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Abstract

A measurement of inclusive K0
S, Λ and Λ production in deep inelastic ep scat-

tering at HERA is presented for an integrated luminosity of 60 pb−1. Kinematic

distributions for K0
S, Λ, Λ production and (Λ + Λ)/K0

S, Λ/Λ ratios have been

measured in the laboratory and in the Breit frames for 50 < Q2 < 500 GeV2,

and compared to Monte Carlo models. The measurement of the ratios agrees

with models based on the Lund string fragmentation model. However, the de-

pendence of the K0
S production cross section on the scaled momentum fraction

xp = 2 · pBreit/Q in the target region of the Breit frame is not reproduced by the

models.





1 Introduction

This paper reports a study of K0
S–meson and Λ–baryon production in neutral current e+p

deep inelastic scattering (DIS) and explores its sensitivity to strange quark production in

fragmentation as implemented in Monte Carlo (MC) simulations.

One successful fragmentation model is the Lund string model [1], which uses probabilities

Ps, Pu and Pd for creating s, u and d quarks, respectively, in the colour field during the

fragmentation process. Since u and d quarks have low mass compared to the strange

quark, it is assumed that Pu = Pd. The higher mass of the s quark leads to a suppression

that is quantified by the strangeness suppression factor, λs = Ps/Pu.

The value, λs = 0.3, found in e+e− annihilation [2], is normally used as the default value

in the model. However, there are recent indications that a larger value, λs ≈ 0.4, may be

needed [3], or that a single value cannot accommodate all the SLD strangeness–production

data [4]. When using the same hadronisation model in e+p scattering, the measured K0
S,

Λ and φ rates in DIS

[5] and photoproduction [6] indicate the need for a smaller value, λs ≈ 0.2. For Λ produc-

tion, in the Lund model, there is also an extra suppression of strange diquark production,

δ = P (us)/P (ud)
P (s)/P (d)

, which has not been varied for this study. A detailed understanding of

strangeness production and fragmentation will be a necessary requirement in the precise

measurement of the strange sea and the strange structure function, F s
2 .

2 Experimental setup

The data analysed for this study were taken during the 1999 to 2000 running period.

During this period, the positron and proton beam energies were 27.5 GeV and 920 GeV,

respectively, corresponding to an integrated luminosity of 60 pb−1.

The ZEUS detector is described in detail elsewhere [7]. Of particular importance in the

present study are the central tracking detector and the calorimeter.

The central tracking detector (CTD) [8] is a cylindrical drift chamber with nine superlayers

covering the polar–angle1 region 15◦ < θ < 164◦ and the radial range 18.2–79.4 cm. Each

superlayer consists of eight sense–wire layers which are organised either of wires parallel

(axial) to the beam axis or of wires inclined at a small stereo angle to allow accurate

1 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the

proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards

the centre of HERA. The coordinate origin is at the nominal interaction point.
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z reconstruction. The transverse–momentum resolution for charged tracks traversing all

CTD layers is σ(pT )/pT = 0.0058pT ⊕ 0.0065 ⊕ 0.0014/pT , with pT in GeV.

The CTD is surrounded by the uranium–scintillator, CAL [9], which is divided into three

parts: forward, barrel and rear. The calorimeter is longitudinally segmented into electro-

magnetic and

hadronic sections. The energy resolution of the calorimeter under test–beam conditions

is σE/E = 0.18/
√

E for electrons and σE/E = 0.35/
√

E for hadrons with E in GeV.

3 Kinematic reconstruction and event selection

For the DIS selection, the scattered–positron candidates were identified from the energy

deposits in the CAL [10]. The kinematic variables are photon virtuality, Q2 = −(k−k′)2,

the Bjorken scaling variable, x = Q2/(2p · q), and the inelasticity, y = p · q/p · k. They

were reconstructed using the following three methods:

• the electron method (denoted by the subscript e) which uses measurements of the

energy and angle of the scattered positron;

• the double angle (DA) method [11, 12] which relies on the angles of the scattered

positron and of the hadronic energy flow;

• the Jacquet–Blondel (JB) method [13], based on measurements of the hadronic system.

