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Energy dependence of the charged multiplicity in deep
inelastic scattering at HERA

The ZEUS collaboration

ABSTRACT: The charged multiplicity distributions and the mean charged multiplicity have
been investigated in inclusive neutral current deep inelastic ep scattering with the ZEUS
detector at HERA, using an integrated luminosity of 38.6 pb~!. The measurements were
performed in the current region of the Breit frame, as well as in the current fragmentation
region of the hadronic centre-of-mass frame. The KNO-scaling properties of the data were
investigated and the energy dependence was studied using different energy scales. The data
are compared to results obtained in e*e™ collisions and to previous DIS measurements as
well as to leading-logarithm parton-shower Monte Carlo predictions.

KEYWwORDS: [Lepton-Nucleon Scattering.
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1. Introduction

The production of multi-hadronic final states in high-energy two-body collisions has long
been a subject of great interest from experimental and theoretical points of view. The
charged multiplicity at HERA has been measured previously by the H1 [[|-[] and ZEUS [}~
f] experiments. In this paper, new measurements by the ZEUS collaboration of the charged
multiplicity in deep inelastic scattering (DIS) are presented.

Measurements are performed in the hadronic centre-of-mass (HCM) frame and the
results are compared with those obtained in ete™ collisions, as well as with those from
previous DIS experiments [, §—[[(]. For the ep final state, differences are expected in the
photon (current) and proton (target) fragmentation regions, due to the asymmetric nature
of the reaction. The detector acceptance only allows the current fragmentation region to
be measured.

Measurements of the charged multiplicity are also performed in the current region
of the Breit frame, which should behave similarly to one hemisphere in eTe™ collisions.
Previous DIS results [B], f, (1] using @, the virtuality of the exchanged photon, as the
scale showed a reasonable agreement with eTe™ data. However, this agreement degraded



at values of ) below 6-8 GeV. In this paper, the energy of the current region of the Breit
frame is used as the scale to compare with eTe™ data.

An alternative energy scale, the invariant mass of the hadronic system, has also been
used in both the Breit and HCM frames. The results using this variable are also compared
to results from eTe™ collisions.

2. Experimental set-up

The data were collected with the ZEUS detector during the 1996 and 1997 running periods,
when HERA operated with protons of energy E, = 820GeV and positrons of energy
E. =27.5GeV, and correspond to an integrated luminosity of 38.6 + 0.6 pb—.

The ZEUS detector is described in detail elsewhere [[3]. The most important compo-
nents used in the current analysis were the central tracking detector and the calorimeter.

Charged particles were tracked in the central tracking detector (CTD) [[J—[[5], which
operated in a magnetic field of 1.43T provided by a thin superconducting coil. The CTD
consisted of 72 cylindrical drift chamber layers, organised in 9 superlayers covering the
polar-angle! region 15° < § < 164°. The transverse-momentum resolution for full-length
tracks was o(pr)/pr = 0.0058pr @ 0.0065 @ 0.0014/py, with ppr in GeV.

The high-resolution uranium-scintillator calorimeter (CAL) [[L6—[L9] consisted of three
parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each
part was subdivided transversely into towers and longitudinally into one electromagnetic
section (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections
(HAC). The smallest subdivision of the calorimeter was called a cell. The CAL energy res-
olutions, as measured under test-beam conditions, were o(FE)/E = 0.18/v/E for electrons
and o(E)/E = 0.35/v/E for hadrons, with E in GeV.

3. Data selection

Deep inelastic scattering events were selected by requiring that the outgoing positron was
measured in the CAL. The scattered-positron identification was based on a neural-network
algorithm using the CAL information [R0].

For the reconstruction of the photon virtuality, Q?, Bjorken x, and the v*P centre-of-
mass energy, W, the double angle (DA) method was chosen, in which the scattered-positron
angle, ., and the hadronic angle vy are used RI]. In the naive quark-parton model, vy
is the angle of the scattered massless quark in the laboratory frame.

For each event, the measurement of the charged multiplicity was performed using tracks
reconstructed in the CTD. The energy of the hadronic final state was measured using a
combination of track and CAL information, excluding the cells and the track associated
with the scattered positron. The selected tracks and CAL clusters were treated as massless
Energy Flow Objects (EFOs) [Rg]. The clustering of objects was done according to the

!The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the proton
beam direction, referred to as the “forward direction”, and the X axis pointing left towards the centre of
HERA. The coordinate origin is at the nominal interaction point.



