description of the ZEUS
detector can be found in [HOL93, ZP92p].

A high resolution vertex drift chamber (VXD), a large central tracking detector
(CTD) and planar drift chambers in the forward (proton) and rear (electron) part
(FTD,RTD) form the system of tracking detectors. For the data-taking periods in
1993 only the CTD and VXD have been read out.

The VXD is a cylindrical drift chamber, which is subdivided in 120 radial cells
each with 12 wires and uses a slow drift velocity gas to achieve a high spatial resolution.
The CTD is a large cylindrical drift chamber with 72 cylindrical layers of wires which
are grouped in 9 superlayers (SL) [CTD]. Five SL have wires parallel to the beam
axis (axial SL), whereas in the rest of the SL the wires are tilted by a small stereo
angle to allow a precise measurement of the z-coordinates along the trajectories. The
axial SL 1,3 and 5 are equipped with a z-readout system using FADC’s which provides
information for a fast vertex reconstruction on the trigger level. Both detectors operate
in a solenoidal magnetic field of 1.43 T.
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The tracking devices are surrounded by the high resolution uranium scintillator
calorimeter (CAL), which covers 99.7% of the 4x solid angle [DER9 1]. It is divided into
3 parts: forward (FCAL), barrel (BCAL) and rear (RCAL) calorimeter. The relative
thickness of the uranium and scintillator tiles were chosen to give equal calorimetric
response to electrons (photons) and hadrons. The energy resolution was measured
in test beams to be og = 0.18//E(GeV) for electrons and og = 0.35/,/E(GeV)
for hadrons. The scintillator tiles form towers which are segmented longitudinally
into electromagnetic (EMC) and hadronic (HAC) section. An EMC (HAC) section
consists of 2-4 (1-2) cells. Each cell is read out by two photomultipliers giving a timing
information with a resolution of 0.5 @ \/E(E—V—

The natural radioactivity of the uranium is exploxted to set the gain of each PMT
to sufficient precision and to monitor very efficiently the overall calibration [DERI1,
BRS93]. The noise distribution, which is dominated by the natural radioactivity, has
typically a r.m.s. width of 15MeV in EMC cells and 25MeV in HAC cells. The.
coherent noise between different cells is negligible. However, due to the large number
of cells, the noise influences the determination of kinematic quantities in certain region
of phase space.

Two small lead-scintillator sandwich counters (C5) partially surround the beam

pipe at the rear of the RCAL. These counters were used to signal backgrounds produced .

by the incoming proton beam and to measure the timing and longit'ﬁdinal spread of
both the proton and the electron beams of HERA. Two layers of scintillation counters
mounted on either side of an iron veto wall, situated upstream of the detector, were
also used to signal background particles.

The ep luminosity was measured from the rate of the bremsstrahlung process

ep — epy, (4.1)

by tagging the final state electron and photon in coincidence [ZPLUM]. The luminosity
monitor was also used to tag photons from initial state radiation and electrons from
photoproduction processes. The event rate has been reduced from =~ 10 MHz to 3-5 Hz
by a three-level trigger system [HOL93].

4.3 Event Reconstruction

The events which pass the third level of the trigger were written to tape and processed
through the ZEUS reconstruction program.

The integrated pulse heights from the PMT’s of the uranium scintillator calorime-
ter and the information gained by the calibration of the calorimeter are used for the
correct determination of the energy deposit in each calorimeter cell. Each cell is read
out by two PMT’s. The energies of each PMT is stored. The total energy deposited
in a cell is calculated from the sum of the two PMT signals. The difference of the
PMT signals is exploited to improve the determination of the centre of shower in the
calorimeter. In a geometrical clustering algorithm, cells are merged according to their
physical adjacency; only cells with an energy deposit above a threshold are considered.
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The threshold energy is set to 60 MeV and 100/110 MeV for cells in the EMC and HAC
section respectively. The objects defined by this algorithm are called condensates.

Two programs for track finding and fitting have been developed mdependently
They follow different strategies for the search of tracks.

In the first approach the track finding algorithm starts with hits in the outermost
axial SL of the CTD. More hits on axial wires were gathered as the trajectory was
followed inwards to the beam axis. The resulting circle in the x-y projection was used
for the pattern recognition in the stereo SL and the z-by-timing hit pattern. The 3-
dimensional track position was interpolated into the stereo SL. In a second pass tracks
were also searched, which could not be successfully continued to the first SL. These
candidates are not eligible for the primary vertex. )

The momentum was determined in a 5-parameter helix fit. If hits in' the VXD
were associated to the track, the scattering angle in the x-y plane was added as an
additional parameter. Multiple Coulomb scattering in the beam pipe and outer walls
of the VXD were taken into account in the evaluation of the covariance matrix.

The other track finding program is based on Kalman filtering technique [KALM]. _
Seed tracks found in the outer layers of the CTD are extended inwards and points are
added as wires layers of the CTD are crossed. The track parameters at each step are

updated using the Kalman method. In the second step a Kalman fit to the points =~

found in the pattern recognition phase is performed, taking into account time-of-flight
and signal propagation delays. In addition non linear corrections to the measured drift
time are made.

Following the track reconstructed in the CTD inwards, hits in the VXD are asso-
- ciated to the track. The track segments are merged to form global tracks, where the
Kalman filtering algorithm is used to merge the extrapolated track parameters of the
track segments in the VXD and CTD.

With the information from the track finding and fitting procedure a main vertex
is reconstructed. The vertex fitting is performed using the Perigee parametrisation of
the trajectories [BIL92]. The conditions for the association of tracks to the main vertex
are chosen such that tracks, which give a contribution to the x? of the vertex fit larger
than 16, are not associated. The vertex position is evaluated and the track parameters
at the vertex are re-adjusted.
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5 Reconstruction of the Kinematic Variables

In ep collision events at HERA the reconstruction of the kinematic varjables in neutral
current DIS events can be performed using the energy and angle of the scattered
electron or of the hadronic system or a combination of both. For the.analysis presented
here, the double angle method (DA) was chosen, because it is less sensitive to scale
errors in the energy measurement of the final state [BNT92].

In this method the kinematic variables zp4 and Q% , are derived from the scattered
electron angle ¥, and the angle vg of a hypothetical massless object balancing the
momentum vector of the electron to satisfy four-momentum conservation and to induce
the same value of z and Q? relative to the initial proton as the scattered electron relative
to the incident does. In the QPM vy would be the angle of the struck quark. The
quantity g is determined using the equation: )

_ (Enpe)? + (Znpy)? = (En E —p.)°
(Chp)? + (T Py)2 + (ZhE - p.)?

where the sum Y, runs over all calorimeter cells which are not assigned to the scattered

cos Yy (5.1)

electron. p., p,, p: are the cell energies E projected on the axes of the HERA laboratory - -
frame, in which the positive z-axis is the proton direction. In the naive QPM vg defines
the direction of the struck quark. The cell angles ¥ are calculated from the geometric
centre of the cells and the vertex position of the event.

The value of W is computed according to the definition in Table 2.1 using = and Q?

from the DA method. The variable y is determined according to the Jacquet-Blondel
method [JBT79]:

- Zh(E - Pz)
YysB ———QE'C

where E, is the electron beam energy.

(5.2)

A pseudo four-momentum vector is assigned to each calorimeter cell with an en-
ergy deposit of more than 60MeV or 100/110MeV for the EMC and HAC section
respectively, which is constructed from the cell energy and the polar and azimuthal
angle of the centre of the cell. With the pseudo momentum vectors pointing from the
primary vertex to the cells, the hadronic energy flow distributions in the HERA labora-
tory frame are determined. Energy flow distributions are presented as a function of the
difference in pseudorapidity An = 5 — 7,, where 7, is defined by 7, = —In (tanyg/2)
and 7 is the pseudorapidity of the charged particle or the pseudo-particle assigned to
a cell.

For the description of the final state hadron kinematics in the hadronic (y*p) c.m.s.
the variables zp and p; are chosen. zr is defined by:

! ZF =P6/Pﬁ,mtxz = 2p|‘i/W (5'3)
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where pj| is the projection of the hadron momentum component on the direction of the
virtual photon, and p] which is the hadron momentum component perpendicular to the
virtual photon axis. All momenta are given in the hadronic c.m.s.. For a comparison
with results from DIS experiments at lower energy, the scaled hadron energy z, = Ea Jv
is also used (see Fig. 2.9). For zr20.1 the values for zr and z, differ by less then 0.1%.

The four-momentum of the scattered electron, which is needed for the Lorentz
boost into the hadronic centre-of-mass frame, is reconstructed from the polar and az-
imuthal angle, ¥, ¢, as determined by the electron finding algorithms, and the scattered
electron energy as computed by the double angle method:

Epa = Q3 ,4/(2E. (1 + cos(¥.)) (5.4)

where E, is the energy of the beam electron.
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6 Data Selection

6.1 Event Selection

For the physics analysis events were accepted which are triggered by an egergy deposit
above a programmable threshold in any EMC trigger tower of 20x40 qn’ in fhe BCAL
or RCAL. The threshold was typically < 1GeV except for the inner-ring of towers

around the RCAL beam pipe hole, for which it was set to 10 GeV. The trigger could
be vetoed by a signal of the C5 counter or the veto wall occurring in coincidence.

ZEUS
ep collision P - background
FCAL RCAL FCAL RCAL
I I | p
€t ff e P P

number of events

Fig. 6.1. Illustration of the rejection of the beamgas background events using the time infor-
mation of the calorimeter.

