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Recent results from the H1 and ZEUS collaborations on particle production in ep scattering at HERA are
presented. These results include measurements of the scaled momentum distribution, the charge asymmetry and
the pr spectra of charged hadrons, the measurement of K production and the study of charm quark fragmentation
into D** mesons. The data are compared to Monte Carlo expectations, to predictions of NLO QCD calculations

and if possible, to results from e™

1. INTRODUCTION

The study of particle production and fragmen-
tation processes in ep collisions allows detailed
investigations of the non-perturbative regime of
Quantum Chromodynamics (QCD). The HERA
measurements complement the results obtained
at other experiments and make it possible to test
the universality of QCD in the particle forma-
tion process. The experiments H1 and ZEUS have
taken data at the ep collider HERA in the years
1992 to 2007. Each experiment has collected
data corresponding to an integrated luminosity of
Lins ~ 0.5 {b™'. The results presented here have
been obtained in two different regimes of the ep
scattering defined by the four momentum trans-
fer squared Q? of the exchanged photon: photo-
production (yp) having Q2 ~ 0 GeV? and deep
inelastic scattering (DIS) for which Q2 > 2 GeV?
is required here.

2. CHARGED PARTICLE PRODUC-
TION

2.1. Scaled momentum spectra of charged
particles in vp and DIS
Scaled momentum spectra are studied in the
current region of the Breit frame. The scaled mo-
mentum variable z, is defined as x, = 2p,/Q,
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e~ annihilation and pp collision experiments.
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Figure 1. A.fr as a function of ;1, where ;1 denotes
the energy scale for the specific process.

where pp is the momentum of a charged parti-
cle in the Breit frame. The momentum spec-
tra of charged hadrons can be predicted by
perturbative QCD using the modified leading
log-approximation (MLLA) and assuming local
parton-hadron duality (LPHD). The MLLA cut-
off parameter, A.yy and the LPHD constant nor-
malisation scaling factor x*, are expected to be
process independent. The ZEUS collaboration
measured scaled momentum distributions in di-
jet events in photoproduction [1]. The distribu-
tions of the variable { = In(1/x,) are measured
in five bins of the jet energy, Eje;. The peak po-
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Figure 2. The normalized spectrum of charged
particles as a function of @) in x;, bins. with width
Az,. Also shown are data from the H1

sitions, &peqr Of the & distributions are extracted
and values of A.ss are obtained by fitting the
&pear data to the MLLA predictions of the en-
ergy scale dependence. In Figure 1 the values of
Acyy are shown as a function of the energy scale
and compared to the previous results from ZEUS
ep DIS data [2], from ete™ [3,4] and pp [5] ex-
periments. The value of the LPHD parameter
Ken, was extracted from the shape of the £ dis-
tributions. The obtained value of k., =0.55 is
consistent with the results published by the CDF
collaboration [5]. The data support the univer-
sality of the Acry and k¢, parameters.

The Q? evolution of the scaled momentum dis-
tribution is measured by the ZEUS in the kine-
matic region 10< Q% <41000 GeV? [6]. The
data are presented in Figure 2 and compared
with eTe™ data and with previous H1 measure-
ments [7]. The different measurements are in rea-
sonable agreement and thereby support the con-
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Figure 3. The measured normalised distribu-
tions of the scaled momenta for all charged parti-
cles and for positively (pos) and negatively (neg)
charged particles (a), and the charge asymmetry
as a function of z,, (b,c). The data are compared
to predictions from different Monte Carlo models.

cept of quark fragmentation universality. The
data show clear scaling violation, i.e. the num-
ber of charged particles increases/decreases with
Q? at low/high z,, respectively.

2.2. Hadronic final state charge asymme-
try in DIS

The charge asymmetry in the hadronic final
state in DIS in the range of 100< Q2 <8000 GeV?
is measured by H1 [8]. The measurement is per-
formed in the current hemisphere of the Breit
frame.

The measured scaled momentum distribution
D(x,) for all charged particles and separated
for positive and negative particles is shown in
Figure 3 together with the charge asymmetry
A(zp) = (DY (xp) — D™ (2p))/D(xp). The data
are compared to the Monte Carlo (MC) models
on the parton and hadron level. The observed
charge asymmetry shows a strong dependence
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on z,. This is consistent with the expectation
that low x, region is dominated by fragmenta-
tion while high x, region is sensitive to the hard
subprocesses and the asymmetry is directly re-
lated to the valence quark content of the proton.
The MC models describe the magnitude and the
x, dependence of the asymmetry well.