Snowmass convention [R3|. The transverse momentum, pr, of each EFO was required to
be greater than 0.15 GeV.
The event selection criteria were:

e F, > 12GeV, where E. is the energy of the scattered positron, to select neutral
current DIS events;

e y. < 0.95, where y, is the scaling variable y as determined from the energy and polar
angle of the scattered positron. This cut reduces the photoproduction background;

e yjp > 0.04, where yjp is the estimate of y using the Jacquet-Blondel (JB)
method [R4]. It is defined as yjg = >, (En — Pz, )/2E., where the sum runs over all
EFOs and Ej, and Pz, are the energies and longitudinal momenta of the EFOs re-
spectively. This requirement guarantees sufficient accuracy for the DA reconstruction
method;

e 35 < 6 < 60GeV, where 6 = ) .(E; — Pz,) and the sum runs over all EFOs and the
scattered positron, to remove photoproduction events and events with large radiative

corrections;

e R > 25 cm, where R is the distance from the beam axis to the impact position of the
scattered positron on the face of the CAL. This ensured that the positron was fully
contained within the detector and its position reconstructed with sufficient accuracy;

o |Zux| < 50 cm, where Z is the longitudinal position of the vertex, to reduce
background events from non-ep collisions.

To ensure high-quality tracks reconstructed with high efficiency, the following require-
ments were made:

e the tracks had to pass through at least three CTD superlayers;
e the tracks had to be associated with the primary event vertex;

e the tracks were restricted to the region |npap| < 1.75, where npap is the pseudora-
pidity of the tracks in the laboratory frame;

e the tracks had pyr > 0.15 GeV.

The analysis was restricted to the kinematic range Q? > 25GeV? and 70 < W <
225 GeV.

4. Analysis method

Due to the large asymmetry of the beam energies at HERA, a large fraction of the hadronic
final state close to the proton direction lies outside the detector acceptance. Therefore only
hadrons belonging to the current fragmentation regions of the HCM and Breit frames were
used in this analysis. The boost to the corresponding reference frames was calculated using
the positron four-momentum taken from the DA method.



4.1 Breit frame

In the Breit frame, which is defined by the condition that the momentum of the exchanged
virtual boson is purely spacelike, g = (0,0, —@Q), the particles produced in the interaction
can be assigned to one of two regions: the current region if their longitudinal momentum
in the Breit frame is negative, and the target region if their longitudinal momentum is
positive. The hadronic system of the current region used in this analysis is almost fully
(about 95%) contained within the acceptance of the CTD.

Previous analyses compared the mean charged multiplicity (nq,) as a function of @ to
{(nen)/2 as a function of /s in eTe™ collisions [P, ff]. For values of Q@ > 8 GeV, reasonable
agreement was observed, while some disagreement was found for Q < 8 GeV. The difference
can be understood in terms of higher-order processes 2], which change the available energy
in the current region of the Breit frame, EY, which is no longer equal to /2. In this
analysis the quantity 2- EF is used as a scale. On an event-by-event basis this method
should compensate for particles and their corresponding energies migrating between current
and target regions of the Breit frame.

4.2 Hadronic centre-of-mass frame

In the HCM frame, the exchanged virtual boson has four-momentum q = {E,p} =
(%, 0,0, %) The hadronic final state is separated into the photon (current) and
proton (target) fragmentation regions. About 60-80% of the current region of the HCM
frame is contained within the acceptance of the CTD.

The multiplicity in the HCM frame in DIS is usually studied as a function of W [, §-
[J. At HERA, the energy in the current region of the HCM frame, Efj, coincides with

W /2 within 0.3 — 0.4%. Thus, for practical reasons, W was used as the energy scale.

4.3 Invariant mass of the hadronic system

Charged multiplicities in the current region of both the Breit and HCM frames were also
measured as functions of the invariant mass:

() () () (5]

where the sum runs over all charged and neutral particles of the corresponding hadronic
system.

5. Monte Carlo models, acceptance corrections and systematic errors

Samples of neutral current DIS events were generated using the colour-dipole model as
implemented in ARIADNE 4.12 [Pg] or with the MEPS model of LEPTO 6.5 7. Both
programs were interfaced to HERACLES 4.6.1 [R§, RJ] using the Dsancon 1.1 [Bd, B1J
program. Both ARIADNE and LEPTO use the Lund string model [BZ] for the hadronisa-
tion. The event samples were generated using the CTEQ4D [B] parametrisation of the
parton distribution functions (PDFs) in the proton. The cluster hadronisation model as
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Figure 1: Multiplicity distributions measured in the current region of the Breit frame in bins of
2 - E (solid circles). The inner error bars represent the statistical uncertainties and the outer error
bars the statistical and systematic uncertainties added in quadrature. The predictions (solid lines)
of different MC models are also shown.

implemented in HERWIG 6.1 [B4] was used to estimate the effect of different hadronisation
schemes on the unfolding procedure. The minimum transverse momentum of outgoing
partons in the hard interaction and of partons participating in multi-parton interactions is
adjustable in HERWIG using the parameter p?in. The parameter was tuned in this analysis
to improve the description of the detector distributions. The best agreement was found for
pin = 2.5GeV [BY. The HERWIG samples were generated using CTEQ5L [Bf] parametri-
sation of the proton PDFs. The MC samples were used both for data correction and for
comparison of the data to the model predictions.



The corrections applied to the data accounted for the effects of acceptance and res-
olution of the detector, event selection cuts, QED-radiative effects, track reconstruction,
track selection cuts, and energy losses in the inactive material in front of the calorimeter in
the case of the energy measurement. Finally the multiplicity distributions were corrected
using a matrix unfolding method as described in earlier studies [f.

