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1. Introduction

The measurements of strange particle production in high energy collisions provide valuable
information for understanding Quantum Chromodynamics (QCD) in the perturbative and non-
perturbative regimes. In neutral current deep-inelasticep scattering (DIS) four different processes
depicted in Figure 1 contribute to strange hadron production. Strange quarks may originate di-
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Figure 1: Schematic diagrams for the processes contributing to strangeness production inep scattering: (a)
direct production from the strange sea, (b) BGF, (c) heavy hadron decays and (d) fragmentation.

rectly from the strange sea of the proton (Figure 1a), from boson-gluon-fusion (BGF, Figure 1b),
from the decays of heavy flavoured hadrons (Figure 1c) and from the creation ofss pairs in the
non-perturbative fragmentation process (Figure 1d). The latter process is the dominant source for
strange hadron production.

The jet fragmentation and hadronisation processes through which coloured partons become
bound in colour-neutral hadrons cannot be described within the framework of perturbative QCD
(pQCD). Several approaches have been developed which attempt to build a bridge between the
fixed-order partonic cross sections and the observed hadrons. Twoof the most successful and
widely used approaches are the Lund string model [1] and the fragmentation functions (FFs) [2-6].
The Lund string model, relying on a large number of parameters, is interfaced to leading-logarithm
parton-shower Monte Carlo (MC) models. The FFs are parameterisations of the hadronisation
process within the standard framework of leading-twist collinear QCD factorisation, in a similar
way to that of the parton distribution functions (PDFs), and are convolutedwith the predicted
partonic cross sections.

In this report the new mesurements ofK0
s andΛ production performed by the H1 and ZEUS

experiments at the electron-proton storage ring HERA are presented [7,8, 9].

2. K0
s and Λ production cross sections

The kinematics of the electron-proton scattering process is described using three Lorentz in-
variant variables: the photon virtuality,Q2, the inelasticity in the proton rest framey and the
Bjorken scaling variablex. Because of the relationQ2 = xys at fixed

√
s only two of these variables

are independent.
The H1 Collaboration presented new measurements ofK0

s production at 7< Q2 < 100 GeV2

[7] andΛ production at 145< Q2 < 20000 GeV2 [8]. The data used in the analyses correspond to
an integrated luminosity of 109 pb−1 in case ofK0

s production and 340 pb−1 in case ofΛ production
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Figure 2: Invariant mass distribution ofK0
s candidates fromπ+π− andΛ candidates frompπ−.

and were collected with the H1 detector in the years 2004 to 2007 when protons with an energy of
920 GeV collided with electrons with an energy of 27.6 GeV producing a centre-of-mass energy
of

√
s = 319 GeV.
TheK0

s mesons andΛ baryons are measured by the kinematic reconstruction of their decays
K0

s → π+π− andΛ → pπ−, respectively. The number ofK0
s mesons andΛ baryons is obtained

by fitting the invariant mass spectra with the sum of a signal and backgroundfunction. For the
signal function the skewed t-student function is used while the background shape is described by
a threshold function with exponential damping. In total approximately 290,000 K0

s mesons and
7,000 Λ or Λ̄baryons are reconstructed in the phase space given in Table 1. The fitted K0

s andΛ
masses agree with the world average [10].

DIS kinematics Hadron kinematics

K0
s 7 < Q2 < 100GeV2, 0.1 < y < 0.6 0.5 < pT < 3.5 GeV,−1.3 < η < 1.3

Λ 145< Q2 < 20000GeV2, 0.2 < y < 0.6 pT > 0.3 GeV,−1.5 < η < 1.5

Table 1: Phase space regions explored in the analyses ofK0
s andΛ production, respectively.

The visible inclusive production cross sectionsσvis measured in the kinematic region defined
in Table 1, are

σvis(ep → eK0
s X) = 10.66±0.02(stat.)+9.4

−8.5(syst.) nb,

σvis(ep → eΛX) = 144.7±0.04(stat.)+9.4
−8.5(syst.) pb.