The DIS event selection was based on the following requirements:

• Ee′ > 10 GeV, where Ee′ is the energy of the scattered positron in the calorimeter

after the correction by the presampler [14, 15];

• 50 < Q2
DA < 500 GeV2, to restrict the measurement to a range with sufficient statistics

for differential cross sections; this corresponds to an x range of 3 · 10−4 < x < 10−1;

• 40 < δ < 60 GeV, where δ =
∑

Ei(1 − cos θi). Ei is the energy of the ith cell, the

smallest subdivision of the CAL, and θi is its angle. The sum runs over all cells.

This cut further reduces the background from photoproduction and events with large

inital–state radiation;

• ye < 0.8, to remove events with fake scattered positron candidates;

• yJB > 0.04, to improve the accuracy of the DA reconstruction;

• a primary vertex position, from the primary vertex fit, in the range |Zvertex| < 50 cm,

to reduce background events from non–ep interactions;

• the impact point (X,Y) of the scattered positron in the calorimeter must be outside a

radius
√

X2 + Y 2 > 36 cm, to avoid the rear beam hole in the CAL.
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The values Q2
DA and xDA were used as the estimates of Q2

and x since the DA method has the best resolution at the relatively high Q2 values of this

data set.

4 Selection of strange particle candidates

Charged tracks measured by the CTD were selected. Tracks were required to pass through

at least three CTD superlayers and to have transverse momenta, pT > 150 MeV, and

pseudorapidity in the laboratory frame, |η| < 1.75, restricting the study to a region

where CTD track acceptance and resolution are high. Long lived neutral strange hadrons

decaying to two charged particles are identified by selecting pairs of oppositely charged

tracks, fitted to a displaced secondary vertex. All pairs of oppositely charged tracks were

combined to form K0
S and Λ candidates.2

4.1 Selection of K0
S

candidates

The K0
S’s were identified by their charged decay mode K0

S → π+π−. Both the tracks were

assigned the mass of the charged pion and the invariant mass, M(π+π−), of each track

pair was calculated. The K0
S candidates were selected using the following requirements:

• 0.45 < M(π+π−) < 0.55 GeV;

• M(pπ) > 1.12 GeV to eliminate Λ contamination of the K0
S signal, where the mass

of the proton is assigned to the track with higher momentum and the mass of the

charged pion to the second track;

• 0.5 < pK
T < 5.0 GeV and |ηK| < 1.5, where pK

T is the transverse momentum and ηK is

the pseudorapidity of the K0
S in the laboratory frame.

Figure 1a shows the fitted invariant–mass distribution of the K0
S candidates. The fit gives

a peak position of mK0

S
= 497.95 ± 0.03 MeV. No systematic uncertainties on the mass

have been evaluated.

The number of K0
S candidates, in the mass range 0.484 < M(π+π−) < 0.510 GeV, is

48514 ± 234.

2 In this paper, the nominal Λ sample includes Λ except where the explicit comparisons of Λ to Λ

production are made.
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4.2 Selection of Λ candidates

The Λ candidates were identified by their charged decay mode Λ → pπ−. For the Λ

reconstruction, of the two tracks, the track with the higher momentum was assigned the

mass of the proton while the other was assigned the mass of the charged pion. The events

with Λ candidates were selected using the following requirements:

• 1.1 < M(pπ) < 1.13 GeV;

• 0.5 < pΛ
T < 5.0 GeV and |ηΛ| < 1.5, where pΛ

T is the transverse momentum and ηΛ is

the pseudorapidity of the Λ in the laboratory frame.

Figure 1b shows the fitted invariant–mass distribution for Λ candidates. The fit gives

a peak position of mΛ = 1116.22 ± 0.02 MeV. No systematic uncertainties on the mass

have been evaluated. The numbers of Λ, Λ and Λ + Λ candidates, in the mass range

1.1126 < M(pπ) < 1.1198 GeV, from the fit, are 4354 ± 85, 4029 ± 81 and 8351 ± 116,

respectively.

5 Event simulation

The measured cross sections were compared to various leading–logarithmic Monte Carlo

models which include a QCD parton–cascade followed by subsequent fragmentation to

hadrons. Events were generated with HERWIG 6.1 [16] and ARIADNE 4.07 [17]. HER-

WIG uses a standard DGLAP evolution to simulate the QCD parton shower, whereas

ARIADNE uses the colour–dipole–model (CDM) [18]. In both cases, the default param-

eters were used and the parton density functions were taken from the CTEQ5D set [19].