The by far largest background rate is produced by interactions of the protons with -
the residual gas in the beam pipe and the beam pipe itself. The time information from
the calorimeter and the C5 counter can be used to reject these events very efficiently
[ZP92d]. The time delays are calibrated such that for ep-collisions at the interaction
point the time signal from the FCAL and RCAL are tr = tg = 0. For events with
interaction upstream of the detector energy is deposited in the RCAL about 12 ns
earlier (Fig. 6.1). In Fig. 6.1 the measured distribution of (tr — tg) versus tg for
events, for which more than 1 GeV was recorded in at least one calorimeter cell both
in the RCAL and FCAL, is shown, before any cut on the event times has been applied.
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Most of the beamgas background events can be rejected by a cut on £g and Jor |tp—tg|
on the trigger level. In the offline selection tighter cuts on tg and ¢p (Itr] £ 3ns and/or
[tr — tr| < 3ns) are applied to further reduce the background. Events triggered by
a photomultiplier discharge or by cosmic (halo) muons were removed'in the offline
analysis using topological algorithms. : C

Several algorithms which are based on the information about the transverse and
longitudinal shower profile have been developed for an efficient and reliable identifica-
tion of the scattered electron. For the measurement of inclusive hadron distributions,
which are normalised to the number of DIS events, it is important to minimize the .
contamination by non-DIS events which have a hadronic structure which may differ
significantly from those of DIS events. Therefore the algorithm with the highest purity-
was chosen and a minimum energy of the scattered electron of 10 GeV(E.: > 10 GeV)
was required. With this condition, the purity of the electron identification procedure
was found to be larger than 96%.

A fiducial cut requiring that the impact point of the scattered electron on the face
of the RCAL has to be at least 6 cm away from the edges of the beam pipe hole, was
imposed to ensure a reliable measurement of the direction of the scattered electron.

For further discrimination between background events and DIS events the variable
§ = ¥ .(F —p.) is used; the sum runs over all calorimeter cells, E and p, have the same
meaning as in 5.1. Neglecting effects of particle emission through the rear beam pipe .
hole and initial state QED radiation, NC events have § = 2E,. Proton-gas events which
have no energy deposited in the RCAL or the C5 counter and therefore pass the before
mentioned timing cuts, have § close to zero. Also for photoproduction events, where
the scattered electron is not seen in the main detector, the quantity § is significantly
smaller than 2E,. Requiring § > 35 GeV the major fraction of the background events
is rejected. This cut also removes event with a hard photon from QED initial state
radiation, reducing the size of the radiative correction to be applied.

Residual photoproduction events which were selected because an electron-or pho- - -

ton in the hadronic final state mimics a scattered electron and hence a DIS event, can
be eliminated by a cut on ye. (Yete < 0.85), where y.i. is the y scaling variable, defined
in Table 2.1, as determined from the scattered electron momentum alone.

The position in z of the main vertex was required to be within —50cm < z,, <
40 cm in order to have a good acceptance for tracks over a wide range in the polar
angle 9. The transverse distance of the main vertex has to be inside the beam pipe

(i.e. < 8.5¢cm), to exclude events from secondary interactions in the beam pipe wall.

With this cuts a total of 36100 events with Q? > 10GeV? was selected from the
data sample taken, which corresponds to an integrated luminosity of 550 nb~1.
With this event sample two types analyses have been performed, for which further

selection cuts had to be applied:

e the analysis of the total hadronic energy flow measured in the HERA laboratory
frame using the main calorimeter information.
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e The analysis of differential charged hadron multiplicity distributions in the 7*p
c.m.s. and in the HERA laboratory frame.

The track selection criteria needed for the second analysis are described in section 6.2.

For the measurement of the energy flow distributions ﬁ:%, events with 120° <

vr < 165° were selected corresponding to a large separation in 7 between the current
and target jet region. The upper cut on g ensures that the current jet is well contained
in the calorimeter and the influence of the beam pipe hole in the RCAL is negligibly
small. After this cut 20800 events remain for the final analysis. The energy flow
distributions are reconstructed from the energy deposit in the uranium scintillator
calorimeter as described in section 5 and normalised by the number of events in the
kinematic bin of vg and @Q? considered. A cut on the polar angle ¥ > 8° was imposed
since the correction in the region close to the beam pipe hole in the FCAL become
large and are affected by sizeable systematic errors.

The event sample was split into two classes, the class of events with a large rapidity
gap between the proton and the rest of the hadronic final state (LRG events) and the _
complementary class. For classification purposes, the variable 7,4, is introduced, which
is the pseudorapidity of the most forward calorimeter condensate with an energy above

400 MeV. A condensate is a contiguous energy deposit with an integrated energy of -~

more than 100 MeV for pure EMC energy deposits and 200 MeV for HAC or mixed
energy deposits. Events with fm.. < 1.5 are assigned the class of LRG events. The
rest of the events are called non-rapidity-gap events (NRG events).

6.2 Track Selection

In the selected DIS events, tracks associated to the primary vertex were selected.
Particles from secondary vertices were excluded in the analysis of charged hadron
distributions presented here. The distributions are corrected for the fraction of charged
particles coming from fast Ko and A decays which are associated to the main vertex.
Further selection criteria were applied to obtain a sample of well-measured tracks and
to avoid the region of poor acceptance of the CTD.

In the polar angle range of 20° < ¥ < 160° the acceptance for tracks from the
primary vertex defined by

number of tracks reconstr. and assoc. to the primary vertez in Ad

a(¥) = (6.1) -

number of charged hadrons produced at the primary vertez in Ad
varies smoothly around a central value of about 75%. The acceptance defined in (6.1)
is lower than the single track reconstruction efficiency estimated from data since in the
denominator of (6.1) also very low energetic hadrons are counted, which do not reach
sufficiently many superlayers to be reconstructed.

The scattered electron was removed from the track sample by rejecting those tracks
which match with the cluster in the calorimeter assigned to the scattered electron by the

~
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Fig. 6.2. Population of the Q%-z plane by the DIS events selected for the analyses presented
here. (For the sake of a clear presentation only 1/3 of the full DIS event sample
is shown as dots). The region considered for the measurement of charged hadron
distributions is indicated by the dashed lines. The dotted curves are lines of constant
Yu, Yu = 120° and vy = 165°. The kinematic region covered by hadronic final state
analyses in the fixed target experiments is shown by the shaded area.

electron finding algorithm. For ¥ < 150° the efficiency for the rejection of scattered
electron is larger than 85%. Above 150° the efficiency decreases due to the limited
acceptance and resolution of the CTD in the very rear part of the detector. Therefore
the upper cut on ¥ was set to 150° in order to have a background free hadron sample.
A minimum value of the track momentum in the laboratory frame |pjas| > 0.2 GeV/c
was required, as for very low energetic particles both, the track finding efficiency and

~
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Selection Cut

i

Comment

event selection

cut on event time
|tR — tr| < 3ms, |tr] < 3ns

rejection of p beam gas background events
A ]

E. > 10GeV

high purity of algorithm for- - -
finding the scattered electron

fiducial cut around the
RCAL beam pipe hole

|zrcaLls lyrcar] < 16cm

for precise measurement of
¥ and ¢ of the
scattered electron

35 < Zallcella(Ei - stf) < 60 GeV

rejection of background events
from photoproduction and
residual p beam gas interaction

Yete < 0.85 rejection of residual photoproduction
background events
ysp > 0.04 improved resolution of vy

vertex position:
-50< 2z, < 40cm

VTi+y2i<8cm

good acceptance for tracks
rejection of vertices from

secondary interaction with beam pipe

kinematic region investigated for

energy flow:
120° < v < 165°

10 < Q? < 1000 GeV?

charged tracks:
10 < Q* < 160 GeV?
75 < W < 175GeV

target and current jet well separated

in HERA laboratory frame

high and uniform acceptance for
charged tracks for zr > 0.025

track selection criteria

track associated
to main vertex

exclusion of particles from decays and
secondary interactions

20° < ¥ < 150°

uniform acceptance, high efficiency

for excluding scatt. e’ from hadron sample

IPlab‘ > 0.2GeV
at least 37 SL
(superlayer) reached

good resolution for track momentum
determination

Tab. 6.1. Event and track selection cuts for the analysis of energy flow distributions and -

differential hadron multiplicity distributions presented in this report

the resolution are poor. The transverse momentum resolution is proportional to 1/L?,
where L is the length of the track perpendicular to the beam axis. Only tracks which
reach at least the third SL and hence have a length transverse to the beam of larger

than 30 cm, are kept.
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In the following the acceptance for charged hadrons is defined similar to (6.1):

number of reconstr. tracks after all track selection cuts in Ad

a(9) = number of charged hadrons produced at the primary vertexr in Ad (6.2)
The analysis of charged hadron distributions in the y*p c.m.s. 'is restricted to the
range in Q? and W by 10 < Q* < 160GeV? and 75 < W < 175GeV, where the
acceptance is always larger than +60%. This leaves 24600 events for this part of my
data analysis. In Table 6.1 all event and track selection cuts are listed together with a
brief explanation. In Fig. 6.2 the distribution of the selected events in the Q*-z plane
is displayed. The kinematic region explored in my analyses.are indicated by the dashed
and dotted curves. For comparison the kinematic region which had been investigated

in fixed target experiments is also shown by the shaded area.
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7 Acceptance Correction
7.1 Monte Carlo Simulation

The measured distributions have to be corrected for the effects of the \detector accep-
tance and resolution in order to transfer back to physics cross sections. which can be
directly compared with theoretical calculations. For that purpose the hadronic final

Acronym Brief Description

QPM no perturbative QCD processes, but string fragmentation (SF)
ME O(a,) complete matrix element calculation + SF

