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Abstract


Results on particle production in deep-inelastic scattering in ep collision at HERA, obtained with the H1 and ZEUS
detectors, are presented. The underlying parton dynamics is investigated by studying the transverse momentum dis-
tribution of charged particles and comparing the measurements with various Monte Carlo generators using different
approaches to simulate the parton cascade. In this context also results on forward jet production are discussed. The
underlying parton dynamics is also studied using prompt photon production in both DIS and photoproduction regimes.
The production is compared to theoretical calculations and Monte Carlo predictions. In the context of hadronisation,
studies are presented of the scaled momentum distribution for charged hadrons and for K0


S and Λ particles in the
current fragmentation region of the Breit frame. The data are compared to models and to next-to-leading order QCD
calculations. In addition, differential cross sections for K0


S production in the laboratory and Breit frame are investi-
gated and compared to Monte Carlo predictions, which are used to study the flavour decomposition and strangeness
suppression factor. K0


S production is also compared to the production of charged particles and to the production rate
of the DIS events.
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1. Parton dynamics


1.1. Charged particle transverse momentum spectra


It has been proposed that in the region of small x at
the HERA collider, effects from non-pT -ordered par-
ton radiation might become visible. Measurements of
charged hadrons in addition to the scattered lepton can
be sensitive to the underlying parton dynamics. It was
suggested by M. Kuhlen [1] that the transverse mo-
mentum spectrum of charged particles is sensitive to
whether partons are emitted in a pT -ordered cascade
(DGLAP) [2] or in an unordered way (beyond DGLAP).


The H1 Collaboration has presented measurements
[3] of the transverse momenta and pseudorapidities of
charged particles in different regions of x and Q2, and
compare them to predictions of various Monte Carlo
(MC) generators using different approaches to simulate
the parton cascade: the RAPGAP generator [4] based on
leading-log DGLAP parton showers; the DJANGOH [5]
MC which uses the Colour Dipole Model (CDM) [6]


as implemented in ARIADNE [7], and which provides
a description of gluon emissions which are similar to
that of the BFKL evolution [8]; the CASCADE gener-
ator [9] based on the CCFM model [10], which unifies
the BFKL and DGLAP approaches and requires angular
ordering of the emitted partons w.r.t the proton beam.
In the CDM and the CCFM approaches the pT of the
emitted partons in a parton shower is not ordered. All
generators use the Lund string model [11] for hadroni-
sation as implemented in PYTHIA [12]. In addition, H1
uses a fragmentation parameter set tuned by the ALEPH
collaboration to fit LEP data [13].


The analysed data set corresponds to an integrated lu-
minosity of L = 88.64 pb−1, and the phase space is de-
fined by 5 < Q2 < 100 GeV2, 0.05 < y < 0.6, 155◦ <
θe < 175◦ and Ee > 12 GeV, with θe and Ee being the
polar angle and energy of the scattered lepton, respec-
tively. Tracks are required to originate from the primary
vertex, to lie within the angular range 10◦ < θlab < 155◦
and to have transverse momenta above 150 MeV. The
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data are corrected for detector acceptance, efficiency
and resolution effects using Monte Carlo event sam-
ples, as well as for the charged decay products of K0


S , Λ
and for other weakly decaying particles. The measured
transverse momenta and pseudorapidities of charged
particles are presented in the hadronic centre-of-mass
system (HCM), i.e. in the rest frame of the virtual pho-
ton and proton, and are labeled as p∗T and η∗, respec-
tively. In the HCM frame all hadronic final state parti-
cles which have p∗z > 0 are said to belong to the current
hemisphere, and all particles with p∗z < 0 are assigned
to the target or proton remnant hemisphere. All distribu-
tions shown are normalised to the total number of DIS
events in the analysed phase space.