2.3. Transverse momentum pr of charged
particles at low Q2

The HERA collider gives access to small val-
ues of Bjorken z of about 107°. In this do-
main the description of the parton dynamics in
the DGLAP scheme [9] may become inappropri-
ate. The measurement of the transverse momen-
tum distribution of hadrons in the final state is
expected to carry information about the parton
shower evolution. The measurement is performed
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Figure 4. The measured p7. spectrum of charged
particles. The "MC/Data” ratios are shown for
different MC predictions. For comparison the
data points are put to one.

in DIS for 2< Q2 <100 GeV? in the hadronic cen-
ter of mass system in the region of pseudorapid-
ity, 1.5 < n* < 2.5. The measured p}. spectrum of
charged particles is shown in Figure 4. The data
are well described over the whole p%. spectrum
by the predictions of the DJANGOH MC pro-
gram [10] in which parton showers evolve accord-
ing to the colour dipole model (CDM) [11]. The
RAPGAP model [12] based on DGLAP evolution
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Figure 5. The average multiplicity of charged par-

ticles as a function of n* for p}. > 1 GeV in bins

of Q% and z. Data are compared with different
MC predictions.

*

falls significantly below the data for p%. > 1 GeV.
The prediction from CASCADE [13] based on
CCFM equations [14] fails to describe the data
in shape and normalisation. The measured flow
of charged particles with p}. > 1 GeV as a func-
tion of n* is shown in Figure 5 in bins of x and
Q?%. The data are well described over the full
kinematic range by DJANGOH while RAPGAP
is below the data especially at small Q2. These
observations give evidence that the colour dipole
model is more appropriate for describing the par-
ton shower evolution in this kinematic region.

3. STRANGENESS PRODUCTION in
DIS at HIGH Q?

Strange quarks can be produced perturbatively
by the boson-gluon fusion. The proton parton
densities and the non-perturbative colour field
fragmentation are additional sources of strange
quarks. The strange hadrons are then produced
in the hadronisation process and by the weak de-
cays of heavy flavoured hadrons. Precise knowl-
edge about the suppression of strange quark-pair
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creation relative to lighter flavours, defined by the
parameter A\g is important for phenomenological
models of the fragmentation process. The H1 col-
laboration has investigated K2 production in DIS
in the kinematic range of 125< Q% <20000 GeV?2.
Single differential cross-sections of K2 production
are measured as a function of kinematic variables.
As an example the K production cross section
as a function of Q2 is shown in Figure 6. A com-
parison of the measured single differential cross
sections with predictions based on LO Monte Car-
los shows a good overall agreement when using a
strangeness suppression factor of Ay =0.286.
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Figure 6. The differential production cross sec-
tion for K mesons. On the bottom of the figure
the ”MC/Data” ratios are shown for different MC
predictions. The data points are put to one.

Similar conclusions can be drawn from the
strange-to-light hadron ratio measurements. This
value of A is in agreement with the value ob-
tained from eTe™ collisions supporting the uni-
versality of strangeness production.

4. CHARM FRAGMENTATION into
D* MESONS in vp and DIS

The ZEUS collaboration measured the charm
quark fragmentation function to D* mesons in
~p [15]. The fragmentation function is measured
using the variable z = (E + Pr)p+/2E e; where
E is the energy of the D* meson and Py, is the
longitudinal momentum of the D* meson w.r.t.
the axis of the associated jet of energy Fjc;. The
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Figure 7. The normalised cross-section for the
data compared with PYTHIA simulations with
varying values of the parameter e. The result of
fitting the MC to data is shown as a solid line.

transverse energy of the jet is required to be
larger than 9 GeV. All quantities are given in
the laboratory frame. The measured fragmen-
tation function is compared to expectations from
LO MC models and to NLO QCD calculations.
Often used parametrisations of the nonperturba-
tive fragmentation function are the Peterson func-
tion [16] and the Kartvelishvili function [17] hav-
ing a single free parameter € and «, respectively.
The PYTHIA simulations [18] using the Peterson
function with varying e parameter are compared
with the data as shown in Figure 7. The value
of the € =0.062 extracted from fitting the MC to
the data is consistent with the value of ¢ =0.05
obtained from ete~ data within uncertainties.
The data and the results of a NLO QCD calcula-
tion [19] with varying e parameter are shown in
Figure 8. The value of the € =0.079 is extracted
from the fit of the predictions to the data. Within
the consistent framework given by the PYTHIA
model this value agrees with the value of the e
parameter determined in ete™ data [20].