The generated events were passed through a full simulation of the detector, using a
program based on GEANT 3.13 [B7], and processed and selected with the same programs
as used for the data. The simulated samples were used to determine the response of the
detector and to evaluate the correction factors necessary to obtain hadron-level quantities.
The hadron level is defined by those hadrons with lifetime 7 > 3 - 107'% seconds. In order
to compare the results to different experiments, corrections were calculated both including
and not including the decay products of Kg and A.

The dominant systematic uncertainty in this analysis arises from the simulation of the
hadronic final state. To correct the data, the average of the correction factors from the
ARIADNE and HERWIG MC programs was used. One half of the difference, as large as 5%,
was assigned to the systematic uncertainties.

Other sources of uncertainty are (typical values of the uncertainties are shown in paren-
theses): event reconstruction and selection (< 0.5%), track reconstruction and selection
(< 0.5%), and the uncertainty due to variation of the Q% cut by its resolution (< 1.7%).
The uncertainty due to contamination from diffractive events is negligible. The individ-
ual systematic uncertainties were added in quadrature. The major correlated uncertainty
comes from the CAL energy scale (< 1.5%) and is not shown in the figures or given in the
tables. A detailed study of the sources contributing to the uncertainties of the measurement
can be found elsewhere [Bg].

6. Results

6.1 Multiplicity distributions

The multiplicity distributions in the current region of the Breit frame are presented in
figure f| and table [[] and in figure JJ and table B in bins of 2- Ef and in bins of Mg
respectively. The kinematic range of the analysis restricts the Mg measurements in the
current region of the Breit frame to a maximum value of about 20 GeV. The predictions of
ARIADNE, LEPTO and HERWIG are also shown. All three MC models generally describe the
data, but ARIADNE gives the best description. In all figures and tables the charged-particle
decay products of Kg and A are included, unless otherwise stated.



2-EY 1.5-4 4-8 8-12 12-20 20-30 30-45 45-100

(GeV)

na,=0112.33 £ 0.2570-21 | 4.34 4+ 0.097082 | 1.83 £ 0.10702 | 0.81 +0.03703 | 0.33 £ 0.037010 | 0.23 £ 0.057059 | 0.17 £+ 0.0970-59
1 [35.79 £0.467018 |17.44 £0.1973 72 | 8.29 +0.207078 | 4.35 +0.067041 | 2.23 +0.087033 | 1.45 4+ 0.137043 | 0.86 +0.1670:29
2 33.31+0.4310%2127.99 + 0.241021 | 17.14 + 0307024 10.07 + 0.097038 | 5.50 +0.13793% | 3.38 +0.187028 | 2.11 +0.2570:38
3 |14.50 £ 0.267539 | 26.40 & 0.2375:90 | 24.13 £ 0.36 7532 | 17.08 £ 0.1210-39 [10.95 £ 0.1970-29 | 7.14 £ 0.277045 | 4.45 +0.3870%
4 | 3.46+£0.127018 [15.27 £0.1875:43 | 21.62 £ 0.3475:55 119.82 £ 0.121038 [14.65 £ 0.2210-31 [11.05 £ 0.3410-32 | 7.36 + 0.48170 33
5 10.5440.047053 1 6.14+0.117042 [14.72 £0.297073 118.41 +0.127043 1 16.90 + 0.237015 114.03 + 0.387025 | 10.19 + 0.56 1) 52
6 | 0.07£0.027551 | 1.88+£0.067517 | 7.55 £0.2070% [13.36 £ 0.1075:47 [ 15.42 + 0.22+0-30 114.17 + 0.3875-22 [ 11.66 + 0.601)-37
7 0.43 +£0.0275:03 | 3.16 £0.1375:32 | 8.30 £0.087552 | 12.86 £ 0.207037 | 13.22 £ 0.36 7087 | 11.96 + 0.617) 33
8 0.09 4 0.017901 | 1.13 +0.08759:08 | 4.36 4+ 0.067017 | 8.78 £ 0.1775:30 | 10.96 4 0.33703% | 11.26 + 059705
9 0.34 £ 0.047092 | 2,09 £0.047010 | 5.68 £0.13+028 | 8.30 £ 0287042 |10.10 £ 0.561047
10 0.06 +0.017990 | 0.85 +0.0379:9 | 3.27 +0.107997 | 6.01 +0.2579:22 | 7.66 + 0.4870-77
11 0.02 £ 0.0115:00 | 0.33 £0.0215:05 | 1.80 £ 0.0715:02 | 4.00 +0.2015:52 | 6.32 +0.441033
12 0.12 4 0.0170:02 | 0.85 4 0.057008 | 2.53 4 0.167000 | 4.80 & 0.4075-37
13 0.45 4 0.04700% | 1.58 £ 0.127002 | 3.46 £ 0.317033
14 0.19 +0.0275:02 | 0.98 +0.10%511 | 2.46 +0.2615:07
15 0.09 +0.02¥5:02 | 0.48 +0.0615:95 | 1.77 +0.2315-23
16 0.03 4 0.017001 | 0.26 4 0.057008 | 1.17 +0.1970%Y
17 0.02 £ 0.0115:05 | 0.14 £0.0475:03 | 0.74 £ 0.1575 13
18 0.01 £ 0.0115:00 | 0.06 +0.0215:05 | 0.65 +0.151552
19 0.30 & 0.08+0:07
20 0.20 4 0.0679:17