The p∗T spectra of charged particles are presented in
Fig. 1 for two pseudorapidity intervals: 1.5 < η∗ < 4,
where current fragmentation is important, and in the
more central region, 0 < η∗ < 1.5, where target
fragmentation is also playing a role. The DJANGOH
(CDM) prediction describes the data fairy well for the
whole p∗T range, whereas RAPGAP (DGLAP) is below
the data for p∗T > 1 GeV, especially in the central pseu-
dorapidity interval. In contrast, CASCADE (CCFM) is
above the data for almost the whole p∗T range.


The normalised rapidity distributions are shown in
Fig. 2 for p∗T < 1 GeV and for p∗T > 1 GeV separately.
As argued in [1], hadronisation effects should be rel-
evant at small p∗T , while hard parton radiation should
manifest itself in the tail of the p∗T distribution. To check
the sensitivity to hadronisation effects, RAPGAP pre-
dictions with default PYTHIA fragmentation parame-
ters and with parameters tuned by ALEPH are shown in
Fig. 2. Significant differences between these two mod-
els are seen in the soft p∗T region, while for particles
with harder transverse momenta this difference is much
smaller. Comparing predictions from generators with
different QCD scenarios for parton cascades at large
p∗T , where the influence of the fragmentation is much
smaller, clear differences between the models with dif-
ferent parton cascades are observed.


The charged particle multiplicity as a function of
pseudorapidity in different x and Q2 bins are shown in
Fig. 3 for p∗T > 1 GeV. A significant surplus of hard
particles in data over the predictions from the DGLAP
model RAPGAP is observed at small x and towards the
proton remnant. The CASCADE (CCFM) calculations
are above the data everywhere, especially at large values
of x and Q2.


1.2. Forward jet azimuthal correlations
To complete the discussion on the sensitivity to par-


ton dynamics, measurements of forward jet production
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Figure 1: Measured p∗T spectra of charged particles in the HCM in the
two pseudorapidity intervals: 0.5 < η∗ < 1.5 (top) and 1.5 < η∗ < 4
(bottom) together with RAPGAP (DGLAP), DJANGOH (CDM) and
CASCADE (CCFM) predictions.


[14, 15] are presented, that is energetic jets of high
transverse momentum produced close to the proton di-
rection in the laboratory frame. Such measurements at
low x are considered to be sensitive to BFKL dynam-
ics [16]. Another observables suggested to be sensitive
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Figure 2: Measured η∗ spectra of charged particles in the HCM for
p∗T < 1 GeV (top) and for p∗T > 1 GeV (bottom) together with RAP-
GAP (DGLAP), DJANGOH (CDM) and CASCADE (CCFM) predic-
tions. The proton remnant direction is to the left.


to BFKL dynamics [17] is the azimuthal angle differ-
ence, Δφ, between the forward jet and the scattered lep-
ton, defined in the laboratory frame. In LO Δφ is ex-
pected to be close to π. Inclusion of higher order pro-
cesses partially decorrelates the jet from the electron.
As a consequence, for evolution schemes without or-
dering in transverse momentum, the decorrelation is ex-


0


0.2


0.4


*
�


d dn  N1  


0.0001 < x  < 0.00024


2 < 10 GeV2 5  < Q


0.00024 < x  < 0.0005


2 < 10 GeV2 5  < Q


0.0005 < x < 0.002


2 < 10 GeV2 5  < Q


0


0.2


0.4
0.0002 < x  < 0.00052


2 < 20 GeV2 10 < Q


0.00052 < x  < 0.0011


2  < 20 GeV2 10 < Q


0.0011 < x < 0.0037


2 < 20 GeV2 10 < Q


0


0.2


0.4


0.6 0.0004 < x  < 0.0017


2  < 100 GeV2 20 < Q
2 < 100 GeV2 20 < Q


0.0017 < x < 0.01


H1 data (prelim.)
RAPGAP
DJANGOH
CASCADE


 H1 Preliminary 
* > 1 GeV 


T
 p


 �     < 155� < � 10 lab


0 2 4 0 2 4 0 2 4 6


* � 


Figure 3: Measured η∗ spectra of charged particles in the HCM for
p∗T > 1 GeV, for eight intervals of Q2 and Bjorken x as indicated on
the figure, together with Monte Carlo predictions. The proton remnant
direction is to the left.