The charm fragmentation function to D** has
been investigated by H1 in DIS [21]. Two dif-
ferent event samples are used for the measure-
ment. In the first sample, referred to as ” D**
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Figure 8. The normalised cross-section for the
data compared with calculation of NLO QCD
(FMNR) with Peterson function. The result of
fitting the MC to data is shown as a solid line.

jet sample”, the presence of a jet with trans-
verse energy E% >3 GeV containing the D**
meson is required, similar to ZEUS studies in
vp. In the second sample, referred to as "no
D** jet sample”, no such jet is allowed. The
latter sample enables the investigation of charm
quark fragmentation in a region close to the kine-
matic threshold of charm production. In this
analysis the fragmentation variable is defined as
Zhem = (E* 4+ PL) D/ Y pom(E* + P*) where the
sum in the denominator runs over all particles
belonging to a suitably defined hemisphere con-
taining the D** meson as an approximation for
the charm quark fragmenting to the D** me-
son. All quantities are given in v*p rest-frame.
The normalised D** meson differential cross sec-
tion as a function of the fragmentation variable is
used to extract optimal parameters for the Peter-
son and Kartvelishvili functions. Figure 9 shows
the measured cross section as a function of zpem
for the D** jet sample together with the predic-
tions of the LO MC model using the Kartvelishvili
function. The data have also been compared to
expectations using the Peterson function. The
extracted fragmentation parameter ¢ agrees with
the value obtained from eTe~ data. Together
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Figure 9. The normalised D** meson cross-
section for the D** jet sample, as a function of
Zhem- The data are compared to the predictions
of LO MC program with Kartvelishvili function.
The full and dashed lines indicate a variation of
the fragmentation parameter by +1o around the
best fit value of . The ratio R=MC/data is
shown for the data points put to R=1.

with the findings in ~p this result supports the
hypothesis of universality of charm quark frag-
mentation. The fragmentation parameters fitted
to the no D** jet sample, however, are found to
be significantly different from those for the D**
jet sample. As shown in Figure 10 the RAPGAP
prediction using the fragmentation parameter ob-
tained from the D** jet sample is not able to de-
scribe these data. The same conclusions are ob-
tained when comparing the data with the NLO
calculations as implemented in the HVQDIS pro-
gram [22]. This result indicates that our current
modelling of charm fragmentation is not good
enough to describe the data in the full region of
phase space in ep scattering.

5. CONCLUSIONS

Particle production has been studied in pho-
toproduction and deep-inelastic ep scattering at
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Figure 10. The normalised D** meson cross-
section as a function of zjen for the no D** jet
sample. The dotted line shows the prediction of
LO MC with the fragmentation parameter a=4.4
extracted from the D** jet sample. More details
in caption of the Figure 9.

HERA. The parameters extracted from the mea-
sured scaled momentum distributions support the
concept of quark fragmentation universality in ep,
ete™ and pp collisions. The measured charge
asymmetry of the hadronic final state at large
fractional momentum is consistent with the ex-
pectation from the valence quark content of the
proton. The charged particle spectra at relatively
high hadron’s transverse momentum give infor-
mation about the parton shower evolution. K%
production in DIS at high Q2 are best described
by using a value of A\, as determined from ete~
data supporting the assumption of the univer-
sality of strangeness contribution in the hadro-
nisation in ep scattering and e*e™ annihilation.
Results on charm fragmentation to D** mesons
have been presented. The fragmentation pa-
rameter values obtained from events significantly
above the charm quark production threshold are
found to agree with measurements from ete™ an-
nihilation. However it is not possible to get a con-
sistent description of the charm quark fragmen-

tation into D** mesons over the full phase-space
down to the kinematic threshold in ep scattering.
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