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Charged particle production has been studied in deep inelastic scat-
tering (DIS) using an integrated luminosity of about 0.44 fb−1 taken with
the ZEUS detector at HERA. The fragmentation properties of the struck
quark in deep inelastic scattering have been investigated in the current
fragmentation region of the Breit frame as a function of the exchanged
boson virtuality Q2. The measured evolution of scaled momentum distri-
butions are compared to next-to-leading order calculations convoluted with
the fragmentation functions obtained from e+e− experiments. Scaling vio-
lations are observed. The scaled momentum spectra are also compared to
predictions based on a modified leading-logarithmic QCD approximation
and Monte Carlo event generators.

PACS numbers: 25.75.Dw

1. Introduction

Quark fragmentation has been studied experimentally in deep inelas-
tic ep scattering at HERA, using observables such as multiplicity moments,
scaled momentum distributions and fragmentation functions. The results
are usually compared to those obtained in e+e− annihilation. In general,
universal behaviour has been established and scaling violations of the frag-
mentation functions observed. It has also been observed that perturbative
Quantum Chromodynamics (pQCD) calculations using the modified leading-
log-approximation (MLLA) and assuming the local parton–hadron duality
(LPHD) do not provide a full description of the data.

Multiplicity distributions of charged hadrons in the current region in
the Breit frame1 are presented as functions of the scaled momentum xp =
2PBreit/Q and the variable ln(1/xp) in bins of the virtuality of the exchanged
boson, Q2. PBreit denotes the momentum of a hadron in the Breit frame.

∗ Presented at the XXXI Mazurian Lakes Conference on Physics, Piaski, Poland,
August 30–September 6, 2009.

1 The Breit frame is defined as the frame in which the four-vector of the exchanged
photon becomes (0,0,0,−Q).
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The data presented here were collected with the ZEUS detector at HERA
between 1996 and 2007 and correspond to an integrated luminosity of
0.44 fb−1. During 1995–97 (1998–2007) HERA operated with protons of
energy Ep = 820 GeV (920 GeV) and electrons2 of energy Ee = 27.5 GeV,
resulting in a centre-of-mass energy of

√
s = 300 GeV (318 GeV).

The tracks used in the analysis had to be associated with the primary
interaction vertex and were required to be in the region of high Central
Tracking Detector (CTD) acceptance, |η| < 1.75, where η = − ln(tan θ/2)
is the pseudorapidity of the track in the laboratory frame with θ being the
polar angle of the measured track with respect to the proton direction. The
tracks had to pass through at least three CTD superlayers and were required
to have a transverse momentum, P track

T > 150 MeV.
The analysis of the scaled momenta was restricted to Q2 > 160 GeV2.

A well reconstructed neutral current DIS sample was selected by requiring
additional cuts reducing background from other processes and giving better
reconstruction of events.

2. Theoretical background

The NLO calculations, considered here, combine the full NLO matrix
elements with the NLO fragmentation functions obtained from fits to e+e−

data [1–4]. The MLLA calculations [5] describe parton production in terms
of a shower evolution. They depend on two parameters only, the effective
QCD scale, Λeff , and the infrared cutoff scale, Q0, at which the parton
cascade is stopped. The calculations intrinsically include colour coherence
and gluon interference effects. Both leading collinear and infrared singulari-
ties are removed and energy-momentum conservation is obeyed. To connect
predictions at the parton level to experimental hadron-level data, LPHD [6]
was assumed, which leaves only one free parameter — the hadronisation con-
stant, Kh describing connection between parton and hadron spectra. The
conversion from energy to momentum spectra for the final-state hadrons is
performed assuming an effective hadron mass, meff = Q0 [7].

Several Monte Carlo (MC) models were compared to the data. Neu-
tral current DIS events were generated using the leading-order QCD ARI-
ADNE 4.12 program [8] including the colour-dipole model. Additional sam-
ples were generated with the MEPS model of LEPTO 6.5 [9]. Both MC pro-
grams, ARIADNE and LEPTO, are used with the DJANGOH 1.1 [10] inter-
face and QED radiative effects are included using the HERACLES 4.6.1 [11]
program. Both MC programs use the Lund string model [12] for hadronisa-
tion. Hadrons are considered stable if their lifetime is larger than 3× 10−11 s
and their decay products are not considered.

2 The term “electron” is used for both electrons and positrons.
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3. Scaled momentum spectra

Scaled momentum distributions were measured as a function of Q2 in
the kinematic ranges 160 < Q2 < 40960 GeV2 and 0.002 < x < 0.75,
where x is the Bjorken scaling variable. The inclusive normalised cross-
section, 1/N dn±/d ln(1/xp), with N being the number of events and n±

being the number of charged particles, is shown in Figs. 1–2 as a function
of Q2, together with the published ZEUS results3 in the range 10 < Q2 <
160 GeV2 [13].
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Fig. 1. The scaled momentum spectra, 1/N dn±/d ln(1/xp), in (x,Q2) bins. The
dots represent the new, the triangles the previous ZEUS measurement [13]. The
inner error bars, where visible, indicate statistical uncertainties, the outer statis-
tical and systematic uncertainties added in quadrature. The full and dashed lines
represent the Lepto and the Ariadne predictions, respectively.