PSQ coherent parton shower + SF [ING91], virtuality scale = Q?*
PSW coherent parton shower + SF [ING91], virtuality scale = W?
PSW43 coherent parton shower + SF [ING91], virtuality scale = W*/3

HRW no SUE | coherent parton shower model combined with complete O(e,) matrix
element calculation (ME) + cluster fragmentation (CF) [WEB92],
no soft underlying event (SUE)

HRW + SUE | like HRW no SUE but with soft underlying event (SUE)

CDM colour dipole model + SF [LOEN92b)

MEPS (*) parton shower [ING91] + SF matched to A

complete O(a,) matrix element calculation (ME)

CDMBGEF (*) | colour dipole model combined with exact O(a,)

matrix element calculation (ME) + SF

POMPYT (*) | model for diffractive DIS (factorisable ansatz) [PBR93] using :
a hard quark density function in the pomeron structure: [~ 8(1 — §)]
a soft quark density function in the pomeron structure: [~ (1 — 8)°]
' (the hard quark distribution is used unless stated differently
NZ (*) model for diffractive DIS (non factorisable ansatz) [NIK92]

Tab. 7.1. Acronyms for the DIS models used in this report. For those generators marked
by an asterisk, events samples have also been processed by the detector simulation
and data reconstruction program. In all models, except the HERWIG Monte Carlo
program, the LUND string fragmentation model is used.

state from DIS was modelled using two different sets of Monte Carlo generators, the -
first one for the description of the non-rapidity-gap events and the second one to model-
the large-rapidity-gap (LRG) events.

Events from standard DIS processes were generated using two alternative Monte
Carlo models: a) the program LEPTO version 6.1 [ING91] combined with the program .
ARIADNE version 4.0 [LOEN92b, AND83] as described in [BEN87] and b) the program
LEPTO version 6.1 with the option of combined matrix element and parton shower
calculation. In this report the first Monte Carlo program is denoted by "CDMBGF”
and second by "MEPS”.
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Both models were interfaced to the program HERACLES [HERACL] which com-
putes the electro-weak radiative corrections for DIS. In case of hard QED bremsstrahlung
the four-momentum vector of the virtual photon § which probes the proton is different
from the momentum § reconstructed from momentum of the incident and scattered lep-
ton. In this case the zr and p; distributions are also distorted and have to be corrected
for this effect. In this analysis, however, the momentum § was reconstructed using the
double angle method, i.e. using partly hadronic information (section 5). Also events
with hard QED initial state bremsstrahlungs photons (Ep,em, 27 GeV) are rejected by
the cut on § > 35 GeV applied in the event selection (section 6.1). Monte Carlo studies
have shown that the QED radiative corrections change the hadron distributions only
by ~ 5 — 10%. For energy flow distributions the effect is even much smaller since the
hadronic variables are not defined w.r.t. the virtual photon momentum.

The MRSD' - [MRSD93] or GRV-parametrisation [GRV93] of the parton densi-
ties in the proton was chosen [MRSD93], which gives an adequate description of the
structure function measured at HERA [ZEf2, H1f2]. These Monte Carlo models do not
contain any explicit contributions from diffractive 4*p interactions.

In order to model the hadronic final state from LRG events, two Monte Carlo
event samples have been studied, one of which was generated by POMPYT [PBR93].
The POMPYT Monte Carlo program is based on a factorisable model for high energy
diffractive processes, where within the PYTHIA [BEN87] framework, the incident pro- -
ton emits a pomeron, whose constituents take part in a hard scattering process with
the virtual photon or its constituents. The quark density in the pomeron is assumed
to be predominantly hard:

fatpom(B) = constant - B(1 — B) (7.1)

where 8 denotes the fraction of the pomeron momentum carried by the quark.

The second sample was generated following the model of Nikolaev and Zakharov
(NZ) [NIK92] which was interfaced to the Lund fragmentation scheme [SOL93]. In the
NZ model it is assumed that the exchanged virtual photon fluctuates into a ¢g pair
which interacts with a colourless two-gluon system emitted by the incident proton. This
leads to an non-factorisable diffractive cross section, however one can define an effective
parton density function which is somewhat softer than the one used for POMPYT.
Both diffractive Monte Carlo samples were generated with default parameter settings.
QED radiative processes were not simulated for these events. With the event selection
cuts of Table 6.1, however, the QED radiative corrections are expected to be small, as
explained above. ‘

Event samples produced by the Monte Carlo generators marked in Table 7.1 by an
asterisk were also processed by the ZEUS detector simulation program which is based
on GEANT 3.13 [GEANT] and which incorporates the detector and trigger simula-
tion. Those events were then passed through the standard ZEUS offline reconstruction

program.
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7.2 Correction Procedure and Systematic Errors

The measured hadron multiplicity distributions are distorted with respect to those
of the true hadronic final state due to trigger biases, event and track selection cuts
and the finite acceptance and resolution of the detector. The output of the trigger and
detector simulation program together with the samples produced by the different event
generators have been used to estimate the distortion of the distributions and to correct
them by multiplying the measured distributions by a correction function ¢(v) in each
bin of Q2 and W, where v is the hadron variable under study. ¢(v) is calculated as the
bin-by-bin ratio of:

c(v)=(NLANXS(”))M/(Ni,tANXJ("))m L (12)

The subscript (gen) and (rec) refer to the true quantities as given by the event generator
programs and the quantities as reconstructed from the output of the detector simulation
program with all event and track selection cuts applied, respectively. The number of
events in a bin of Q% and W is denoted by N,,; Q_Ijm is the number of hadrons in a bin
of v. The charged hadron distributions are also corrected to the primary multiplicity
not including Ko and A decays. For the expression in the numerator events and hadrons
are sorted in bins of the generated kinematic variables and for the denominator in bins -
of the reconstructed variables. In this way the distributions are corrected for losses of
events and hadrons as well as for the effects of the event migration, the finite resolution
and trigger biases.

The same procedure was used to correct the energy flow distributions, where the
quantity Ml‘“—‘(ﬂ in (7.2) has to be replaced by ﬁ(ﬂ the amount of energy detected
in a given bm of the hadron variable v.

To justify this correction method, the bin size in the hadron variables v was chosen
to be comparable with the estimated resolution in v and it was checked that the
correction factor does not deviate by more than 40% from unity nor strongly depend
on v. For models that adequately describe the data, such as CDMBGF and MEPS,
the dependence of the corrections factor on the model input was found to be small.
The difference in ¢(v) for different models was treated as part of the systematic error.

The mean square of p; was corrected by:

< ‘2> n .
pt MC,ge (7.3)

2 -2
< P: Zcorrected=< Pt reas ¥
< P: 2 > MC,rec

where < p}?>,.q, is the mean value of p;? determined from the uncorrected data. The
terms in the correction factor are defined in analogy to (7.2). This method of correction
is numerically more stable than the determination of < p} 2> from acceptance corrected
p;? distributions.

The following sources of systematic uncertainties were studied:
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Fig. 7.1. (a) and (b): Inverse of the correction function ¢(v) for the zp distribution and
< pt? > as a function of zr in the range of 10 < Q? < 160GeV? and 75 < W <
175 GeV to correct the NRG event sample (full points), and the LRG event sample
(triangles).
(c) zF distribution and (d) < p} ? > calculated by a model for diffractive ep scattering
with and without applying the cut 1,,,, < 1.5.

For all analyses:

e The model dependence of ¢(v) was estimated using two different DIS models to
correct the NRG events (CDMBGF and MEPS) and two models for diffractive
ep scattering (POMPYT with a quark density function given by (7.1) and the
model of Nikolalev and Zakharov (NZ)).
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Fig. 7.2. The inverse of the correction function for the energy flow distribution,

1 d4dF 1 d4dF H H 2
(N..‘ dAn),“ / (N.ﬂ dA")gen’ in 5 bins OfQ .

For the charged hadron analyses:

e It was investigated whether stronger requirements on the quality of the tracks
would change the results. The cut in the polar angle was increased from 20°
to 33° and/or it was required that the minimum number of the outermost SL
reached by the track is 5 instead of 3.

e The effect of a possible underestimation of the momentum resolution in the detec-
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tor simulation program was studied by evaluating the correction function with a
resolution of the measured transverse momentum which was artificially increased

by 100%.

A
* The analysis was done using the two different strategies for track finding described

in section 6.2. The difference of the results obtained with both programs gives
limits of the systematic error from the track reconstruction technique chosen.

e Systematic uncertainties in the determination of the four-momentum of the vir-
tual photon may induce a systematic error in the hadron distributions measured
as a function of zr and p;. The size of this contribution to the systematic er-
ror was estimated using the true four-momentum of the virtual photon for the
Lorentz transformation of the momenta of the reconstructed final state particles
and re-evaluating the correction factor ¢(v).

For the energy flow measurements:

e For the energy flow measurements the quality of the Monte Carlo simulation of the
energy deposit in the uranium scintillator calorimeter has to be considered. From -
studies of global event variables it was found that the Monte Carlo simulation
agrees to better than 5% with the data [ZEf2] giving rise to a relative systematic
error of a few percent. ’ o

The systematic error is estimated in each bin of the corrected distributions by
taking the differences of the result obtained with the modified conditions and the -
reference result, which is determined as described above and in section 6. For the
measurement of charged track multipliciy distributions the largest source of systematic
errors comes from the choice of the track reconstruction strategy. They lie typically
between 3% and 8%. They are followed in size by the uncertainty due to the model
dependence of the correction function ¢(v) and the systematic error in the virtual
photon momentum determination (typically 2% - 4%). For the highest z bin the
systematic error from the uncertainty of the Lorentz boost becomes largest (up to 10%).
For the energy flow distribution, the model dependence of the correction function is
the largest source of the systematic error (ca. 10 - 20 %). Compared to those, the
other errors are negligibly small (< 1%).