The hadronisation in ARIADNE is simulated using the Lund string model as implemented

in JETSET 7.4 [20], whereas the hadronisation stage in HERWIG is described by a cluster

fragmentation model [21].

The acceptance was calculated using ARIADNE, interfaced with HERACLES 4.5.2 using

the DJANGOH [22] program in order to incorporate first–order electroweak corrections.

The generated events were then passed through a full simulation of the detector using

GEANT 3.13 and processed with the same reconstruction program as used for the data.

The same selection cuts used for the data were applied to the detector–level MC samples.
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6 Definition of cross sections and systematic

uncertainties

The K0
S and Λ cross sections were measured in the kinematic region 50 < Q2 < 500 GeV2,

3 · 10−4 < x < 10−1, 0.5 < p
K0

S
,Λ

T < 5 GeV and |ηK0

S
,Λ| < 1.5. The cross sections, as a

function of a given observable, Y , were determined using

dσ

dY
=

N

A · L · B · ∆Y
,

where N is the number of events with a K0
S or Λ candidate in a bin of size ∆Y , A is the

acceptance, evaluated using the MC, which takes into account migrations, efficiencies and

radiative effects for that bin, and L is the integrated luminosity. The branching ratios,

B, for the decay channel K0
S → π+π− and Λ → pπ− were taken as 0.686 ± 0.003 and

0.639 ± 0.005 [23], respectively.

Full systematic errors were calculated for the kinematic selection, strange particle identi-

fication and for simulation of the events used for the unfolding. They are shown, added in

quadrature with the statistical uncertainty, as the outer error bars in the figures. A nor-

malisation uncertainty due to the luminosity measurement of ±1.7% and the uncertainty

in the decay branching ratios were not included.

7 Results

Table 1 gives the total K0
S and Λ cross sections for data and MC. Both measured cross

sections are lower than those predicted by ARIADNE using λs = 0.3 but higher than for

λs = 0.2. The HERWIG predictions underestimate the measured K0
S and overestimate

the Λ cross sections. The ratio of Λ to K0
S total cross sections is reasonably simulated by

ARIADNE.

Figure 2 compares the differential K0
S (a) and Λ (b) cross sections as functions of pT

with the predictions of ARIADNE and HERWIG. The ARIADNE predictions, shown for

λs = 0.2 and λs = 0.3, reproduce the shape of pT disbtributions reasonably well. For

K0
S, λs = 0.2 is preferred at lower pT , while for Λ, λs = 0.3 is preferred. The HERWIG

distributions, scaled to the area below the data, fail to reproduce the shape for either

K0
S’s or Λ’s.

The cross section ratios, dσ(Λ)/dσ(K0
S), as functions of pT and η, are compared to the

ARIADNE and HERWIG models in Fig. 3. The ARIADNE predictions, shown for both

λs = 0.2 and λs = 0.3, reproduce the pT distributions reasonably well, however they

do not describe the shape of the η distribution. For the HERWIG predictions, since

5



there is a large disagreement between the measurements and the predicted ratios, the

HERWIG ratios have been scaled by 0.28 and 0.32 for pT and η, respectively, to allow

more meaningful shape comparison.

There may be an indication of increased Λ to K0
S production in the forward region and

at low pT , compared to all three MC models.

Figure 4 shows the differential K0
S (a,b) and Λ (c,d) cross sections as functions of pBreit

T ,

in the target (left) and current (right) regions of the Breit frame. Fig. 5 shows the cross

sections as functions of the scaled momentum, xp ≡ 2p/Q, where p is the absolute value

of the momentum of the particle evaluated in the Breit frame, again in the target (left)

and current (right) regions. Even after rescaling, HERWIG fails to describe the data for

either K0
S or Λ production, having in general, a pT distribution which falls too steeply

with increasing pT . The xp distribution for HERWIG falls more steeply than the data for

increasing xp in the target region, but does not fall steeply enough in the current region.

In contrast, the ARIADNE predictions, with both values of strangeness supression factors,

describe the pBreit
T and xp distributions reasonably well in the current region. However,

for K0
S production in the target region, the measurement prefers an increasing λs value

with increasing xp, while for Λ production, the measurement agrees better with λs = 0.3.

Figure 6 shows the relative production rate for meson to baryon production, dσ(Λ)/dσ(K0
S),

as functions of pBreit
T (a,b) and xp (c,d) in the target (left) and current (right) regions of

the Breit frame. The dip in the second bin of Fig. 6a, is due to the different pBreit
T dis-

tributions of the two particles species and is reproduced by both ARIADNE predictions.