Table 1: Multiplicity distributions 100 - 1/NdN/dn., measured in the current region of the Breit frame in bins of 2- EF. The first errors are
statistical and the second are the systematic uncertainties.




Mg (GeV) 1.5-4 4-8 8-12 12-20
nep=0 1.90+£0.0570:37 | 0.23+0.047007 | 0.04+0.027007 | 0.0240.02700]
1 9.81+£0.1310 %7 | 1.68£0.127035 | 0.40£0.057003 | 0.13+0.057503
2 21.73 £ 0201035 | 5.57+£0.24%030 | 1.26£0.097007 | 0.56+0.13703]
3 28.19+0.237528 | 12.12+0.37703% | 3.584+0.167918 | 1.49+0.1875 10
4 21.124£0.207575 | 17.68 £0.477030 | 6.73+0.23709% | 3.33+£0.3075325
5 10.93 +£0.1475:32 | 19.78 £0.5170:30 | 11.07 £0.3170:37 | 5.64 +0.3970 77
6 4.40 £0.0970 03 | 17.11 £0.4810°8 | 1417 £ 037150 | 8.38+£0.5010%;
7 1.43+0.05700% | 12.41 4041017 | 16.01 £0.407539 | 10.47 +0.58793°
8 0.38£0.0210 07 | 7.27+£0.317035 | 14.40£0.38707% | 12,16 £0.6610 3
9 0.09 £0.0150 01 | 35120235047 | 11.74 £ 03510353 | 12.75 £ 0.681037
10 1.63+0.157010 | 8.46 £0.3075355 | 11.80 £0.6970 3%
11 0.66 £0.09705% | 5.50+0.24752° | 10.03 +£0.637033
12 0.26£0.06705% | 3.16£0.187032 | 77440577023
13 0.04+0.0270 51 | 176 £0.137035 | 5.56£0.46703%
14 0.03£0.027951 | 0.94+0.09751% | 4.024 0407733
15 0.01£0.01%95 | 041+0.067013 | 2.50+0.31705)
16 0.19£0.04150% | 1.44+£025709]
17 0.10+0.037592 | 0.89 +0.197522
18 0.05+0.02903 | 0.52+0.1475:13
19 0.01+£0.0115:98 | 0.22+£0.09%0 1]
20 0.19 +0.091513

Table 2: Multiplicity distributions 100 - 1/NdN/dn.p, measured in the current region of the Breit
frame in bins of M.g. The first errors are statistical and the second are the systematic uncertainties.

For a given bin of energy, the multiplicities as a function of 2 - £ and Mg differ by
approximately a factor of two. This is due to the fact that 2- EF (as well as @ or W)
characterise the total centre-of-mass energy of the system of which only one hemisphere
is measured. On the other hand the M.g method measures the multiplicity of the system
with respect to the corresponding invariant mass.

The multiplicity distributions in the current region of the HCM frame are presented
in figure [ and table f] in bins of W. Both ARIADNE and LEPTO predict similar W distri-
butions and give a reasonable description of the data. HERWIG predicts longer tails for the
multiplicity distributions in bins of W. This leads to higher average multiplicities, affecting
the unfolded multiplicity values and increasing the systematic uncertainties of the measure-
ment. The ARIADNE predictions vary slightly from both LEPTO and HERWIG at the rising
edge of the distributions, which also leads to an increase of the systematic uncertainties.

The multiplicity distributions in the current region of the HCM frame in bins of Mg
are presented in figure [§ and table [l. To minimise the extrapolation both in multiplicity
and Mg, an additional requirement, |nrap| < 1.75, was applied at the hadron level. None
of the MC models shown in figure [ give a complete description of the data. This is most
visible at higher values of Mg.
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Figure 2: Multiplicity distributions measured in the current region of the Breit frame in bins of
Mg (solid circles). The inner error bars represent the statistical uncertainties and the outer error
bars the statistical and systematic uncertainties added in quadrature. The predictions (solid lines)
of different MC models are also shown.

6.2 KNO scaling

The multiplicity distributions are expected to scale with energy as discussed in detail
elsewhere [BY]. A commonly used form of the scaling, from KNO [}(], is shown in figures 5
8, where the product of the multiplicity distribution P(ng,) with average multiplicity (n),
(nen) P(nen), is shown as a function of ney /(nep).