pected to increase with the electron-jet rapidity distance,
Y , since the phase space for additional parton emis-
sions increases. The measurement of such azimuthal
correlation is performed by H1 [18], where the data are
compared to predictions of various MC generators us-
ing different approaches to simulate the parton cascade,
discussed in section 1.1: the RAPGAP generator based
on leading-log DGLAP parton showers, the DJANGOH
MC which uses the CDM and the CASCADE generator
based on the CCFM model.


The analysed data set corresponds to an integrated lu-
minosity of L = 38.2 pb−1, and the phase space is de-
fined by 0.1 < y < 0.7, 5 < Q2 < 85 GeV2 and
0.0001 < x < 0.004. The analysed sample is required
to contain at least one forward jet with transverse mo-
mentum and pseudorapidity restricted by PT,fwdjet > 6
GeV, 1.73 < ηfwdjet < 2.79, respectively. The for-
ward jets are required to have a fraction of the proton
energy, xfwdjet = Efwdjet/Ep larger than 0.035 to en-
hance the phase space for BFKL evolution. To suppress
the contribution of kT -ordered DGLAP cascades the cut
0.5 < P2


T,fwdjet/Q
2 < 6 is applied. If there is more than


one jet fulfilling the above requirements, the jet with the
largest pseudorapidity is chosen. The data are corrected
for detector acceptance, efficiency and resolution effects
using Monte Carlo event samples.
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The cross section dσ/dΔφ as a function of Δφ is
shown in Fig. 4 for three intervals of the variable
Y = ln(xfwdjet/x): 2.0 ≤ Y < 3.4, 3.4 ≤ Y < 4.25 and
4.25 ≤ Y < 5.75. These Y bins correspond to aver-
age x values of 0.0024, 0.0012 and 0.00048, respec-
tively. At higher values of Y the forward jet is more


20


40


60


80


100


d
σ/


d
Δφ


 (
p


b
/r


a
d


)


2.0 ≤ Y < 3.4


< x > = 0.0024


● H1 data


CDM
CCFM
DGLAP


Energy scale uncert.


3.4 ≤ Y < 4.25


< x > = 0.0012


forward jet


4.25 ≤ Y < 5.75


< x > = 0.00048


0.75


1


1.25


0 1 2 3


R


1 2 3 1 2 3


R =
norm. MC


norm. data


Δφ(rad)


Figure 4: Differential forward jet cross section as a function of the
azimuthal angle difference Δϕ between the most forward jet and the
scattered lepton in three intervals of the variable Y = ln(xfwdjet/x). The
data are compared to predictions of DJANGOH (CDM), CASCADE
(CCFM) and RAPGAP (DGLAP). In the lower part of the figure the
ratio R of MC to data for normalised cross sections is shown.


decorrelated from the scattered lepton. The cross sec-
tions are well described in shape and normalisation by
CDM which has a BFKL-like approach. Predictions of
RAPGAP (DGLAP) fall below the data, particularly at
large Y . The prediction of CASCADE (CCFM) overes-
timates the measured cross section for large Δφ values
in the two lowest Y intervals. However, this model pro-
vides as good a description as CDM of the data in the
highest Y interval. The shape of the Δφ distributions,
1/σ · dσ/dΔφ, is compared to the different MC predic-
tions in the lower part of Fig. 4, where σ is the inte-
grated cross section in a given bin of Y . The ratio, R, is
defined as:


R =
(


1
σMC


dσMC


dΔφ


)
/


(
1
σdata


dσdata


dΔφ


)
. (1)


The ratio plots show that in the analysed region of phase
space the shape of the Δϕ distributions is well described
by all MC models. Since the shape predictions of the
three models are very similar, this observable alone can-
not discriminate among the models.