As before, to enable more meaningful shape comparisons, the HERWIG predictions have

been scaled, this time by 0.31, 0.28, 0.28, 0.45, respectively.

In the current region, the measured ratios are in reasonable agreement with the ARIADNE

predictions with λs = 0.2 and λs = 0.3, both for pBreit
T and xp whereas the scaled HERWIG

predictions have a somewhat steeper shape in pBreit
T and xp than the data. In the target

region, the shapes in pBreit
T and xp are not described particularly well by any of the models.

Figure 7 and shows the ratio (dσ(Λ)−dσ(Λ))/dσ(Λ) as functions of pBreit
T (a,b) and xp (c,d)

in the target (left) and current (right) regions of the Breit frame. Within the uncertainties,

the measurements indicate equal rates of baryon and anti–baryon production.

8 Conclusions

Inclusive K0
S–mseson and Λ–baryon cross sections have been measured in deep inelastic

scattering for 50 < Q2 < 500 GeV2, 3 · 10−4 < x < 10−1, 0.5 < p
K0

S
,Λ

T < 5 GeV and

|ηK0

S
,Λ| < 1.5. ARIADNE predictions with a strangeness suppression factor of λs =
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0.3(0.2) overestimate(underestimate) the total measured cross sections. Also the ratio of

the total Λ to K0
S cross section is reasonably well simulated by ARIADNE. The HERWIG

prediction underestimates the K0
S cross section and overestimates the Λ cross section.

The Monte Carlo models do not describe well the ratio of Λ to K0
S production in the

low pT region and in the forward region. In general, HERWIG does not reproduce the

shape of the K0
S and Λ differential cross sections. The data may indicate an increasing

strangeness suppression factor with increasing pBreit
T and xp, in the target region of the

Breit frame. The measurements show an equal production of Λ and Λ as functions of

pBreit
T and xp.
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Figure 1: Invariant mass of K0
S (a) and Λ (b) candidates (points with statistical

error bars) in the restricted kinematic region as described in the text. The solid
line, fit with two Gaussian distributions plus a background term, shows the result.
The dashed line shows only the background term of the fit.

ZEUS (prel.) CDM: λs=0.3 CDM: λs=0.2 HERWIG

σ(K0
S) [pb] 2454 ± 18+32

−102 2762 2257 1854

σ(Λ + Λ̄) [pb] 567 ± 12+13
−34 603 483 1329

σ(Λ) [pb] 292 ± 9+7
−18 302 240 661

σ(Λ̄) [pb] 279 ± 9+12
−18 301 243 668

σ(Λ + Λ̄)/σ(K0
S) 0.231 ± 0.005+0.005

−0.006 0.218 0.214 0.717

σ(Λ)/σ(Λ̄) 1.05 ± 0.05+0.05
−0.05 1.00 0.99 0.99

Table 1: Total K0
S and Λ cross sections compared to ARIADNE (CDM) and

HERWIG. The ARIADNE predictions are shown for λs = 0.2 and λs = 0.3.
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and HERWIG. The ARIADNE predictions are shown for λs = 0.2 and λs = 0.3.
The HERWIG predictions are scaled to the area below the data in each distribution.
The inner error bars show the statistical uncertainties, and the outer error bars,
the statistical and systematic uncertainties added in quadrature.
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Figure 6: Differential ratio dσ(Λ)/dσ(K0
S) as functions of pBreit

T (a,b) and xp (c,d)
in the target and current regions of the Breit frame, compared to ARIADNE (CDM)
and HERWIG. The ARIADNE predictions are shown for λs = 0.2 and λs = 0.3.
The HERWIG predictions are scaled by 0.31, 0.28, 0.28 and 0.45 in a), b), c) and
d), respectively. The inner error bars show the statistical uncertainties, and the
outer error bars, the statistical and systematic uncertainties added in quadrature.
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Figure 7: Ratio (dσ(Λ)−dσ(Λ))/dσ(Λ) as functions of pBreit
T (a,b) and xp (c,d) in

the target and current regions of the Breit frame, compared to ARIADNE (CDM)
and HERWIG. The inner error bars show the statistical uncertainties, and the outer
error bars, the statistical and systematic uncertainties added in quadrature.
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