In figure f(a), the KNO distributions measured in bins of W in the current region of
the HCM frame are shown. Within the uncertainties, the distributions measured in three
bins of W agree. They also agree well with the average distribution, which was calculated
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W (solid circles). The inner error bars represent the statistical uncertainties and the outer error
bars the statistical and systematic uncertainties added in quadrature. The predictions (solid lines)
of different MC models are also shown.

using data for the entire W region, 70 < W < 225GeV. This average KNO spectrum,
presented as a histogram, is shown in figures f] and [d as a reference KNO distribution.

The reference KNO distribution is compared to the measurements in the current region
of the Breit frame in figures [(b) and [(c) in bins of 2- Ef. For values of 2- Ef >
12 GeV, as shown in figure [(c), the measurements are in reasonable agreement with the
reference KNO histogram. For lower values of 2 - ES, as demonstrated in figure fJ(b), the
distributions do not follow the KNO-scaling behaviour; they have different shapes, but
approach the KNO curve with increasing values of 2 - .

— 10 —



W (GeV) 70-100 100-150 150225
nen=0 | 0.0940.03700] | 0.11+0.037702 | 0.09+0.0240-07
! 0.37 £0.04701% | 0.26£0.0370 10 | 0.25+0.0470 17
2 150 + 0075038 | 1.02+ 0067037 | 0.81+0.0570 17
3 258 +0.0970.38 | 1.55+0.067017 | 0.99+0.0570 3
4 5224+ 0.137932 | 3.60 £ 0.097585 | 2.43+0.0879-5¢
5 6.47 £0.14%93% | 4.43 +£0.10731% | 3.00£0.0875-57
6 8.97 +0.1675:58 | 6.71+0.1275:52 | 4.72+0.10755)
7 9.57£0.171502 | 7.40+0.137018 | 5.51 £0.1175°22
8 9.89 +0.1679 78 | 8.4140.13758 | 6.82+0.12F557
9 9.53+ 016023 | 8.45+0.13702] | 718+ 0127027
10 | 873+0.167070 | 840+0.137058 | 7.61+0.13757]
11 7.82£0.157541 | 8.05+0.137090 | 7.54 £0.137537
12 6.63 £ 0.147016 | 7.31 +0.12¥94% | 7.41 +0.1370:28
13 5.50 + 013701 | 6.46+ 0127012 | 6.82 40127030
14 4.32£0.127072 | 553 £0.117085 | 6.33£0.12703]
15 3.45+0.11702% | 4.72+0.1070:15 | 5.69+0.1110 52
16 2.58 £ 0.097037 | 3.90+0.10¥5:27 | 4.93+0.1175:59
17 1.96 +£0.09704% | 3.16 £0.09704% | 4.22+0.1070-39
18 1.46 £0.0870:9% | 2.58 £0.0810:3% | 3.48 £0.0970:50
19 1.05+0.07793% | 1.98+0.08733 | 2.95+0.09%0:37
20 0.74 £0.0679:31 | 1.50 £0.0779:3! | 2.32+0.0875:22
21 0.51£0.0670 322 | 1.14£0.06703% | 1.91£0.087023
22 0.34£0.0570 79 | 0.90£0.06703% | 1.51£0.077073%
23 0.25+0.05791¢ | 0.65+0.0575:3% | 1.22+0.077347
24 0.17 £0.0475:75 | 0.46 £0.0555:37 | 0.94+0.06755;
25 0.10 £0.04195% | 0.36 +£0.057023 | 0.74+0.067530
26 0.08 £ 0.0373:9 | 0.28 +0.04%9-20 | 0.58 £ 0.0570:31
27 0.05 £0.0355:07 | 0.19£0.0455:73 | 0.45+£0.057557
28 0.03 £0.02F0 85 | 0.15£0.047013 | 0.36£0.057033
29 0.02£0.02%950 | 0.10+0.047308 | 0.29+0.057520
30 0.01£0.0375:03 | 0.07£0.02550:02 | 0.22+£0.057517
31 0.05+0.0379:9% | 0.17 £0.047912
32 0.04 £0.03%593 | 0.13+£0.0515 1]
33 0.03£0.037553 | 0.10 £0.0473-98
34 0.01 +0.02+9-97 10,08 +0.0379:9¢
35 0.01+0.01+5-91 | 0.05+0.03F5:52
36 0.05 +0.0375:95
37 0.03+0.0375:93
38 0.02 +0.0279:52

Table 3: Multiplicity distributions 100 - 1/NdN/dn., measured in the current region of the HCM
in bins of W. The first errors are statistical and the second are the systematic uncertainties.

In figure fl, the KNO distributions measured in bins of M.g in the current region
of the HCM frame are presented. The multiplicity distributions in bins of Mg do not
follow the same KNO scaling observed for measurements as functions of W or 2- EY,
but do demonstrate scaling behaviour for Mg values above 8 GeV. The measurements at
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Figure 4: Multiplicity distributions measured in the current region of the HCM frame in bins of
Mg (solid circles). The inner error bars represent the statistical uncertainties and the outer error
bars the statistical and systematic uncertainties added in quadrature. The predictions (solid lines)
of different MC models are also shown.