1.3. Prompt photons


Isolated high-energy photons, so-called prompt pho-
tons, are a powerful probe of the underlying dynamics,
complementary to jets. A prompt photon might be pro-
duced in the hard interaction or from the fragmentation
of a high momentum quark or gluon in the final state.
The latter contribution is suppressed due to the require-
ment that the outgoing photon is clearly separated from
both the outgoing electron and parton. A prompt photon
participating in the actual hard subprocess can provide
direct information of the process and the proton struc-
ture.


In ep collisions isolated high-energy photon produc-
tion can be studied in both the photoproduction and DIS
regimes.


1.3.1. Prompt photons in photoproduction
At HERA photoproduction processes arise when the


lepton beam emits quasi-real photons which either inter-
act directly with the proton (direct process) or fluctuate
into partons which then participate in the hard scattering
process (resolved process). In prompt photon produc-
tion, the direct process is sensitive to the quark content
of the proton through the Compton scattering of the ex-
changed photon with a quark. The resolved process is
sensitive to the partonic structure of both the photon and
the proton.


In the H1 analysis presented here [19] the data cor-
respond to an integrated luminosity of L = 340 pb−1.
Isolated photons with transverse energy 6 < EγT < 15
GeV and pseudorapidity −1 < ηγ < 2.4 are measured in
events with the inelasticity y in the range 0.1 < y < 0.7.
For the photon plus jet subsample, events are selected
with a photon candidate and at least one hadronic jet
with −1.3 < ηjet < 2.3 and Ejet


T > 4.5 GeV. If more
than one hadronic jet is selected, the one with the high-
est Ejet


T is used. The main background is due to pho-
tons produced in hadron decays, especially from π0. For
its discrimination from prompt photons, various shower
shape variables are used. The data are compared to
a QCD calculation based on collinear factorisation in
next-to-leading order (FGH) [20] and to a QCD calcu-
lation based on the kT factorisation approach (LZ) [21].


Differential inclusive prompt photon cross sections as
a function of EγT and ηγ are presented in Fig. 5. The re-
sults are compared to QCD calculations labeled FGH
and LZ. Both calculations are below the data, most sig-
nificantly at low EγT . The LZ calculation gives a reason-
able description of the shape of ηγ, whereas the FGH
calculation is significantly below the data for central and
backward photons (ηγ < 0.9).


A. Grebenyuk / Nuclear Physics B (Proc. Suppl.) 222–224 (2012) 162–173 165







6 8 10 12 14


 [
p


b
/G


e
V


]
γ T


 /
 d


E
σ


d


0


10


20


30


6 8 10 12 14


 [
p


b
/G


e
V


]
γ T


 /
 d


E
σ


d


0


10


20


30


6 8 10 12 14


 [
p


b
/G


e
V


]
γ T


 /
 d


E
σ


d


0


10


20


30


1 0 1 2


 [
p


b
]


γ η
 /


 d
σ


d
0


10


20


30


1 0 1 2


 [
p


b
]


γ η
 /


 d
σ


d
0


10


20


30


1 0 1 2


 [
p


b
]


γ η
 /


 d
σ


d
0


10


20


30


 [GeV]
γ
T


E


6 8 10 12 14


R


0.5


1


 [GeV]
γ
T


E


6 8 10 12 14


R


0.5


1


γη
-1 0 1 2


R


0.5


1


γη
-1 0 1 2


R


0.5


1


Inclusive Prompt Photon Cross Sections


 H1 Data


 FGH (NLO)
 fact)


T
 LZ (k


 corr. error


H1 H1H1 H1


Figure 5: Inclusive differential prompt photon cross sections as a
function of prompt photon transverse energy (left) and pseudorapid-
ity (right). The data are compared to a QCD calculation based on
collinear factorisation in next-to-leading order (FGH) and to a QCD
calculation based on the kT factorisation approach (LZ).