3 The previously published results in the overlap region 160 < Q2 < 5120 GeV2 of the
two data sets are in good agreement with the new ones. They are not shown except
for 160 < Q2 < 320 GeV2 in Fig. 1.
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These scaled momentum distributions exhibit so-called hump-backed
form with an approximately Gaussian shape around the peak [18]. The
mean charged multiplicity is given by the integral of the distributions. As
Q2 increases, the multiplicity increases and, in addition, the peak of the
distribution moves to larger values of ln(1/xp).
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Fig. 2. The scaled momentum spectra, 1/N dn±/d ln(1/xp), in (x,Q2) bins. The
band represents the range of the MLLA+LPHD predictions. Other details as in
Fig. 1.

In Fig. 1, the predictions of ARIADNE and LEPTO are compared to
the data. They reproduce the main features of the data with some excep-
tions. At the highest Q2, both models exceed the data at medium and high
values of xp. At medium Q2, LEPTO overestimates the data. At low Q2,
ARIADNE underestimates the data.

In Fig. 2, the data are shown together with MLLA+LPHD predictions [5].
The range for the predictions represents the uncertainties in the input pa-
rameters as determined from LEP results: Q0 = Λeff = 270 ± 20 MeV and
Kh = 1.31± 0.03. These uncertainties are conservative.
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The predictions give a reasonable description of the shapes at 40 < Q2 <
10240 GeV2, except for the long tails at high ln(1/xp) predicted but not seen
at low Q2. The tails arise due to inclusion of a mass correction [14] in the
calculations. At the lowest Q2, the average multiplicity is lower than pre-
dicted by MLLA+LPHD. This can be interpreted as a significant migration
of particles to the target region of the Breit frame as was also previously ob-
served [15]. For higher Q2, the observed shift of the peak positions towards
higher values of ln(1/xp), is reproduced by the MLLA+LPHD prediction
and can be understood within this model as an effect of soft gluon coher-
ence. For the highest Q2, the prediction overshoots the data. The ratio
of the multiplicities at HERA and LEP decreases with increasing Q2 [16].
This is reflected in the MLLA predictions using the LEP data as input. The
resulting discrepancy with HERA data has also been observed by the H1
experiment [16].

4. Scaling violation

As the energy scale, Q, increases, the phase space for soft gluon radiation
increases, leading to a rise of the number of soft particles with small xp.
These scaling violations can be seen when the data are plotted in bins of
fixed xp as a function of Q2.
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Fig. 3. The normalized number of charged particles, 1/N n±/∆xp, as a function
of Q2 in xp bins as indicated. The shaded band represents the NLO calculation by
Kretzer [1] with its renormalisation scale uncertainty. Additional NLO calculations
are shown: Kniehl, Kramer and Pötter [2] (KKP), Albino, Kniehl and Kramer [3]
(AKK) and De Florian, Sassot and Stratmann [4] (DSS).
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Figure 3 shows the data together with the NLO+FF QCD predictions
[1–4] which were tuned to e+e− data. The fragmentation functions were
obtained for xp > 0.1, where theoretical uncertainties are small.

The predictions based on all four fragmentation functions are similar in
shape. Theoretical uncertainties of all model predictions are similar in size
and are only illustrated for Kretzer’s calculations [1]. The models roughly
describe the general features of the data. This includes the decrease of the
multiplicities from the smallest to the largest xp by two orders of magnitude.
The general trends of scaling violations as a function of Q2 are also roughly
described for all the xp bins. However, all NLO calculations significantly
differ from data. In general, scaling violations are underestimated.
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Fig. 4. The normalized number of charged particles, 1/N n±/∆xp, as a function
of Q in xp bins as indicated. Also shown are the data from H1 [16] and e+e− [17].
The dots (triangles) represent the new (previous [13]) ZEUS measurement, the
squares the H1 data and the inverted triangles the e+e− data. The inner error bars,
where visible, indicate statistical uncertainties, the outer statistical and systematic
uncertainties added in quadrature. The three lowest xp bins are scaled by factors
of 30, 5 and 2, respectively.
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Figure 4 shows the inclusive normalised cross-section, 1/N dn±/dxp, as
a function of Q in bins of xp. The data are compared to the results from
H1 [16] and from e+e− experiments [17]. For the e+e− experiments, the
scale is taken to be Q = 2 Ebeam, where Ebeam is the beam energy. The
overall agreement between the different data sets shown in Fig. 4 supports
fragmentation universality.

5. Conclusions

Scaled momentum spectra have been measured in NC DIS for the cur-
rent region in the Breit frame over the large range of Q2 from 10 GeV2 to
40960 GeV2. They show clear evidence of scaling violation in a single exper-
iment. Comparing the data to e+e− results generally supports the concept
of quark-fragmentation universality. Neither MLLA+LPHD nor NLO+FF
calculations describe the data well. The MC models ARIADNE and LEPTO
need to be improved to reproduce the measured data.
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