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Electron-proton (ep) collisions at HERA can be regarded as an interaction between a virtual photon and
the proton. The interaction gives a unique opportunity for studying particle production in the hadronic final
state of the ep collisions. This contribution reviews the momentum distribution of fragmented hadrons and
strange meson and baryon production. Also the Bose-Einstein correlation length and azimuthal asymmetry
were measured.
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I. INTRODUCTION

The description of the hadronic final state in deep inelastic
scattering (DIS) is influenced by perturbative Quantum Chro-
modynamics (pQCD) in several ways, which can be calcu-
lated through exact matrix elements or leading-logarithm par-
ton showers.

The process of parton fragmentation and hadronization can
be studied in the measurements of the particle momentum dis-
tribution, particle production and Bose-Einstein correlations.
The matrix element can be studied in the measurements of
the particle momentum distribution and the distribution of the
azimuthal angle.

II. MOMENTUM DISTRIBUTION

The normalised scaled-momentum distributions of charged
particles, xp, is shown in Fig. 1 as a function of the initial par-
ton energy Q for nine different intervals of xp. This analysis
has significantly higher statistics than previous studies [1–5],
extending the kinematic range to higher Q2 and the full range
of xp.

Moving from low to high Q the spectrum becomes softer,
i.e. there is a dramatic increase in the number of hadrons with
a small share of the initial parton’s momentum and a decrease
in those hadrons with a large share. The observed dependence
with Q2 shows similar behavior as the scaling violation of the
structure function, indicating that the observed dependence is
a manifestation of the parton splitting. There is good agree-
ment between ep and e+e−, which provides a good demon-
stration of quark fragmentation universality.

III. PARTICLE PRODUCTION

Production of K0
S , Λ and Λ̄ has been used to test QCD

and to build phenomenological models extending QCD pre-
dictions beyond what can be calculated from first principles.
Although, to a good approximation, the yield of hadrons in
events with hadronic jets of high transverse energy does not
depend on the type of colliding beam particles, this statement
is not true when hadronic jets have low transverse energy. In

FIG. 1: H1 data for the event-normalised inclusive scaled momentum
spectrum, xp, as a function of Q for 9 different xp regions. Measure-
ments have been done in the Breit frame of reference for the kine-
matic region 100 < Q2 < 20000 GeV2 and 0.05 < y < 0.6. Also
shown are data from various e+e− experiments (taking Q = E∗ – the
center-of-mass energy).

this case, models require some modifications, for example in-
troducing concepts like underlying events (pp̄) [6].

The results on K0
S , Λ and Λ̄ production are presented in

Fig. 2. This figure shows the strange baryon to meson ra-
tio, R = (N(Λ) + N(Λ̄))/N(K0

S ), where N(Λ), N(Λ̄), N(K0
S )

refer to the number of indicated hadrons. Measurements are
based on a data sample about 100 times larger than that used in
previous HERA publications [7, 8] and include measurements
extenting the phase-space coverage.

The measured and predicted R is shown as a function of
pLAB

T and ηLAB for two DIS samples, and as a function of
pLAB

T , ηLAB and xOBS
γ for the photoproduction sample, where
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xOBS
γ enrich each component direct and resolved photoproduc-

tion. The imperfections in the description of the K0
S and Λ+ Λ̄

cross-section for high-Q2 are clearly reflected in R. Overall,
however ARIADNE with the strangeness suppression factor
of 0.3 follows the shape of the data and is usually in agreement
to better than about 10 %. The low-Q2 sample is described by
the same Monte Carlo programs with even a better accuracy.
For the direct photoproduction sample, where xOBS

γ > 0.75,
the PYTHIA prediction is in agreement with the data but its
prediction that R is flat, at about 0.4, down to smallest xOBS

γ ,
is far below the data, which raises steadily to about 0.7 at the
smallest xOBS

γ , corresponding to almost pure resolved photo-
production.

FIG. 2: Strange baryon to meson ratio as a function of pLAB
T and

ηLAB in the range 0.6 < pLAB
T < 2.5 GeV and |ηLAB| < 1.2 for two

DIS samples with 5 < Q2 < 25 GeV2, 0.02 < y < 0.95 and Q2 >
25 GeV2, 0.02 < y < 0.95, and as a function of pLAB

T , ηLAB and xOBS
γ

(xOBS
γ enrich each component direct and resolved photoproduction)

for the photoproduction sample with Q2 < 1 GeV2 and 0.2 < y <
0.85.