Mg < 4GeV in the current regions of both the Breit and HCM frames behave differently
from the measurements at the higher values of M.

Figure [] shows a comparison of the KNO distributions from ZEUS with results ob-
tained in ete™ collisions. The measurements in bins of 2 - E, for 2+ B > 12GeV, and
in bins of W are plotted together and compared with measurements in one hemisphere of
ete™. In figure [{(a), a comparison with results from the TASSO collaboration [41] in the
energy range 14 < \/See < 44GeV is shown. At LEP only DELPHI [iJ and OPAL [iJ
performed measurements in a single hemisphere at \/sce = 91.2GeV. A comparison with
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Mg (GeV) 154 4-8 8-12 12-20 20-30
Nen=0 1.44 +0.0973:28 | 0.1240.01705% | 0.02+0.0175-50

1 6.59+£0.22%07% | 1.06 £0.047595 | 0.18 +0.0273:93 | 0.05+0.017]5]

2 16.69 + 0.407 135 | 3.834+0.09701% | 0.76 +0.04705% | 0.17+£0.0275%1 | 0.03 +0.0273-91
3 23.29 +£0.497527 | 8.91+0.147037 | 2.2740.0873% | 0.5440.047551 | 0.13 +0.0475:03
4 24.20 £0.5271°25 | 15.01 £0.19705) | 5.154+0.127032 | 1.324£0.067555 | 0.31 +0.0675:08
5 15.49 £ 0.4175-57 | 18.40 £ 0217057 | 8.84£0.167045 | 2.81 £0.0975:35 | 0.78 £ 0.1073°
6 8.07+0.29793% 11813 +£0.2275 71 | 12,51 4+ 0.1970:82 | 4.81+0.12%04% | 1.49 +0.1375:83
7 3.03£0.177018 | 14.32£0.197532 | 14.61 £ 0.2170°75 | 7.30 +£0.157055 | 2.43+0.1875 35
8 0.95+0.09%013 | 9.62+£0.167539 | 14.62+0.2170:85 | 9.38 +£0.187055 | 3.91 £ 0.227555
9 0.20 +£0.047958 | 554 +0.127530 | 12.97 +0.2073-29 | 11.03 +0.1973:8% | 5.56 + 0.2875-55
10 0.05+0.02795% | 2.82+0.09753% | 10.32 +0.1979:28 | 11.53 +0.2073:83 | 6.97 +0.317719
11 1.36 £ 0.067028 | 7.2440.16705% | 11.18 £0.2075 59 | 8.01 +0.337}33
12 0.57£0.047573 | 4.74+£0.137570 | 10.07 £ 0.2070:20 | 8.48 £0.3571 53
13 0.19+0.037557 | 2.73+0.1070:39 | 8.44+0.187327 | 9.26 +0.36715¢
14 0.08£0.027552 | 1.51+0.0875338 | 6.58+0.167022 | 8.90 +£0.3870 73
15 0.03£0.017559 | 0.83+0.067038 | 4.92+0.157055 | 8.09+0.367537
16 0.35+0.0470 77 | 3.53+£0.13705¢ | 7.57 £0.3670:2]
17 0.20 +£0.0370 58 | 2.43+£0.11708% | 6.41+£0.35154%
18 0.08£0.02+953 | 1.56+0.1075:35 | 5.17 4+ 0.3370:88
19 0.03 +£0.02F0 55 | 0.96+£0.08T03% | 4.08 +0.297 557
20 0.01+0.0170 51 | 0.59+£0.067022 | 3.47 +£0.297595
21 0.36 £0.0510 15 | 2.63+£0.277093
22 0.18£0.047513 | 1.83 £0.2470°72
23 0.12+0.0415 99 | 1.39 £ 0.237077
24 0.07 £0.0275-8% | 0.96 + 0.2075-82
25 0.04£0.0275:52 1 0.66 £ 0.2075:35
26 0.02 +£0.0210 0} | 0.53£0.1670:33
27 0.34 +0.161527
28 0.28 £0.2079:28
29 0.13£0.117572
30 0.09 4 0.0775-97

Table 4: Multiplicity distributions 100 - 1/NdN/dn., measured in the current region of the HCM
frame in bins of M.g. The first errors are statistical and the second are the systematic uncertainties.

the present data is shown in figure [i(b). The systematic uncertainties are not shown, but
within statistical uncertainties there is a remarkable agreement between ep and ete™ re-
sults. However, the LEP data differ somewhat from the present measurement in the peak
region and at very low values of ne,/(nen).

The data as a function of M.g, for Mg > 8GeV, are compared with the eTe~
measurements for the whole event in figure §. Both the TASSO and LEP [J-[Ff] data
(91.2 < \/See < 209 GeV) agree with the present measurement.