The Monte Carlo model predictions are compared to the measurements. The DIS process is mod-
elled using the RAPGAP [11] and the DJANGOH [12] programs, which generate hard partonic
processes at the Born level at leading order inαs, convoluted with the PDF of the proton. Two
different approaches are used for the simulation of higher order QCD effects: in RAPGAP the par-
ton shower approach (MEPS) is implemented in which the parton emission is ordered in transverse
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λs = 0.220 λs = 0.286

σvis(ep → e[Λ+ Λ̄]X) CDM 136 pb 161 pb

σvis(ep → e[Λ+ Λ̄]X) MEPS 120 pb 144 pb

Table 2: Monte Carlo predictions for different settings of the strangeness suppresion factorλs.

momentumkT according to the leading-log approximation; and in DJANGOH the colour dipol
approach (CDM) [13] as implemented in ARIADNE [14] is adopted in which partons are created
by colour dipole radiation between the partons in the cascade, resulting in akT unordered parton
emission.

In the modelling of the fragmentation process the suppression ofss pairs due to the mass of the
strange quark is generally controlled by the strangeness suppression factorλs [1, 15]. Especially,
the ratio ofK0

s to charged particles should strongly depends on this quark mass effect. Using
a strangeness suppression factor ofλs = 0.286 the models RAPGAP (MEPS) and DJANGOH
(CDM) predictK0

s cross sections of 10.93 nb and 9.88 nb, respectively, in reasonable agreement
with the measurement. The cross section predictions forΛ + Λ̄ production from the MEPS and
CDM [13] models are shown in Table 2 for two values of the strangeness suppression parameter
λs. The measured inclusiveΛ+ Λ̄ cross section is close to the CDM prediction withλs = 0.22 and
to the MEPS prediction withλs = 0.286.
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Figure 3: Differential K0
s production cross sections as a function of the photon virtuality squaredQ2, trans-

verse momentumpT and its pseudorapidityη in comparison to RAPGAP (MEPS) and DJANGOH (CDM).

Differential cross sections ofK0
s andΛ production are shown in Figures 3 and 4 as a function

of Q2, the transverse momentumpT and the pseudorapidityη measured in the laboratory frame
along with the predictions of the MEPS and CDM models. The cross sections fall rapidly asQ2

grows. Apart from small normalisation differences the models describe theshapes of the measured
cross sections as a function ofQ2 andη reasonably well.

2.1 Ratio ofK0
s production to charged particle production

By normalising theK0
s production cross section to the cross section of charged particle pro-

duction many model dependent uncertainties, like the cross section dependence on proton PDFs,

4
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Figure 4: Differential Λ production cross sections as a function of the photon virtuality squaredQ2, trans-
verse momentumpT and its pseudorapidityη in comparison to RAPGAP (MEPS) and DJANGOH (CDM).

cancel thus enhancing the sensitivity to details of the fragmentation process. In Figure 5 the ratio
of K0

s production to the cross section charged particle procduction is shown as afunction of pT and
η and in comparison to the expectations from DJANGOH using three differentvalues ofλs ranging
from 0.220 to 0.35. The ratios are well described by the model in shape and a high sensitivity on λs

is observed in the absolute value of this ratio, demonstrating the clear potentialof using this ratio
for extracting the strangeness suppression factorλs.
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Figure 5: Ratio ofK0
s to charged particle production cross sections as a functionof pseudorapidityη and

transverse momentumpT in comparison to DJANGOH (CDM) for three different vaues ofλs.

2.2 Λ Production to DIS Cross Section Ratio

In the left side of Figure 6 the ratio ofΛ production to DIS cross section is shown as a function
of Q2 in comparison to the expectations from RAPGAP and DJANGOH both usingλs = 0.286 and
λs = 0.220. The DJANGOH prediction withλs = 0.286 yields the worst description of the data by
overshooting them significantly. For the same strangeness suppression factor also RAPGAP tends
to yield ratios larger than observed in data forQ2 < 200 GeV2. The best description is provided by
DJANGHO usingλs = 0.220.
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Figure 6: (Left) RatioR(DIS) of Λ production cross section to DIS cross section as a function of Q2 and
Bjorkenx variable in comparison to RAPGAP (MEPS) and DJANGOH (CDM) with two different vaues of
λs. (Right) AsymmetryAΛ as a function ofQ2 in comparison to RAPGAP (MEPS) and DJANGOH (CDM)
with two different vaues ofλs.