Cross sections for the production of a prompt photon
plus jet are presented in Fig. 6 as a function of ηγ and
ηjet. Both calculations show deficits in the description
of the ηjet shape. Here, the LZ prediction is too high for
jets with ηjet < 0.5, and both calculations underestimate
the rate of events with forward jets. As in the inclusive
case, the FGH prediction is too low for ηγ < 0.2.


Figure 6: Differential prompt photon plus jet cross sections as a func-
tion of ηγ and ηjet. The data are compared to the QCD calculations
shown in Fig. 5.


Another observable, xLO, which is sensitive to the un-
derlying partonic process is :


xLO
γ =


EγT (e−ηjet
+ e−ηγ )


2yEe
, (2)


where Ee is the energy of the scattered lepton. Cross
sections for two observables describing the transverse
correlation between the photon and the jet, p⊥ and Δφ,
are shown in Fig. 7. In the LO approximation xLO


γ cor-
responds to the longitudinal momentum fraction of the


Figure 7: Differential prompt photon plus jet cross sections as a func-
tion of the photon momentum transverse to the jet direction, p⊥, and
the difference in azimuthal angle between the photon and the jet, Δφ.
The data are compared to the QCD calculations FGH and LZ.


parton in the photon entering the hard interaction. The
measurements are shown for xLO


γ > 0.8 where the direct
interaction of a photon with the proton dominates. The
LZ calculation gives a reasonable description of the ηγ.
Both calculations show deficits in the description of the
ηjet shape and underestimate the tails of the Δφ and p⊥
distributions.


1.3.2. Prompt photons in DIS
The cross sections for isolated photons in DIS have


been calculated to order α3
s (GGP) [22]. According


to the GGP approach, three processes contribute to the
ep → eγX cross section: one contribution comes from
the radiation of a photon from the quark line (QQ pho-
ton), the second comes from the radiation of the pho-
ton from the lepton line (called LL photon), and the
third contribution which is due to photons from jet frag-
mentation (LQ photon) is suppressed. The cross sec-
tions [23] measured by ZEUS are compared to leading-
order MC models, which use the QCD parton shower
approach to incorporate higher-order QCD effects fol-
lowed by fragmentation into hadrons. DIS events with
QQ photon emission were generated by the MC gen-
erator PYTHIA and LL photons were simulated using
ARIADNE.


The analysed data set corresponds to an integrated lu-
minosity of L = 332 pb−1, and the phase space is de-
fined by 10 < Q2 < 350 GeV2, 140◦ < θe < 180◦ and
Ee > 10 GeV, with θe and Ee being the polar angle
and energy of the scattered lepton, respectively. Iso-
lated photons with transverse energy 4 < EγT < 15 GeV
and pseudorapidity −0.7 < ηγ < 0.9 are measured.
The DIS events are selected with a photon candidate
and at least one hadronic jet with −1.5 < ηjet < 1.8
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Figure 8: Differential prompt photon plus jet cross sections as a func-
tion of Q2 (top) and x (bottom). The solid histograms are the MC
predictions from the sum of QQ photons from PYTHIA scaled by
a factor 1.6 plus LL photons from DJANGOH. The dashed (dotted)
lines show the QQ (LL) contributions.


and Ejet
T > 2.5 GeV. If more than one hadronic jet is


selected, the one with the highest Ejet
T is used.


Differential cross sections for prompt photon produc-
tion associated with jets are presented as a function of
EγT , Ejet


T , Q2 and x. The cross sections are compared in
Figs. 8 and 9 to the sum of the QQ predictions from
PYTHIA (scaled by a factor 1.6) and the LL predictions
from ARIADNE. The sum of the two MC predictions


Figure 9: Differential prompt photon plus jet cross sections as a func-
tion of ηγ (top) and ηjet (bottom). The solid histograms are the MC
predictions from the sum of QQ photons from PYTHIA scaled by
a factor 1.6 plus LL photons from DJANGOH. The dashed (dotted)
lines show the QQ (LL) contributions.


gives a good description of the data.