6.3 Mean charged multiplicity

Figure [J and table | show the mean charged multiplicity, (na,), in the current region of
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Figure 5: The multiplicity distributions plotted in KNO form. The reference KNO histogram
represents the measured distribution in the HCM frame in the entire W range. (a) Multiplicity dis-
tributions measured in the current region of the HCM frame in bins of W. Multiplicity distributions
measured in the current region of the Breit frame in bins of 2- Eff for (b) 1.5 < 2- EF < 12 GeV
and (c) 12 < 2 EF < 100 GeV.

the HCM frame as a function of W and the mean charged multiplicity in the current re-
gion of the Breit frame as a function of 2 - EF. The Kg and A hadrons were considered
stable in figure fl, where the data are compared with results of previously published HERA
measurements [l B, [, f]. As expected, at low values of 2 EF, the measurement differs
with those as a function of @ (see section [i.1). At higher values of 2 - EfJ the data agree
within the experimental uncertainties with the previous ZEUS and H1 measurements, but
lie systematically above them. The data are in good agreement with the ARIADNE and
LEPTO predictions. The HERWIG predictions also describe the data but are below those
from ARIADNE and LEPTO. In the current region of the HCM, the measurement agrees
well, with improved statistical and systematic uncertainties, with the earlier H1 results.
The ARIADNE and LEPTO predictions agree with the data. HERWIG predicts a very dif-
ferent slope, with much higher multiplicities at higher energies; with increasing energy the
agreement with data degrades.
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Figure 6: The multiplicity distributions plotted in KNO form and compared to the reference KNO
distribution (histogram). The multiplicity distributions are measured in bins of Mg in the current
regions of (a) the HCM frame, restricted in nrap, and (b) the Breit frame.

2-Eg (GeV) | (na) (K°, A stable) | (na,) (K° A decay)
2.9 1.50 4 0.017904 1.63 +0.0175:0
5.9 2.39 40,0170 2.60 & 0.0110:43
9.6 3.27+0.011012 3.55 +0.017915
14.8 4.17 +0.0110:10 4.53 40015042
23.8 5.22 + 0.011990 5.67 +£0.017008
35.6 6.19 + 0.037008 6.68 & 0.0370 08
58.1 7.46 + 0.06+0-14 8.04 £ 0.067018

W (GeV) | (na) (K% A stable) | (ne) (K°, A decay)
84.6 8.72 + 0.027022 9.58 4 0.027033
123.8 10.04 £ 0.027944 11.07 £ 0.0279!
184.5 11.40 +0.037938 | 12,59 +0.0397

Table 5: Mean charged multiplicity, (ne,), measured in the current region of the Breit frame as a
function of 2 - EF and in the current fragmentation region of the HCM frame as a function of W.
The first errors are statistical and the second are the systematic uncertainties.

The mean charged multiplicities in the current regions of the Breit and HCM frames are
presented in figure [[(] and table [f as a function of the invariant mass of the corresponding
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Figure 7: The multiplicity distributions plotted in KNO form and compared to the results of

+

eTe” experiments. The solid circles represent the ZEUS data measured in the current region of

the Breit frame in bins of 2 - EF’, for 2- Eg” > 12 GeV, and the solid squares represent the data
measured in the current region of the HCM frame in bins of W. Multiplicities measured in one
hemisphere of the e*e™ collision are shown in bins of \/3e for (a) the TASSO experiment [[t]], in
the energy range 14 < \/sec < 44 GeV, and (b) for the LEP experiments [@, @], measured at
energy +/sece = 91.2 GeV.

hadronic system, Meg. In figures [[((a) and [LJ(b), the multiplicities are compared to
the MC predictions. All three MC models describe the data reasonably well; however in
the last Meg bin in the current region of the HCM, the HERWIG prediction is too high.
In figure [[((c), both measurements are shown together and compared with different MC
curves calculated using the ARIADNE MC. The measurements in the Breit and HCM frames
agree at values of Mg less than 10 GeV. Above this value, (ney,) rises much faster with Mg
in the current region of the HCM frame than in the current region of the Breit frame. Since
the HCM measurement was restricted in 7, a separate ARIADNE calculation was performed
in the total current region of the HCM frame. The difference is small, although the rise of
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Figure 8: The multiplicity distributions plotted in KNO form and compared to the results of the
e~ experiments. The solid circles represent the ZEUS data measured in the current region of
the Breit frame and the solid squares represent the data measured in the current region of the
HCM frame both in bins of Mg, for Meg > 8 GeV. Charged multiplicities measured for the
whole event in e*e~ collisions are shown in bins of \/See for (a) the TASSO experiment [[{T]}, in the
energy range 14 < /sec < 44 GeV, and (b) for the LEP experiments [i3-[6] in the energy range
91.2 < \/5ce <209 GeV.

e

(nen) with Mg is faster in the total current region of the HCM frame.

Cr

Figure [[(c) also shows 2 - (nq,) as a function of 2 - EE. This measurement exhibits
the same behaviour as (ne,) as a function of Mg in the current region of the Breit frame
but differs from that in the HCM frame. The multiplicity in the current region of the HCM
frame rises much faster with the invariant mass than with W.