The shape and the size of the correction factor to be applied to the measured
hadron distributions and < p}?> is shown in Fig. 7.1a,b separately for NRG and LRG -~
events. The size of the correction for both event classes is very similar. From the -
measured hadron distributions of LRG events one can extrapolate to those of the total
class of diffractive DIS events using a Monte Carlo model for diffractive scattering.
Fig. 7.1c,d shows the prediction of a model of diffractive DIS (NZ-model [NIK92])
for the =y distribution and the seagull plot (< p{? > versus zr) with and without
the cut on 7maz. One can see that the zr distribution becomes harder and the p}
distribution steeper, when requiring fmq.. < 1.5 for diffractive DIS events. When
correcting measured hadron distributions also for the effect of the cut on 7,2, the
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correction factor will change corresponding to the difference of the truth Monte Carlo
distributions, since ~ 40% of the total diffractive cross section is cut by fmaz > 1.5.
Using another model for diffractive DIS (POMPYT) one finds, within an accuracy of
~ 20% the same difference.

The event selection criteria as well as the apparative cuts for the energy flow
measurements were chosen such that all systematic errors except of that due to the
model dependence of the correction and that due to the uncertainty in the simulation
of the calorimeter energy scale are negligibly small [DEP94]. Fig. 7.2 shows the typical
shape and size of the correction to be applied to the measured energy flow distributions
N:ﬂf—f;. The correction becomes large for An > 3.5 since most part of the target
remnant jet goes along the p-beam direction into the FCAL beam pipe hole and remains

undetected.

For all hadronic distributions the contributions from the different sources to the
systematic error listed above have been added in quadrature and are shown together
with the statistical errors of the results. The size of the statistical error alone is
indicated by horizontal bars, and the quadratic sum of the statistical and systematic.
errors is given by the full vertical error bar.
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8 Results

In this section inclusive hadron distributions will be disussed for the followmg three

classes of events:
A'S

e the class of DIS events consists of all DIS events selected as. descmbcd in sec-
tion 6.1.

e the class of LRG events is the subsample of DIS events which satisfy the selection
cut Ymer < 1.5, where 9y, is defined in section 6.1.

o the class of NRG events is the event sample complementary to the LRG event
sample, i.e. events satisfying m.z > 1.5.

In Fig. 8.1 the fmq- distribution for all DIS events in the range of Q? and W
considered for this analysis is shown. For fme.: < 1.5 a distinct excess of events in
the data over the event rate predicted by a standard model for DIS is seen. The Nmaz
distribution was modelled using a combination of a standard DIS model (CDMBGF)
and a model for diffractive DIS (DD) (POMPYT):

A vaatta Edata A Ngtls [:data NethD
A‘q = Qa3 + (8.1)

*
£01s " Aq... " rDD *Aq .

where £%¢ is the integrated luminosity of data; L£LP’S and LP? are the integrated
luminosity corresponding to the number of events generated by the Monte Carlo pro-
grams. The parameters o; and a; are fitted to describe at best the measured 7mnqar
distribution (A_nm—) The result of the fit is shown as the solid histogram in Fig. 8.1
and the contribution from the CDMBGF and the POMPYT Monte Carlo calculation
is represented by the dotted and dashed histogram, respectively.

For fmaz < 1.5 the fraction of standard DIS events is of the order of 5%. Therefore
the distributions from the LRG events are corrected with POMPYT (or another model
for diffractive ep scattering) and those from the NRG events are corrected using the

CDMBGF Monte Carlo program.

8.1 Energy Flow Distributions in the HERA Laboratory Frame
8.1.1 Energy Flow of Charged and Neutral Particles

In the Quark Parton Model (QPM), i.e. in the absence of higher order QCD processes,
the current jet is expected to be centered around An = 0, giving rise to a peak in the
distribution at this position (dotted line in Fig. 8.2).

The hadronic energy flow distributions normalised by the number of events are
shown for the NRG events as a function of Ay in 5 bins of @? (Fig. 8.2). In all Q?
bins the energy flow distributions peak at An close to zero. There is a minimum
between this peak and a rise towards the target jet region. The value of N‘ dA‘f’; at this

minimum is almost independent of @%. The height of the peak strongly increases with
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Fig. 8.1. The event number distribution as a function of 7m.., the pseudorapidity of the
most forward calorimeter cluster with an energy above 0.4 GeV. The solid points
show the uncorrected distribution from the data. Values of fmaz > 4.3 may accour
when several contiguous cells around the FCAL beam pipe hole are combined to a
cluster. The dotted (dashed) histogram is the distribution simulated by a standard
DIS Monte Carlo program (CDMBGF) and by the POMPYT Monte Carlo program
for diffractive DIS, respectively. The relative normalisation of the Monte Carlo
event samples is fitted to describe the data at best by a linear combination (solid
histogram).

Q?, since the average energy of the struck quark increases when going to higher values
of Q%. At low Q? the peak position observed in the measured energy flow distribution
is shifted towards the target region by about 0.45 units of rapidity w.r.t. to the QPM
position. The data are compared with models which include the simulation of QCD
processes. One is based on a first order a, calculation (dashed dotted line), where only
QCD processes at relatively high p; scale — i.e. hard gluon radiation and BGF process
producing a ¢g pair with minimum invariant mass — are considered (ME). In the other"
two models soft multiple gluon radiation modeled by either a parton shower (solid line,
MEPS) or colour dipol model (CDMBGF) calculation is added on the partonic final
state from the ME calculation.

For a quantitative comparison of the data with the different models, the height
(k) of the energy flow distribution at the minimum between the current and target
jet as well as the position and height (Ah + h) of the peak are determined using a
parabolic fit around the peak and the minimum of the distribution. The ratio Ahjh
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Fig. 8.2. The hadronic energy flow distributions w.r.t. the direction vy (see text) in 5 bins of
Q?, for NRG events (fmae > 1.5). The data are corrected for effects of acceptance,
resolution and QED bremsstrahlung. The lines show results of model calculations:
solid: MEPS, dashed: CDMBGTF, dotted: QPM, dashed-dotted:

1

1.5

(for the explanation of acronyms see Table 7.1).

measures how the energy is distributed amongst the current jet and the region between
the current and the target jet. Large values for Ah/h correspond to an energy flow
which is collimated around the current jet direction. The results of the fits are shown
in Fig. 8.5 for the lowest and the highest @Q? bin of Fig. 8.2 and Fig. 8.3.
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Fig. 8.3. Comparison of the hadronic energy flow distributions for NRG events with model
calculations (continuation of Fig. 8.2): solid: = MEPS ( shown for reference),
dashed: = PSQ (parton shower with scale Q?) dotted: = PSW43 (parton shower
with scale W*/3) ( for the explanation of acronyms see Table 7.1).

The MEPS and CDMBGF models describe the features of the measured energy
flow distributions in a satisfactory manner. The peak shift is reproduced and the
hadronic activity simulated between the current and the target jet region agrees rea-
sonably well with that observed in the data. With the matrix element calculation alone,
the shift of the peak cannot be reproduced and the current jet is too much collimated.

53




8'1 v
% N ¥ H 1 L
e i
[ -
< 7 b -
< ] .
() -
© -4
26l ]
> F ] .
...... I
°F FI E
; I
- &h : x ]
4 -
T T ]
[ Ne”™ ]
s E - E
s ]
2 + -
h x
1 = ‘E
o_.-rT',J P | " 1
-2 -1 o 1 2 3
an

Fig. 8.4. Determination of the main characteristica of the energy ﬁow dxstributions position
of the maximum ((A7).m.:) and the relative height of - vl €€ in the maximum and
minimum ("valley” between the target and the current Jet) (Ah/h). The procedure
is illustrated using the energy flow distribution simulated by the CDMBGF Monte
Carlo program.

In Fig. 8.3 the measured energy flow is compared to the prediction of the parton shower
model with two extreme choices of the scale, i.e. of the maximum virtuality. Using
Q? as a scale (dashed line) the energy flow distribution is similar to that calculated in
the QPM with a strongly collimated peak which is not shifted w.r.t. Ap = 0, and too
little hadronic activity in the region between the target and current jet. In the lowest
@? bin W is much larger than Q2. So with a scale proportional to W ( like in PSW43
with W*/3), much more gluons emission is simulated. Comparing the dashed and the
dotted line in Fig. 8.3 one sees the effect of this increase of gluon emission. The region
between the target and current jet is almost entirely filled in and the maximum of the
energy flow distribution is shifted towards the target jet.

In all Monte Carlo calculations the string model was used for the fragmentation
of the final state partons. However, the comparison of the data with the prediction of
the QPM and the matrix element calculation shows that the string effect alone cannot
account for the hadron activity in between the current and target jet region.

It can therefore be concluded, that the shift of the peak and the height of the
intermediate plateau between the current and target fragmentation region is due to
multiple parton branching processes.
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Fig. 8.5. Relative difference in height between the minimum (k) and the maximum (h + Ah)
of dE/dAn versus the position of the maximum in dE/dAn at low and at high
Q*. The experimental results for the NRG events are compared with various model
predictions (see Table 7.1 for explanation). The two data points have been obtained
by using two different Monte Carlo as input for the acceptance calculation.
For the LRG event sample (9mqee < 1.5) only (An)me. is shown by the arrow (error
shown by the horizontal bar at the arrow). For LRG events the variable Ah/h is
meaningless since there is no hadronic activity in the target jet region due to the
event selection cut.
Note the different scales for the two plots.