2. Hadronisation


2.1. Scaled momentum distributions


An investigation of the production of charged parti-
cles as well as K0


S mesons and Λ baryons in the current
fragmentation region of the Breit frame is presented.
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Multiplicity distributions are measured as a function of
Q2 per unit of the scaled momentum, xp = 2pBreit/Q.
Here, pBreit denotes the momentum of a hadron in the
Breit frame. The aim was to check the universality
of the quark fragmentation function and the factorisa-
tion theorem approach used to predict hadron produc-
tion in different processes. The data presented in this
section are corrected for detector acceptance, efficiency
and resolution effects. In the case of inclusive scaled
momentum distributions of charged particles, the data
are corrected for the charged decay products of K0


S , Λ
and for other weakly decaying particles. All distribu-
tions shown are normalised to the total number of DIS
events, N, in the analysed phase space.


2.1.1. Scaled momentum distributions of charged
particles


To check the universality of the fragmentation func-
tions the measured scaled momentum distributions of
charged particles from ep collision [24, 25, 26] at
HERA and from e+e− experiments [27] are compared.
The particle momenta in a hemisphere of the e+e− anni-
hilation are scaled to half of the centre-of-mass energy,√


s/2. The results are shown shown in Fig. 10. General
agreement is observed between ep and e+e− collisions
which supports the concept of quark-fragmentation uni-
versality. The scaling violations can be seen for charged
particles for large Q2 values: with increasing Q2 the
phase space for soft gluon radiation gets enlarged,
which leads to a rise in the number of soft particles at
small xp and to a decrease in the number of those with
high xp.


The data obtained by H1, shown in Fig. 10, were fur-
ther investigated to study the asymmetry in the num-
ber of positively and negatively charged particles [28].
Hadrons with small values of xp are predominately pro-
duced by fragmentation, while hadrons at large xp are
more likely to contain a parton from the hard interac-
tion. Therefore a study of the xp distribution separately
for positively and negatively charged particles should
reveal information about the valence quarks and their
fragmentation. The data used for these studies corre-
spond to an integrated luminosity of 44 pb−1, and the
phase space is defined by 100 < Q2 < 8000 GeV2 and
0.05 < y < 0.6.


Figure 11 shows the scaled momentum distribution
(D(xp,Q) = 1


N
dn
dxp


) as a function of Q in different xp


intervals. The charge asymmetry observed at large xp


evolves to larger values as Q increases. The largest
asymmetries are obtained in the highest Q and high-
est xp intervals. It should be noted that higher average
Q corresponds to higher average Bjorken x and hence
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D(xp,Q), for all charged particles and for positively (pos), and nega-
tively (neg), charged particles separately, as a function of Q for nine
different xp regions. The data are compared to predictions from the
DJANGOH (CDM) Monte Carlo program.


the highest Q intervals are most sensitive to the va-
lence quark distribution. The scaled momentum distri-
butions are roughly predicted by the DJANGOH predic-
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tions based on the CDM.


2.1.2. Comparison to NLO QCD calculations
The scaled momentum distributions were also com-


pared to next-to-leading order QCD calculations [29].
Various fragmentation functions (FFs), obtained from
fits to e+e− data [30, 31] (Kretzer, KKP), to e+e− and
pp/pp̄ data [32] (AKK), and to e+e−, pp/pp̄ and ep
data [33] (FSS), were used in the next-to-leading order
(NLO) QCD calculations.