Finally, figure [[J] combines the mean charged multiplicities measured in the current
regions of the Breit and HCM frames as functions of the respective energy scales, 2 - B
and W. Also shown are the measurements from ete™ [[]-pd] and fixed-target [§-[L0]
experiments. The fixed-target data were scaled by a factor two, since they only measure
one hemisphere and by a factor 1.08, to correct for the decays of the K g and A, as estimated

using ARIADNE MC.
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Figure 9: Mean charged multiplicity, (n.,), in the current region of the Breit frame as a function
of 2. EF and in the current fragmentation region of the HCM frame as a function of W. The inner
error bars represent the statistical uncertainties, typically smaller than the size of the symbols. The
outer error bars represent the quadratic sum of statistical and systematic uncertainties. Also shown
are the results of previous HERA measurements , E, , ﬂ] and predictions from ARIADNE, LEPTO
and HERWIG. The decay products of K9 and A are not included.

The measurements presented in this paper show good overall agreement with those
from other experiments, exhibiting approximately the same dependence of the mean
charged multiplicity on the respective energy scale. At low values of the energy, the mea-

surement as a function of 2 - Ff

agrees well with eTe™ data, in contrast to the previous
measurements as a function of @ [}, f]. The measurements in the current region of the

HCM agree with the LEP data, but are systematically below them. The data from fixed-
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Figure 10: Mean charged multiplicity, (n.,), measured as a function of Mg (a) in the current
region of the Breit frame and (b) in the current region of the HCM frame compared to MC predic-
tions. (¢) Comparison between measurements in the current regions of the Breit and HCM frame as
functions of Mg and with the measurement as a function of 2 - Ef’. The predictions from ARIADNE
are also shown.

target DIS experiments [[l, §—[I(] deviate from the observed energy dependence at energies
above 15 GeV. The ARIADNE MC prediction generally describes the energy dependence of
the data over the entire region. However, the prediction in the HCM frame is generally
lower than the data and than the prediction in the Breit frame. The HERwiG MC model
does not give a good overall description of the data.

7. Summary and conclusions
The charged multiplicity distributions and the mean charged multiplicity have been in-

vestigated in inclusive neutral current deep inelastic ep scattering in the kinematic range
Q* > 25GeV? and 70 < W < 225 GeV in terms of different energy scales. The scale 2 - E,
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Figure 11: Mean charged multiplicity, (nen), in the current region of the Breit frame multiplied by
2 as a function of 2 - Ef and in the current region of the HCM frame multiplied by 2 as a function
of W. The results of ete™ @7@] and fixed-target DIS experiments [E, E] are shown. The factor
1.08 was estimated using MC predictions to correct the fixed-target data for the decay products of
K2 and A. The predictions of ARIADNE and HERWIG are also shown.

was used in the current region of the Breit frame. In the current region of the HCM frame,
W was used and the invariant mass, Mg, was used in both frames.

In terms of KNO scaling, the charged multiplicities in the current regions of the Breit
and HCM frames exhibit the same behaviour as those in one hemisphere of ete™ colli-
sions when 2 - Ey or W are considered. When the energy scale Mg is used, the charged
multiplicities exhibit the same KNO-scaling behaviour as those for the whole e*e™ event.

The mean charged multiplicity in the current region of the Breit frame scales with Mg
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Current region of the Breit frame

Mg (GeV) | (na,) (K°, A stable) | (na,) (K°, A decay)

2.4 2.91 4+ 0.01+0:04 3.17 +0.0170:04
5.2 4.82 +0.0279.93 5.26 +0.0219:03
9.4 6.85 + 0.021007 7.45 £ 0.0210:08

0.07 0.14
14.4 8.60 +0.0615-07 9.29 +0.06 55

Current region of the HCM frame
Mg (GeV) | (na,) (K°, A stable) | (na,) (K°, A decay)

3.1 3.38 + 0.0210:03 3.64 + 0.0210:03
5.9 5.33 + 0.01+0.97 5.77 001700
9.8 7.37 +0.027013 8.05 4 0.0170 13
15.1 9.86 4 0.02+023 10.84 + 0.0270:36
23.5 12.83 £0.0679% | 14.17 +0.0579:3

Table 6: Mean charged multiplicity, (nen), measured in the current region of the Breit frame and
in the current fragmentation region of the HCM frame as a function of Meg. The first errors are
statistical and the second are the systematic uncertainties.

in the same way as 2 - (ng,) scales with 2 - B and, therefore, as (nq,) scales with |/sec in
ete™ collisions. The mean charged multiplicity in the current region of HCM frame as a
function of Mg rises faster than that in the current region of the Breit frame.

The energy scale 2 - EY, rather than @), gives better agreement between the mean
charged multiplicity measured in the current region of the Breit frame and that measured in
ete™ collisions. The measurements of (ng,) as a function of W agree, within the uncertain-
ties, with the data from eTe™ collisions. When using these scales, ep DIS data can be con-
sistently compared with data from e*e™, uP and v P scattering over a wide energy region.
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