2.3 Λ– Λ̄ Asymmetries

The asymmetryΛ– Λ̄ which is defined as

AΛ =
σvis(ep → eΛX)−σvis(ep → eΛ̄X)

σvis(ep → eΛX)+σvis(ep → eΛ̄X)
. (2.1)

may shed light on the mechanism of baryon number transfer inep scattering. A significant positive
asymmetry would be an indication for the baryon number transfer from the proton to theΛ baryon.
If present such an effect should be more pronounced in the positiveη region in the laboratory
frame. For the kinemaic region defined in Table 1 the asymmetry is measured to be

AΛ = 0.002±0.022(stat.)±0.018(syst.).

In the right side of Figure 6 the asymmetryAΛ is shown as a function ofQ2. The data show no
evidence for a non-vanishing asymmetry in the phase space region investigated.

3. Scaled momentum distribution ofK0
s and Λ in DIS

Extensive studies of the fragmentation properties of the hadronic final statehave been per-
formed ine+e−, pp, pp̄ and deep inelasticep scattering data and have provided information about
the fragmentation and hadronisation processes. The comparison of the measurements in different
reactions indicated an approximately universal behaviour of quark fragmentation.

The parameterisations [16, 17, 18] of the FFs for strange hadrons areso far largely uncon-
strained. The HERA data have the potential to constrain these FFs over a wide kinematic range.
Here a new measurement of ZEUS Collaboration of the scaled momentum distributions forK0

S and
Λ hadrons in DIS [9] is presented. The data used in this analysis were collected during the running
period 2005–2007, when HERA operated with protons of energyEp = 920 GeV and electrons of
energyEe = 27.5 GeV, and correspond to an integrated luminosity of 330pb−1.

6
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The scaled momentum is defined asxp = 2PBreit/
√

Q2, wherePBreit is the particle momentum
in the Breit frame [19, 20]. The measurements are performed in the current region of the Breit
frame, which is equivalent to one hemisphere ine+e− annihilations, as functions ofQ2 andxp. The
analysis is restricted to the current region of the Breit frame by boosting thetracks to this frame
and requiringPBreit

Z < 0, wherePBreit
Z is the longitudinal momentum of the track in the Breit frame.

The next-to-leading order (NLO) QCD predictions, based on differentFFs, and leading-logarithm
parton-shower MC calculations, interfaced with the Lund string fragmentation model, are com-
pared to the measurements. Two sets of calculations based on different parameterisations of the
FFs are used. The first set was obtained from fits toe+e− data and based on the program CY-
CLOPS [21], called “AKK+CYCLOPS” [22, 23]. The second set was obtained from a global fit to
e+e−, pp andep data, called “DSS” [16].

Figure 7 shows theM(π+π−) andM(pπ) distributions. The data sample contains 806,505
(165,875) K0

S (Λ) candidates. In the current region of the Breit frame, there are 238,153 K0
S and

40,728Λ candidates.
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Figure 7: (a) Theπ+π− invariant-mass distribu-
tion for K0

S candidates. (b) Thepπ−/p̄π+ invariant-
mass distribution forΛ/Λ̄ candidates. The solid
line represents an indicative fit by two Gaussians
and a (a) linear and (b) quadratic background
function.