The scaled momentum distributions obtained by
ZEUS, shown in Fig. 12, are compared now to various
NLO QCD calculations. The kinematic range of the
high luminosity sample (L = 440 pb−1) corresponds to
160 < Q2 < 40960 GeV2 and 0.002 < x < 0.75 [25].
The previously published results [26] cover the lower
Q2 range of 10 < Q2 < 160 GeV2 and correspond to an
integrated luminosity of L = 38 pb−1. The uncertainties
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Figure 12: Scaled momentum distributions as a function of Q2 in dif-
ferent regions of xp for charged particles together with predictions of
NLO QCD using different fragmentation functions.


are illustrated for the calculation of Kretzer only. The
NLO calculations do not provide a good description of
the data. They show a different xp slope, and the scaling
violations predicted are not strong enough.


2.1.3. K0
S and Λ scaled momentum distributions


Scaled momentum distributions for K0
S mesons andΛ


baryons were measured by ZEUS [34] in the kinematic
range 10 < Q2 < 40000 GeV2 and 0.001 < x < 0.75.
The data correspond to an integrated luminosity of L =
290 pb−1.


Figures 13 and 14 show the scaled momentum spec-
tra, as a function of Q2 in different regions of xp,


for K0
S and Λ production, respectively. The NLO


QCD predictions using two different FFs describe the
data only in certain regions of the phase space. For
the AKK+CYCLOPS calculation this is limited to
0.6 < xp < 1, whereas the DSS calculation describes the
K0


S data adequately, except for regions of low xp and
Q2. Together with the NLO QCD calculations the pre-
dictions of MC generators ARIADNE based on CDM
and LEPTO [35] based on leading-log DGLAP parton
shower are shown in Figs. 13 and 14. Both predictions
give a reasonable description of the data over almost the
whole phase space.
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Figure 13: Scaled momentum distributions as a function of Q2 in dif-
ferent regions of xp for K0


S together with predictions of NLO QCD
and LO QCD models implemented in Monte Carlo programs.


2.2. Strangeness production


The production of strange hadrons in high energy par-
ticle collisions allows the investigation of strong interac-
tions in the perturbative and non-perturbative regimes.
Strange quarks are created in the non-perturbative pro-
cess of colour string fragmentation, which constitutes
the dominant production mechanism of strange hadrons.
Measurements of strangeness production have been
used by H1 to investigate the suppression of strangeness
relative to lighter flavours in fragmentation, as given by
the strangeness supression factor λs in the Lund frag-
mentation model.
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Figure 14: Scaled momentum distributions as a function of Q2 in dif-
ferent regions of xp for Λ baryons together with predictions of NLO
QCD and LO QCD models implemented in Monte Carlo programs.


In the present analysis [36] the K0
S meson is studied


through its decay channel K0
S → π+π−. The differential


cross section as function of the transverse momentum
pT of the strange particle is determined in the laboratory
frame. The analysis is also carried out in the Breit frame
as function of the scaled momentum fraction xBF


p and
the transverse momentum pBF


T in both, current (CBF)
and target (TBF) hemispheres. Two models are used for
the comparison to data, ARIADNE based on CDM and
LEPTO based on DGLAP evolution. The data corre-
spond to an integrated luminosity of L = 340 pb−1. The
analysis phase space is defined by 145 < Q2 < 20000
GeV2 and 0.2 < y < 0.6.


Figure 15 shows the flavour decomposition of K0
S


production as a function of pT as obtained by the
LEPTO Monte Carlo program. It indicates that K0


S
mesons originate mainly from the fragmentation of u
and d quarks in this analysis. The second largest con-
tribution is obtained from the decay of heavy flavoured
hadrons. Strange quarks contribute only very little to
the K0


S production cross section in general.
Figure 16 shows the differential cross section of K0


S
production as a function of pT in the laboratory frame
and of the scaled momenta xCBF


p and xTBF
p in the cur-


rent and target hemisphere of the Breit frame, respec-
tively. The measurements are compared to the CDM
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Figure 15: Differential cross sections for K0
S separated by flavour con-


tributions as function of the transverse momentum pT in the labora-
tory frame.