IV. BOSE-EINSTEIN CORRELATIONS

The use of Bose-Einstein correlations (BEC) as the method
of determination of the size and the shape of the source

from which particles originate has more than forty years his-
tory [9, 10]. BEC originates from symmetrisation of the two-
particle wave function of identical, like-sign bosons and lead
to an enhancement of boson pairs emitted with small relative
momenta, close to each other in phase-space. This effect is
sensitive to the size of the boson emitting source. Such studies
have been carried out in a large variety of particle interactions
and over a wide range of energies [11–15].
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FIG. 3: The two-particle correlation function, R(Q12), for charged
and neutral kaons with fit, R(Q12) = α(1+λe−Q2

12r2
)(1+βQ12).

Figure 3 shows the ratio of the two-particle correlation
function of K±K± and K0

S K0
S pairs to the two-particle corre-

lation function of a “reference sample”, which is a sample
constructed to have no BEC but to retain all other types of
correlation. The results obtained by the fit parametrised by
the modified Goldhaber function [10],

R(Q12) = α(1+λe−Q2
12r2

)(1+βQ12),

where r is a geometrical radius of the boson emitting source,
λ is a coherence strength factor, Q12 is the four momentum
difference of the boson pairs. In this analysis the β parameter
was found to be zero within errors and was, therefore, ignored.
The extracted radius for the BEC correlations for K±K± pairs
(r = 0.57± 0.09+0.15

−0.06 fm) is consistent with that for charged
pions in DIS [16], which is r = 0.666± 0.009+0.022

−0.036 fm. The
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radius for K0
S K0

S (r = 0.61± 0.08+0.07
−0.08 fm) is in good agree-

ment with that for K±K±. The radius value for DIS is in good
agreement with LEP measurements [17, 18].
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FIG. 4: The values of 〈cosφHCM〉 and 〈cos2φHCM〉, calculated us-
ing the energy-flow method, as a function of hadron pseudorapidity,
ηHCM. They were obtained in the HCM frame for the kinematic re-
gion 100 < Q2 < 8000 GeV2, 0.01 < x < 0.1 and 0.2 < y < 0.8.

V. AZIMUTHAL ASYMMETRY

The azimuthal angle, φ, is defined in the hadronic center-of-
mass frame, HCM, as the angle between the lepton scattering
plane, defined by the incoming and outgoing lepton momenta,
and the hadron production plane, defined by the exchanged
virtual photon and an outgoing hadron. In pQCD, higher-

order QCD processes such as QCD Compton (QCDC) and
boson-gluon fusion (BGF) are the main sources of asymme-
tries in φ. These two processes have different φ behaviors [19]
as well as a different pseudorapidity, η, dependence, defined
here with respect to the incoming proton direction in the HCM
frame. The azimuthal dependence for semi-inclusive neutral
current (NC) DIS has the form [20–23],

dσ/dφ = A+Bcosφ+C cos2φ+Dsinφ+E sin2φ.

This form results from the polarization of the exchanged vir-
tual photon. The coefficient B originates from the interference
between the transversely and longitudinally polarized compo-
nents; the coefficient C is due to the interference of ampli-
tudes corresponding to the +1 and −1 helicity parts of the
transversely polarized photon. The coefficients D and E arise
from parity-violating weak interactions or longitudinal polar-
ization of the initial lepton beam [21]. They vanish for purely
electromagnetic interactions with unpolarized beams.

The mean values of cosφHCM and cos2φHCM, are shown
in Fig. 4 as a function of ηHCM. An energy-flow analysis
method was used, which permitted the use of both neutral and
charged hadrons and extends the phase space over previous
measurements [24, 25]. The value of 〈cosφHCM〉 is negative
for ηHCM < −2 but becomes positive for larger ηHCM. This
is in disagreement with the ARIADNE and LEPTO predic-
tions. The data agree better with the next-to-leading-order
(NLO) predictions, corrected for hadronization. The mea-
sured 〈cos2φHCM〉 values are consistent with zero for ηHCM <
−2 but are positive for higher values of ηHCM. This is de-
scribed by ARIADNE and LEPTO. The values of 〈sinφHCM〉
and 〈sin2φHCM〉 are consistent with zero (not shown).
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