This can be qualitatively understood if one considers the ep scattering process
in the Breit frame as shown in [STR79] for the case of 2+1 jet configurations in DIS
events. The argument can be also applied to events with multi-parton branching. In -
the Breit system the virtual photon momentum has only space like components and is
anti-collinear with the proton:

i=(0,0,-Q,0) (8.2)
p = (0,0,(Q/22),(Q/2z)) (83)
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Fig. 8.6. The hadronic energy flow distributions w.r.t. the direction yy normalised by the
number of events, N :f , in 5 bins of Q? for the LRG event sample (open tri-
angles) and the NRG event sample (solid circles). It has to be noted that the _
distributions for the LRG events are not corrected for the event selection cut on
Tmaez- The dotted line shows the prediction of the QPM and the solid line that of
the MEPS model calculation

where the proton momentum p; is fixed by solving:
W2 =(§+5) = M7+ Q*(1/z - 1) = Q*(1/z — 1) (84)

After the scattering, a quark which carries a fraction ¢ of the proton momentum has
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the momentum:

Pruork = (0,0, £(Q/2) ~ Q, £(Q/22)) (85)
In the QPM ¢ = z and the momentum of the outgoing quark is: )
};Iquark = (09 0’ ”Q/za Q/z) (86)

The hadrons produced from that quark have a transverse momentum (p.,p,) which
is small compared to p., and move in the negative z-direction. If, however, the quark
branches into two or more partons with a finite angle relative to each other, the outgoing
partons have a finite transverse momentum. Correspondingly the z-component of the
momentum of the struck quark is less negative as can be seen from (8.5) since z, the
parton momentum fraction at the time of y*-parton interaction is smaller than the
original parton momentum { due to the branching process. In terms of the invariant
mass m of the system of the branched partons this reads:

ﬁ;.quark = (m2 - Qz)/2Q (8‘7)

From that one sees, that the hadromc activity is significantly shifted towards the target
remnant region, if Q2 and m? are of comparable size. "
This feature is seen in the HERA laboratory frame as the shlft of energy flow
" towards the target jet direction, i.e. positive values of A7. The effect is strong at low
Q? and low z. At high Q?, where the energy of the struck quark is large, the influence
of the soft gluon radiation on the feature of the current jet is weaker so that the peak
position approaches the value expected in the naive QPM (A7n = 0) (Fig. 8.2).

In the total DIS event sample the subclass of LRG events has been identified.
The rapidity (9ma-) distribution for this class of events is flat (see Fig. 8.1). The
inclusive properties of the LRG events suggest that these events are due to a diffractive
interaction between a highly virtual photon and the proton (see section 3.3).

The measured energy flow distributions for LRG events shown by the open trian-
gles in Fig. 8.6 exhibit striking differences to those of NRG events:

e The peak in the energy flow distributions is almost at An = 0, also in the lowest
Q? bin.

e The energy is collimated within +1 units of rapidity around the vy direction.

Both characteristics vary little with @?. These observations indicate that there is only
a very small amount of QCD radiation in these events. This result is consistent with
an ep interaction in which a colourless object is exchanged between the scattering
particles. It has to be noted that the shape of the energy flow distributions in the
An interval discussed is not biased by the selection cut for LRG events (e < 1.5)
because the current jet region is required to be far away from the region cut out.

57




120 < 7, < 140 deg 120 <7, < 140 deg |

~ 10 ~ 10 ¢
3 g o) <@>=18GeV| 3 g E‘b) 3; <Q*>=68-GeV?| - -
‘;; 8 ;_ <x>=0.0013 ‘; 8 E. <x>=0.0031
ﬁ 7 ?. charged port. é 7 ;’
L':cj 6 ;—O charged+neutral part. L':c" 6 g—
3k Jor
= 4F o g = 4 E
3 F b Toag®? 3 F
2 F 2 B |
T F T E
Oﬁl oot by o d O@Jl_Lll[lilllllll'
-1 0 1 2 -1 0 1 2
Aq An

Fig. 8.7. The hadronic energy flow distributions w.r.t. the direction of g for the NRG events
in 2 bins of Q? with 120° < yg < 140°. Solid circles: from charged hadrons, open
circles: charged and neutral particles. The solid line shows the prediction of the
MEPS model calculation for the charged hadron energy flow.

8.1.2 Energy Flow and Multiplicity Distributions of Charged Hadrons

The energy flow and multiplicity distributions for charged hadrons are determined
from the tracking information. A stronger cut in yg (120° < 4g < 140°) is necessary
to ensure that the current jet is well contained in the angular range with a good
geometrical acceptance of the CTD. The energy and multiplicity distributions (Fig. 8.7-
8.9) are therefore shown in the interval of Ay restricted to —1 < A < 2.

The energy flow distributions of charged hadrons are shown for NRG events in
two bins of Q?. Their shape is in excellent agreement with that of the corresponding
distributions for neutral and charged final state particles (Fig. 8.7). The fraction F,, -
of the total hadron energy in the rapidity range of —1 < An < 2, which is carried by -
the charged hadrons, is 65 = 1% and 62 =+ 3.2% for the lower and the higher @2 bin,
respectively. This is in good agreement with the value expected from isospin invariance

arguments .
The energy flow and multiplicity distributions for charged hadrons as a function

2The value is in good agreement with the analysis in [BEI94], where a value of F.;, = 64.9+ 1.4%
was found in the lower @? bin
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Fig. 8.8. Comparison of the hadronic energy flow distributions of charged hadrons w.r.t. the
direction of yg in 2 bins of Q? with 120° < yg < 140° solid circles: for NRG
events, open triangles: for LRG events
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Fig. 8.9. The multiplicity distributions for charged hadrons normalised by the number of
events as a function of Az in 2 bins of Q* with 120 < yg < 165° for the NRG
events (solid circles). In the lower Q? bins the corresponding distributions for the _
LRG events is shown (open triangles). The solid line shows the prediction of a
standard DIS Monte Carlo model (MEPS). '

of A7 are presented in two bins of Q? for the NRG events. In the lower Q? bin these
distributions are also shown for the LRG events (Fig. 8.8,8.9). For the NRG events
at high Q? the peak in the multiplicity distribution around A7z = 0 is less pronounced
than in the energy flow. In the lower @? bin it is noticable that the the charged hadron
multiplicity distributions of NRG and LRG events around the current jet direction are
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Fig. 8.10. The mean energy per hadron < E,,q > as a function of A7y in 2 bins of Q? for the
NRG events with 120° < yg < 140° (solid points). In the lower bin of Q? the
same quantity is also shown for the LRG events (open triangles). The solid line
show the prediction of model calculations with the MEPS Monte carlo program,w
the dotted line that of the QPM.

comparable within the errors, as opposed to what is observed in the energy flow.

The mean energy per hadron, < Ej,q >= d—‘g% j‘%, is shown as a function of Agy
in Fig. 8.10 for two bins of Q2. For NRG events, < Ejq > is about 0.7GeV at Ap~ 1,
where the energy flow reaches a minimum, independently of Q2. At high Q? the mean
energy of hadrons rises by a factor of two in the region of the current, whereas at low
@? it varies only little. This supports the idea that the hadrons at Ay =~ 0 emerge from
the struck quark, while the hadrons in the region between the current and target jet are
produced by softer partons produced by higher order QCD processes. The hadrons in
LRG events are significantly more energetic than in NRG events in the same kinematic
range and the values for < Ej,q4 > agree well with the QPM model calculation shown

as dotted curve in Fig. 8.10.

8.2 Momentum Distributions in the Hadronic Centre-of-Mass Frame
8.2.1 =zp and p! Distributions in NRG Events

In the first part of this section the zr and p; distributions for the NRG events are
discussed. Fig. 8.11a presents the zy distribution at <W >= 120 GeV and

< Q? >= 28 GeV? as measured with the ZEUS experiment is compared with various
models for hadron production in DIS. The solid and the dashed line show respectively
the results of the MEPS and the CDMBGF model calculations, in which higher order
QCD processes are considered. The data agree with those models in which higher
order QCD processes are included, whereas a discrepancy with the scaling longitudinal
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Fig. 8.11. Acceptance corrected differential hadron multiplicities normalised by the number
of events for non-rapidity-gap DIS (NRG) events in the range 10 < Q2 < 160 GeV?
and 75 < W < 175 GeV. (a) zp distribution, (b) p} distribution for zz > 0.05 (c):
<p!?> as a function of zg. The prediction of two DIS two Monte Carlo models
including QCD processes are shown: MEPS model (solid line) and the CDMBGF
model (dashed line). The QPM prediction is given by the dotted line. The
results of this analysis in (a) and (c) are also compared to the measurements of
the H1 collaboration [H1-94h].

momentum distribution predicted in the Quark Parton Model (QPM) is seen (dotted
line in Fig. 8.11). The dependence of the zp distribution on the details of the simulation

of QCD processes is weak.
The effect of higher order QCD processes are much more prominent in transverse
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momentum spectra, where already at low energies evidence for gluon radiation was
found [EMC80]. At the high values of W reached at HERA, this effect is expected to be
stronger because of the much larger phase space which allows also multi-jet production
[ZP93j, H1-93j]. In Fig. 8.11b the p} spectrum for zp > 0.05 is compared with the
same set of model calculations as discussed in Fig. 8.11a. The difference between the
data and the prediction of the QPM is evident. However, for closer investigation it is
advantageous to take the mean square of p}, < pt"czfn, a quantity which is sensitive to
the behaviour of the tail of the p}? distributions.