and MEPS models with two different values of the
strangeness suppression parameter, λs = 0.22 and λs =


0.286. The two models with λs = 0.286 give similar
descriptions and agree better with the data in shape and
normalisation than do the models with λs = 0.22. The
CBF is mainly sensitive to the dynamics of the hard sub-
process while in the TBF the influence from hadroniza-
tion is expected to be significant. Therefore, more sensi-
tivity to λs is expected in xTBF


p compared to xCBF
p . How-


ever, the data of the current measurements are not pre-
cise enough to see significant differences in the sensitiv-
ity to hadronization of the two hemispheres.


The differential ratio of K0
S to charged particle pro-


duction in the same phase space is shown in Fig. 17
as function of Q2 (top) and pT (bottom) in the labora-
tory frame. This ratio is almost constant in Q2 while
it rises significantly with pT , which is expected due
to the heavier mass of the K0


S relative to π± the most
common charged particles. All distributions agree best
with the predictions for a strangeness suppression factor
λs = 0.286.


The production rate of K0
S per DIS event, selected in


the same kinematic phase space, has a flat distribution
around 0.4 independently of Q2 as shown in Fig. 18.
Again, both models with λs = 0.286 describe the data
well.
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Figure 16: Differential cross sections for K0
S as function of the trans-


verse momentum in the laboratory frame (top), and the scaled mo-
mentum fraction in the current xCBF


p (middle) and target xTBF
p (bottom)


hemispheres in the Breit frame.
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Figure 17: Ratios of K0
S over charged particle production as function


of Q2 (top) and transverse momentum pT (bottom).
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Figure 18: Rate of K0
S production as function of Q2.
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3. Conclusion


The production of charged particles has been stud-
ied in deep-inelastic scattering at HERA. The investi-
gation of the underlying parton dynamics, by measur-
ing the transverse momentum of charged particles and
forward jet production, shows the importance of parton
emissions unordered in transverse momentum. A QCD
model, exhibiting this feature, such as the BFKL-like
colour dipole model is best in the description of the data,
whereas a model generating emissions according to the
DGLAP approach undershoots the data at low Bjorken
x. It is also shown that hadronisation effects are impor-
tant at low p∗T (in the hadronic centre-of-mass system)
of charged particles, while differences in hard parton ra-
diation of the models manifest themselves in the tail of
the transverse momentum distribution.


Results on prompt photons are presented in photo-
production and DIS regimes. In photoproduction the
inclusive prompt photon cross sections and cross sec-
tions for photon plus jet are compared to a QCD calcu-
lations based on the collinear factorisation in NLO and
on the kT factorisation approach. Calculations generally
underestimate cross sections and fail to describe shapes
in several kinematical regions. In the DIS regime, the
cross sections for photon plus jet are compared to a
Monte Carlo model. Good agreement is observed after
scaling the predictions by a constant.


In the context of hadronisation studies scaled mo-
mentum distribution for charged hadrons as well as for
K0


S and Λ particles in the current fragmentation region
of the Breit frame are presented. The measurements
show scaling violations. Next-to-leading order QCD
calculations based on different fragmentation functions
can describe the data only in some regions of xp. In
addition, the scaled momentum distribution is used to
study the charge asymmetry. It is found to depend on
the scaled momentum xp indicating a larger asymmetry
for large xp. The observed charge asymmetry is repro-
duced by the various models.


Strangeness production is investigated by looking at
the K0


S cross sections as a function of pT in the labo-
ratory frame and of the scaled momenta xCBF


p and xTBF
p


in the current and target hemisphere of the Breit frame.
It is shown that K0


S production at HERA is dominated
by fragmentation in the kinematic range of this analy-
sis. All measurements are found to be described best by
a strangeness suppression factor λs = 0.286 indepen-
dently of the models under consideration.
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