Scaled momentum distributions,(1/N)(n(H)/∆xp), with n(H) the number ofH (K0
S or Λ),

N the number of DIS events in a givenQ2 bin and∆xp the width of thexp bin, were measured in
the current region of the Breit frame. The distributions are presented asfunctions ofQ2 andxp in
the kinematic region of 10< Q2 < 40000 GeV2 and 0.001< x < 0.75. The left side of Figure 8
shows the scaled momentum distributions forK0

S as functions ofQ2 in different regions ofxp. The
data show clear scaling violation as expected on the basis of the QCD description of the parton
evolution with increasingQ: the phase space for soft gluon radiation increases, leading to a rise
of the number of soft particles with smallxp. The predictions from the CDM and MEPS models
are compared to the measurements. They describe the shapes of the distributions fairly well while
overestimating the overall production ofK0

S by 10 to 20%.
The NLO QCD calculations are also compared to the measurements forxp > 0.1. The AKK+CYCLOPS

calculations predict a much too highK0
S rate but forxp > 0.6. These discrepancies might come from

the fact that the FFs used in these predictions have a poorly constrained gluon contribution, which

7
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Figure 8: (Left) The measured scaled momentum distributions(1/N)(n(K0
S )/∆xp) as functions ofQ2 in dif-

ferent regions ofxp. For comparison, the NLO predictions of AKK+CYCLOPSand DSS are also presented.
The bands represent the theoretical uncertainty. The predictions from CDM and MEPS MC simulations are
also shown. (Right) The measured scaled momentum distributions(1/N)(n(K0

S )/∆xp) as functions ofxp in
different regions ofQ2 (dots).

is dominant at lowxp. The DSS calculations give a good description of the measurements for
xp > 0.3 and 10< Q2 < 40000 GeV2. The prediction for this region of phase space is mainly
constrained bypp data, which sufficiently constrain the FFs at highxp. At lower xp, the DSS cal-
culations fail to describe the data. This can be explained by the fact that theDSS fit in this region
of phase space is mostly unconstrained by the available data. Thus, the measurements presented
in this paper will help to improve significantly such global fits in this region of phase space. The
right side of Figure 8 shows the scaled momentum distributions forK0

S as functions ofxp in two
regions ofQ2. The predictions of CDM and MEPS give a good description of the data. Inboth
regions ofQ2, both NLO calculations predict too-steep spectra. At lowQ2, this effect is especially
pronounced.

Figure 9 shows the scaled momentum distributions forΛ. Scaling violation is clearly observed.
The predictions of CDM and MEPS give a reasonable description of the measurements, but over-
estimate the overallΛ rate by≈ 20%. The AKK+CYCLOPSNLO calculations fail to describe the
measurements. The predicted spectra inxp are, as in the case ofK0

S , significantly too steep.

Figure 10 shows the scaled momentum distributions forK0
S andΛ together with those from

the inclusive charged particles analysis [24] in the kinematic region of 0.1 < xp < 0.4 as functions
of Q2. For Q2 > 100 GeV2 all distributions show a plateau. At lowerQ2 sizeable mass effects
are clearly visible. For 0.1 < xp < 0.2, the value of(1/N)(n(H)/∆xp) drops to 10(20)% of its
maximum value forΛ (K0

S ), while for inclusive charged particles, the(1/N)(n(H)/∆xp) value is
still 40% of the plateau value at the lowestQ2 accessible.

8
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3.1 Summary

New measurements of H1 and ZEUS Collaborations on strangeK0
s andΛ hadron production

in deep inelasticep scattering at HERA are presented. The measurements are compared to MC
model predictions based on the colour-dipole model (CDM) and DGLAP matrixelement calcula-
tions supplemented with parton showers (MEPS). Within the uncertainties the models provide a
reasonable description of the data. The sensitivity of theK0

s andΛ cross sections to the strangeness
suppression factorλs is demonstrated. TheΛ− Λ̄ asymmetry is found to be consistent with zero.

Scaled momentum distributions forK0
S andΛ hadrons were measured for the first time inep

DIS. Scaling violations were clearly observed for both hadrons. The NLO QCD calculations based
on different parameterisations of the FFs are compared to the measurements. The predictions based
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on FFs extracted frome+e− data alone fail to describe the measurements. The predictions based
on a global analysis which includee+e−, pp and ep data give an improved description of the
measurements. However, they predict a too high production rate ofK0

S andΛ hadrons at lowxp and
Q2. The measurements presented here have the potential to constrain significantly the FFs for the
strange hadronsK0

S andΛ.
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