In Fig. 8.11c the mean value of p;? is shown as a function of zp for zp > 0.05,
which is the part of the ‘seagull’ plot for positive values of zp. The rise of < p}? >
with increasing zr can be qualitatively explained by the leading hadron effect, i.e. the
effect that the hadrons with a higher fractional momentum carry higher fraction of
the primary parton transverse momentum. The difference between the prediction of
the QPM and the experimental result is striking. Within the statistical and systematic
errors it is not yet possible to distinguish unambiguously between the MEPS, CDMBGF
or ME Monte Carlo prediction.

8.2.2 Comparison of zr and p; Spectra in Events with and without a~
Large Rapidity Gap

The zr and p; distributions as well as the ‘seagull’ plot are shown in Fig. 8.12 separately
for the sample of LRG and NRG events. The zg distribution for the LRG. events is
significantly harder compared to that of the NRG events. It is reasonably well described
by models for diffractive DIS with the 7mq. cut applied (see solid line (POMPYT) and
dashed line (model of Nikolaev and Zakharov) in Fig. 8.12a). The QPM prediction
for DIS events, shown by the dotted line in Fig. 8.12a, is slightly steeper than the zp
distribution for LRG events.

‘  The p; spectrum from LRG events is significantly less broad than that for the rest .
of the DIS events (Fig. 8.12b). This effect is highlighted in the ’seagull’ plot shown
in Fig. 8.12c. The mean square of p; in events with a rapidity gap of more than 2.7
units in 7 is smaller than for the NRG events by a factor 2-5. Hence, in LRG events
one finds only weak signs of higher order QCD processes. This observation is in good
agreement with the result from the analysis of the energy flow (see section 8.1.1 and
[ZP94f]). However, <p;?> in LRG events is slightly larger than predicted by the QPM
(see dotted line in Fig. 8.12c) indicating that there is a non-zero contribution of higher
order QCD processes in this class of events, too. The observation of a small fraction of
DIS events with a large rapidity gap which exhibit a 2+1 jet structure [ZP94j], confirms"
this interpretation.

The p; distributions from model calculations for diffractive ep scattering approxi-
mately agree with the data.

From the LRG event sample the inclusive hadron distributions for diffractive DIS
events can be extracted by correcting for the efficiency of the selection cut on 7,4.. This
has been done using the models for diffractive DIS described in section 7.1. The result
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Fig. 8.12. Charged hadron multiplicity distributions presented separately for LRG and NRG
events in the kinematic range of 10 < Q? < 160GeV? and 75 < W < 175GeV:
(2) the zp distribution , (b) the p} distribution for zz > 0.05 and (c) <p{?> as a
function of zf.

In part (d) <p; 2> as a function of zp is also shown for the diffractive DIS events,
where the measured distribution from LRG event sample is corrected for the se-
lection cut on 7,,,..

In all 4 figures the curves represent the results of model predictions:

solid line = POMPYT Monte Carlo program with the pomeron structure func-
tion of (7.1); dashed line = model of Nikolaev and Zakharov; dotted line =
prediction of the QPM.

for the ‘seagull’ plot is shown in Fig. 8.12d together with the QPM prediction and the
predictions from the models for diffractive DIS shown in Fig. 8.12¢, but here without
the cut on 7me.. The uncertainty of the extrapolation to the full diffractive event
sample using two different models is included in the systematic error (see section 7.2).

The mean value of p;? is significantly larger than the value in the QPM, but still
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much smaller than for the ‘standard’ DIS event sample ( full points).
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Fig. 8.13. (a): zp distribution from this analysis compared to results from e*e~ annihilation
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on the Z, resonance (W = 91 GeV) [DEL93]

(b): zp distribution from this analysis compared with results from pp DIS at,
< W >= 14GeV [EMCB87a), and at < W >= 18 GeV [ADA94]. In both figures
solid line shows prediction of LEPTO 6.1 Monte Carlo program (MEPS option)
and the dotted line that of the QPM at HERA energies.
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Fig. 8.14. < p}? > as a function of zp from this analysis compared to results from up DIS
at < W >= 14 GeV [EMCB87a]. The curves show results from different model cal-
culations: upper solid = MEPS, dashed = ME, dashed-dotted = CDMBGF
upper dotted = QPM all at HERA energies.

The model predictions from MEPS and QPM calculations at <W >= 14 GeV are -
shown by the lower solid and dotter line respectively.

8.2.3 W and Q? Dependence of zr and p; distributions

In Fig. 8.13 the =y distribution of the NRG events from this analysis is compared
with that from e*e~ annihilation events on the Z° resonance [DEL93], where the
ete"c.m.s. energy is comparable to the value of W in the kinematic range analysed
here. The differentiel cross section for the hadron production in e*e™ annihilation has
been divided by two so that it corresponds to that measured in a single hemisphere.
The differential hadron multiplicity distribution in DIS at HERA energies ap-
proximately agrees with that observed in e*te™ collision events. This confirms the
approximate independence of the hadron formation process on the type of the pri-
mary hard scattering process, which most of the models rely on as an assumption .
[FF78, AND80|. The somewhat higher differential hadron multiplicities at low zF in
ete” annihilation events are expected because the production rate of heavy mesons,
which instantaneously decay, is higher in e*e™ annihilation compared to ep-scattering
and the phase space for gluon emission in the backward and central rapidity range is in
case of ep-scattering smaller due to mass and size of the diquark (see also [EMC87b]).
The zy distribution and < p}?> from this analysis are compared with results of
DIS experiments at much lower values of W [EMC87b, ADA94]. For that purpose
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Fig. 8.15. <p}*> in two intervals of zr as a function of W (a) and Q? (b,c) compared with
results from pp DIS experiments (EMC [EMC91a] and E665 [ADA91]). Both, the
results of this analysis and of [EMC91a] are compared to the prediction of the -
MEPS Monte Carlo calculation (solid and dashed line respectively)

the NRG and LRG event samples are combined and the data are corrected using a
combination of Monte Carlo event samples based on standard DIS and diffractive DIS
model calculations, as discussed in the beginning of section 8.

The zp distribution becomes significantly softer with increasing W. The prediction
of the QPM, where no scale breaking effects are included, almost agrees with the
result from the fixed target experiments [EMC87a, EMC87b, ADA94] but differs much
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from the result at HERA energies. The effects of scaling violation in the differential
longitudinal momentum distributions of hadrons, which have been found to be small
when measured in a limited interval of W and Q? [EMC82] become eyident, if they
can be studied in a large range of W and Q2.

The mean value of p;? in DIS as a function of zr is shown in ‘Fig. 8.14 for
< W >= 120 GeV (this analysis) and for < W >= 14 GeV [EMC87b], where the data
have been integrated over the Q? and W interval investigated in the analysis. Com-
pa.rmg <p:?> at the low and the high value of W, one observes a strong increase of
<p;?> by a factor of about 3 in the whole range of positive zr. The comparison of
the prediction from the QPM and the models including higher order QCD processes_
shows the amount, by which the QCD effects are larger at HERA energies compared to
energies reached in fixed target experiments. From the seagull plot alone an unambigu-
ous discrimination between the different models is not yet possible with-the statistics
available for the analysis at high W. :

For a further analysis of the W and Q* dependence < p;* > was determined for
two intervals in zr and 4 bins of W at an average value for Q* of 28 GeV? (Fig. 8.15a)
and 4 bins of Q? keeping W fixed at an average value of 120 GeV (Fig. 8.15b). At .
HERA energies, < p; 2> is increasing with W and also with QZ.

The results of this analysis are compared with those from a fixed target experiment
at lower energies [EMC9la). From Fig. 8.15b,c it can be seen, that there is a large -
overlap of the ranges in Q? considered in both analyses. However the average value
of W in this analysis is almost 10 times larger than for the fixed target experiment.
The values for < p}?> from this analysis and that of [EMC91a] differ by a factor 2-3
from each other. Hence it can be concluded from this that there is a strong global W
dependence of <p;?>.

The significant Q? dependence of < p}?> observed in this analysis at high values
of W is a new feature when compared to the flat Q dependence measured in previous
measurements [EMC91a]. In the energy regime of the fixed target experiments the
hadron formation process and hence also the p; distribution is strongly affected by
non-perturbative effects [EMC80]. At HERA energies the influence of processes, which
are calculable by perturbative QCD, is dominant. The solid curve shows the result of
model calculations which include higher order QCD processes and which reasonably
reproduces the Q% and W dependence seen in the data.

8.3 Discussion
8.3.1 Predictions for the W and Q? Dependence of <p}*>

Due to the emission of hard and soft gluons and the BGF process the p}? distributions
of hadrons in the current jet fragmentation region (zr > 0.1) become broader. If a
hard gluon is emitted or a ¢g pair with large transverse momentum is produced, the
hadrons emerging from these final state partons have a high transverse momentum
w.r.t. direction of the virtual photon and may form two resolvable jets. Multiple soft
gluon radiation changes the direction of the struck quark and also leads to a harder
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Fig. 8.16. Gluon ladder diagram for the semi inclusive DIS process.

p:? spectrum of hadrons. The strong rise of the structure function F; towards smaller
z at fixed Q? indicates an increase of the sea quark distribution. This behaviour is
interpreted as result of multi-gluon emission which can be schematically drawn in form
of a "gluon ladder”. The corresponding diagram for the semi inclusive DIS cross section
at small z is shown in Fig. 8.16. Here the "gluon ladder” has to be cut, as indicated

" by the dashed line, since the hadrons produced by the gluons and the struck quark are
observed in coincidence with the scattered lepton.

The variables z;_; and k;; in Fig. 8.16 denote the fraction of the proton light cone
momentum of the emitting parton and the transverse momentum of the emitted gluon
at the i** branching point, respectively. k.; is measured in a frame in which the proton
and virtual photon momenta are collinear, e.g. in the 4*p c.m. frame. The value z,
at the uppermost rung of the ladder is equal to = and this parton has a space like
virtuality equal to Q%. At the lower end of the ladder, where the evolution starts, the
parton is still close to the mass shell.

At fixed Q? the number of rungs in the ladder rises as W increases. The probability
for the emission of a gluon at each branching in the ladder is controlled by an integral -
kernel which is in the LO approximation given by the splitting function known from
the DGLAP equation. In case of the BFKL evolution scheme the kernel has a more
complicated structure and contains also virtual correction terms. The ensemble of all
the gluons emitted forms the initial state parton shower (ISPS).

Energy and momentum conservation requires a strong ordering of z; such that
To > T3 > ... > Tp = z. It has been shown that in coherent parton showers formulated
in the LLA or DLLA scheme, there is also a strong ordering in the angular size of the
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parton shower W*/3 scale
parton shower as implemented
in [WEB92] (+ ME)

HRW no SUE (or + SUE)
colour dipole model (CDM)
ME + parton shower (MEPS)
CDM + O(e,) calc. CDMBGF

flat (PS(W*/3))
strong rise

flat
significant rise
significant rise

Model Q? Dependence W Dependence
exact O(a,) calculation (ME) | strong rise weak rise
parton shower Q? scale strong rise (PS(Q?)) | flat

. v
strong rise

S

weak rise

significant rise
significant rise
significant rise

Tab. 8.1. Summary of prediction for the Q* and W dependence of < p;?> by various models.

cone of emission (see section 2.4) which translates into a strong ordering of k.; with
kl, < k}, < ...kl.. Hence, at a fixed value of W the average value k., rises as Q?
increases. Therefore one expects also < p}?> to rise with Q%. Also for the first order
a, matrix element calculation (ME), where a single gluon emission ( or branching) is.
computed including the virtual corrections, a Q? dependence is expected.

In the BFKL approximation no strong ordering in k}; is imposed but only in z;.
Relaxing the phase space constraints leads to a general increase of the number as well -
as the average transverse momentum of the radiated gluons as compared to the LLA
or DLLA scheme. At fixed W, < k¢maz > and hence < p}?> should not be correlated
with Q% anymore. The BFKL evolution scheme has not yet been implemented in a -
Monte Carlo program for the simulation of the hadronic final state.

It has been pointed out that the dynamics of the colour dipole cascade (CDM)
emulates to a certain extent the dynamics of the parton shower in the BFKL approx-
imation since there is no strong ordering in k,; in the CDM either. Hence, the CDM
can be used to study the effect of relaxing the phase space constraints. One finds that
indeed in the CDM no Q? dependence of <p!%> is predicted.

The qualitative of the @ and W dependencies predicted by the various models
are summarized in Table 8.1.

8.3.2 Comparison with Experimental Data

First tests of the model predictions had already been made using the data of the
NA2 experiment [EMC91a). The data from the EMC and the E665 experiment have
been compared with the predictions of models which successfully describe the hadron
distributions in e*e~ annihilation events. It was found that mean square of p}? is
significantly underestimated in the whole W range and for zg > 0.1. Only when adding
soft gluon emission or using the colour dipole model one could achieve a satisfactory
agreement.

In Fig. 8.17,8.18 the data from the EMC experiment are compared with model
calculations developed or improved in recent times. The default parameter settings
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Fig. 8.17. Detailed comparison of the W dependence (upper row of plots) and the Q* depen-
dence of <p!?> in 3 intervals of zp with various models for the hadron formation:
solid = MEPS, dashed = ME, dotted = QPM dashed-dotted = CDM. ;
(for the explanation of acronyms see Table 7.1)

tuned by the authors have been used. All calculations have been performed with the
MRSD' parametrisation [MRSD93] of the parton densities. There is still a large
discrepancy between data and model calculations, with the possible exception of the
colour dipole model which agrees reasonably with the data at high zr. The comparison
with the QPM calculation (dotted line in Fig. 8.17) shows that the contribution of non-
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Fig. 8.18. Detailed comparison of the W dependence (upper row of plots) and the Q? depen-
dence of <p;?> in 3 intervals of zr with various models for the hadron formation:
(continued from Fig. 8.17): solid = CDMBGF, dashed = HRW no SUE, double'

perturbative effects in this range of W is large (or the order of 50%). Moreover, the
increase of < p}? > with @Q?, expected in e.g. the ME, PSQ and MEPS model, is
suppressed due to phase space limitations. This makes the studies of the influence of
parton dynamics on the mean square of p; difficult.
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Fig. 8.19. W and Q? dependence of < p}? > from low energy (EMC) [EMC91a] and high
energy (ZEUS) data compared with different models predictions for the hadron
formation: solid = MEPS, dashed = ME, dotted = PSW43 (PS with scale -
W*/3)) dashed-dotted = PSQ (PS with scale Q?).

(for the explanation of acronyms see Table 7.1)

In the set of Figures 8.19,8.20 the results of the mean square of p; from analysis
of the charged hadron spectra are presented together with a set of model predictions.
The calculations were performed with the M RSD' parametrisation of parton distri-
butions and the same default values for the model parameters used in Fig. 8.17,8.18.
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(for the explanation of acronyms see Table 7.1)

In this kinematic range, where W?2 is much larger than Q?, no constraints from phase
space dilute the interpretation of the results. The model curves show the kinematic
dependence on Q% and W expected from the consideration in the section 8.3.2. In
Fig. 8.11c we have seen that the influence of partonic subprocesses is much larger than
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that of the subsequent fragmentation process. The data and model predictions at low
W are also shown in order to highlight the striking differences.

The large difference between the predictions from parton shower -models with a .
scale equal to Q* (W) (dotted and dashed-dotted line in Fig. 8.19) démonstrates the
importance of choosing the appropriate scale in such models. Combining the fixed
order matrix element calculation (ME) with the parton shower, the scale cannot be
chosen arbitrarily but is determined by the matching condition to avoid double counting
of hard gluons (see section 2.4). With this option (MEPS) all features of the p;?
distributions, such as the Q% and W dependences and the absolute amount of mean
square of p; can be described remarkably well.

The colour dipole model (CDM) fails to describe rise of < p;? > with Q2. Recently
provision has been made in the CDM to introduce the BGF and QCDC process ac-
cording to the probability functions from the exact matrix element calculation. With .
this modification the Q* dependence of <p}?> is approximately reproduced.

The available statistics and size of the systematic uncertainties in the charged
hadron distributions do not yet allow a fine tuning of the parameters in these models
at the present state of the data analysis. At HERA energies non-perturbative effects
are small as pointed out before. For example, increasing the mean k; pirm from 0.44 GeV
. to 0.88 GeV changes the mean square of p; only by a few percent. In the HERWIG
Monte Carlo program some additional hadronic activity may be added to the hadrons.
from the cluster decay (option ”soft underlying event” (SUE)). This option had been
forseen to account for the influence of the target fragmentation. At low W there is
a large difference between the prediction with and without SUE {(dashed and double.
dashed line in Fig. 8.18) but in HERA energies the effect is small (compare solid and
dashed line in Fig. 8.20.

It is important to note that the kinematic dependences of <p!?> on W and Q? are
not affected by a modification of the detailes for the non-perturbative process. Thus,
for the first time, one could discriminate between different concepts for the calculation
of partonic subprocesses by investigating the dependence on W and Q?. This is possible
since the partonic structure of the event determines almost completetely the hadron
distributions. It was found that the exact treatment of the boson gluon graph and the
simulation of coherent parton showers are essential to approximately reproduce both
kinematic dependences. The absolute value of < p;?> dependence on the detailes of
the strategy to combine these to processes which needs further investigation in the

future.

8.3.3 Comparison of zr and p; Distributions in LRG Events and Fixed
Target Experiments

In section 8.2.2 the zF distribution and the seagull plot from LRG events have been
presented. The inclusive properties of this type of events are suggestive of a diffractive
interaction of a highly virtual photon with the proton [ZP93l], which is mediated
by the exchange of a pomeron. The pomeron was introduced as the mediator of
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Fig. 8.21. Diffractive DIS process in the pomeron exchange model

the exchange forces in diffractive reactions where only energy and momentum but no
quantum numbers are transferred. A wealth of data from total cross sections and
cross sections for diffractive scattering in hadron hadron interactions are successfully
described within the pomeron exchange picture [DLA84]. Formally one can ascribe a
Regge trajectory to the pomeron in the same way as for a real particle, but the question
about its nature is not answered at all.

Many ideas and models of the internal structure of the pomeron have been devel-
oped. Nikolaev and Zakharov describe the diffractive dissociation of the virtual photon
by the exchange of two gluons between the proton and the virtual ¢§ state, into which
the photon may convert [NIK92]. The pair of gluons forms a colour singlet state. An-
other model [ING84] relies on the factorisation hypothesis, i.e. the hypothesis that the

. pomeron is considered as a quasi particle, which may virtually exist inside the proton
for a time, which is sufficiently long to be probed by the virtual photon. It is assumed
that the partonic substructure of the pomeron can be resolved like the substructure of
the nucleon is resolved in deep inelastic scattering as schematically shown in Fig. 8.21.
In this picture, the hadrons formed from the partonic debris of the pomeron form the
hadronic final state denoted by Mx in Fig. 8.21.

The diffractive structure function Fi*/f, which is defined in analogy to the F,
in DIS, can then be factorised into the pomeron flux in the proton and the pomeron
structure function:

F:ifj(z’ sz Tpom) t) = fpom/P(zPom,t) : F’fom( ,Qz) (88)

T
Lpom

where z,,» denotes the fraction of the proton momentum carried by the pomeron and

B = the fraction of the pomeron momentum carried by the constituent of the

Tpom

pomeron being hit. First results from the measurement of Ff‘f f in a limited range of
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Fig. 8.22. Comparison charged hadron distributions in LRG events with those of DIS events
at low energy (EMC). a),b): zg distribution and < p;?> at low W [EMC87a] and

from high energy data. :
c),d): W dependence of < p}?>; data from [EMC91a] (EMC) and from this anal- .

ysis (HERA /ZEUS).
The various curves in the figures have the following meaning: solid= hard
POMPYT; dashed-dotted= soft POMPYT; dashed= MEPS; dotted= QPM

z,Q? and zpom (integraﬂed over t), are compatible with the assumption of factorisation

[FEL94, H1df2, ZP95d].

The inclusive properties of diffractive events are described by both models men-
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tioned above. The pomeron could contain soft and hard components. For the fac-
torisable model a hard quark density in the pomeron is favoured over a soft quark
distribution [ZE94d, FEL94, H1df2, ZP95d]. In the the model of ‘Ni}mlaev and Za-
kharov, which is based on a non factorising ansatz, an effective pomeron structure
function can be defined which has a hard (valence) component- x_B(1 — 8)? and a
softer component due to the process with a triple pomeron coupling.

In this context it is interesting to test the hypothesis that the diffractive DIS pro-
cess can be viewed as the "emission” of the pomeron from the proton and a subsequent
deep inelastic v* pomeron scattering, which occurs at a higher value of z' = _=

Tpom
Since Q? is given this would imply that the relevant scale for the invariant mass of the
hadronic final state is given by Mx and not by W. '

In Fig. 8.22a,b the zp distribution and < p}? > as a function of zy from the
LRG events are compared with the results of the EMC experiment [EMC87a]. The
distributions of the LRG sample are integrated over the observable range of Mx yielding
a value of < Mx > of about 8 GeV. Within the errors the seagull plots of the two
event samples reasonably agree over the full range of zr. Fig. 8.22¢,d shows how the
mean square of p; of the LRG events agrees with the data at <W >= 14 GeV rather
than with those at <W >= 120GeV.

In Fig. 8.22a one notices that the zp distribution of the LRG events at zp20.4 is

above the data of DIS events at the lower value of W. In this figure the predictions -

of the POMPYT Monte Carlo program with a soft and a hard parametrisation of
the parton density in the pomeron are shown (dashed-dotted curve: o (1 — 3)° and

o« B(1 — B) solid curve). The difference of the leading hadron rate (zr20.4) in LRG

events and deep inelastic scattering on protons at low W can be qualitatively explained
if one assumes that the parton density of the pomeron is harder than of the proton
in the z-range covered by [EMC87a]. In fact, the quark distribution functions in the
proton are o (1 — f3)% or softer, whereas the results from analysis of the inclusive
properties of LRG events and diffractive DIS events favour a harder quark distribution
function for the pomeron.

In conclusion, the results are consistent with the picture of LRG events in which
the virtual photon makes a deep inelastic scattering with an object (pomeron) inside
the proton which carries a small fraction (Zpom) of the proton momentum. The resulting
hadronic final state resembles to that of DIS at a reduced scale of W' = Mx.
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9 Summary and Outlook

The measurement of inclusive hadron distributions in deep inelastic ep scattering (DIS)
at HERA energies allows to test concepts and models for the hadron forma.tlon process
in a range of W and Q?, where the influence of QCD processes on the parton level, i.e.
on the short time scale, is much more prominent than in fixed target.DIS experiments
at lower values of W. This becomes most evident by the observation of events with a
clear multi-jet event structure. By analysing inclusive hadron distributions, however,
one can extend the study of perturbative QCD effects also to events, which cannot be
unambiguously identified as n-jet events. The influence of non-perturbative processes
on these distributions is much smaller than DIS experiment before.

In this report recent results are presented from the measurement of the energy flow
of charged and neutral particles and of charged particles only in the HERA laboratory
frame as well as from the measurement of charged hadron multiplicity distributions in
the hadronic c.m.s. These analyses are based on data taken with the ZEUS detector.

The hadron energy flow distributions were analysed in a kinematic region where
the hadronic activity associated to the current and the target remnant jet are separated
in the phase space. The energy flow was measured as a function of Az, which is the
difference in pseudorapidity to the direction of the struck quark in the QPM. At high Q?
a clear peak in the energy flow distribution at An = 0 is observed. At low Q?, however, - -
this peak becomes less pronounced with most of the energy emitted at positive values
of An, so that the peak is shifted from its value given in the naive QPM by up to
0.45 units in pseudorapidity towards the proton direction. A substantial amount of the
energy flow is observed between the struck quark and the proton direction forming an
intermediate plateau, the level of which depends only weakly on Q2.

Such a shift of the peak is expected, if a massive multi-parton system instead
of a low-mass single quark jet is produced in the final state. The comparison of the
measured peak position and of the amount of the energy flow between the struck quark
and the target remnant direction with model calculations shows, that single hard gluon
radiation alone, as calculated by O(a,) matrix element formulae, is not sufficient to
describe these features of the data. The calculations have to be combined with the
simulation of multi-gluon emission processes. The position of the peak is not affected
by changing details of the fragmentation.

The effect of QCD radiation is also observed in charged hadron multiplicity dis-
tributions in the hadronic c.m.s. The zp distribution of charged hadrons measured
at HERA is significantly softer than that observed in fixed target DIS experiments at
lower values of W. Such a clear evidence for the violation of scale invariance, which is
expected in QCD, could not be seen in the past DIS experiments.

The distribution of the hadron transverse momentum with respect to the direction
of the virtual boson exchanged, p}, is known to be sensitive to perturbative and non-
perturbative QCD effects in the hadronisation. The mean square of p}, <p;?> , at
HERA energies is larger than the value at energies reached in fixed target experiments
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by a factor 2-3. The comparison with QPM calculations shows, that this increase of
<p:?> is due to QCD radiation on the parton level.

The value of <p} >> rises both with W at fixed @* and with Q* at fixed W. Therise
with Q? is observed for the first time, since at lower values of W the limited phase space
damped the free @Q? evolution of <p;?> . For a reasonable description of the W and
Q? dependence of <p}?> it is necessary to combine O(a,) matrix-element calculations
with the simulation of multi-gluon radiation using either the parton shower model or
the colour dipole model. The colour dipole model alone, in which no strong angular
ordering of the transverse momentum of the emitted gluons is prescribed, describes
approximately the variation of <p;?> with W but not that with Q*. The dependence
of the calculated values of <p!?> on any details of the fragmentation is negligibly
small. R

Therefore this observable will be suited to test different concepts for the simulation
of QCD processes on the parton level, i.e. on the short time scale, with. future higher
statistics.

The other important results presented in this report come from the analysis of..
the hadronic final state in DIS events, which are characterised by a large rapidity gap
between the proton direction and the observed hadronic final state (LRG events).

The energy flow is collimated within +1 units of pseudorapidity around the value -

of An expected in the QPM. Even in the lowest Q? bin the shift is very small. This
result is consistent with the assumption of an ep interaction in which a colourless object
is exchanged between the scattering particles and the amount of QCD radiation is much
reduced w.r.t. the non-rapidity-gap (NRG) events.

The zF distributions in LRG events is harder and the p; distribution is significantly
softer than the corresponding distributions for NRG events. The much steeper p}
spectrum indicates that the amount of QCD radiation in LRG events is much reduced
compared to the NRG events.

The mean square of p; in LRG events has also been compared with data from a
fixed target experiment at a mean of W which is approximately equal to the mean
of Mx, the invariant mass of the observed hadronic final state in LRG events, and
have been found to be of the same magnitude. This observation is consistent with
the hypothesis that the hadronic final state of LRG events resembles that of a deep
inelastic scattering process but at the scale given by Mx rather than by W.

The statistical errors and the present understanding of the systematic uncertainties
do not yet allow a fine-tuning of the parameters in the model calculations. However,
it has been shown that the measurement of inclusive hadron distributions at HERA
energies provides a method to test the partonic structure of DIS events which com-
plements the jet analysis. Many valuable information about the hadronisation process
has been be extracted in the first phase of the data analysis at HERA which helps to
improve our understanding of the fundamental process of hadron formation and the
dynamics of a multi-parton state. In future analyses, the charged hadron spectra in the
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v*p c.m.s. have to be measured with higher statistics and accuracy in order to tune
the model parameters and to unfold the W and Q? dependence. With the forward
tracking detectors, which could not yet been used for the analyses presented here, it
will be possible to extend the explorable range in W and Q? to higher and in zr to
lower values. S

A very interesting field of research will be the study of the hadronic final state
in diffractive DIS. The analyses of the properties of these events performed so far,
depend on selection cuts with are not efficient at higher values of My. This limits the
kinematic range in Z,om and B. With the leading proton spectrometer (LPS) which was
commissioned in the end of the '93 data taking period and incoporated in the online
and offline software in the course 1994, it will be possible to detect protons with a large
fraction of the incident proton momentum z;20.95 and a small transverse momentum
(£1.GeV). Measuring the diffractively scattered proton one can determine the cross
section in a larger kinematic range and also investigate the properties of the hadronic
final state of these new class of events without being biased by any event selection cuts.
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