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Abstract

The production ofK? mesons is studied using deep-inelastic events measured with
the H1 detector at HERA. The measurements are made in the phase spaed dgfthe
negative four-momentum transferred squared of the phaten@? < 100 GeV?, and the
inelasticity0.1 < y < 0.6. Differential KV production cross sections and ratios /5
production to charged hadron production are measured. Predictiteesdifig order Monte
Carlo programs are compared to data.
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1 Introduction

The measurement of strange particle production in highgyneollisions provides valuable
information for understanding Quantum Chromodynamics (Q@Dhe perturbative and non-
perturbative regime. The production &f°, A! has been studied at different colliders with
complementary characteristics;drie~ annihilation at LEP [1-4], ipp collisions at Tevatron
[6], in pp interactions at RHIC [7], irep scattering at HERA [8-13] and at the LHC [14-18].

In neutral current deep-inelastigp scattering (DIS) at HERA the four different processes
depicted in figure 1 contribute to strange hadron productiStrange quarks may be created

Figure 1. Schematic diagrams for the processes contrijputirstrangeness production ép
scattering: (a) direct production from the strange seaB(®l, (c) heavy hadron decays and (d)
fragmentation. The diagrams relevant #6f production are shown.

in the hard sub-process of tle scattering by originating directly from the strange seahef t
proton in a quark-parton-model (QPM) like interaction (figuLa), from boson-gluon-fusion
(BGF, figure 1b) or from the decays of heavy flavoured hadrbgarg 1c). In these production
mechanisms hard scales are involved allowing for the agipility of perturbative QCD to be
tested. The dominant source for strange hadron produchiowgever, is the creation of an
ss pairs in the non-perturbative fragmentation process (édid). While strange mesons are
created by all four processes strange baryon productiagives only little contributions from
the decays of heavy flavoured hadrons.

Sinces quarks are heavy comparedda@andd quarks the formation rate ofs pairs in the
fragmentation process is expected to be smaller thandar dd pairs. Therefore the produc-
tion of strange hadrons is expected to be suppressed eetathon-strange hadrons. In the mod-
elling of the fragmentation process this suppression igaly controlled by the strangeness
suppression factok,. Especially, the ratio of(? to charged particles should strongly depend
on this quark mass effect.

This paper presents a measuremenk@fproduction in DIS in the range of negative four
momentum transfer squared,< Q? < 100 GeV? and of lepton inelasticity).1 < y < 0.6.
The results are based on a data sample corresponding toegmaitetd luminosity 009 pb~*
collected with the H1 detector at HERA at a centre-of-mags@nof319 GeV in the year2006
and2007. The analysis is performed in a similar kinematic range tb@arered in previous H1
publications [9, 10, 13]. Results are presented for difféed cross sections ok production

LIf not stated differently the charge conjugate state is gbnmplied.
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and the ratios of? production to charged particles production measured instttae phase

space regions. The measurements are shown as a functionafs/abservables characterising
the DIS kinematics and the strange particles productioradyes in the laboratory frame. The
results are compared with predictions obtained from leqdirder Monte Carlo calculations,

based on matrix elements with parton shower simulation. réleeof the parton evolution, the

strangeness suppression & mesons is investigated.

2 Monte Carlo Smulation

Deep-inelastiep scattering is modelled using the DJANGH [20] and the RAPG2H pro-
grams, which generate hard partonic processes at the Beehdée leading order iy, (e.g.
vyxq— q,7*q— qg 7 *g — qq), convoluted with the parton density function (PDF) of the
proton. The PDF set CTEQGL [22] is chosen for this analysis fHetorisation and renormal-
isation scales a set tm);% = u? = @*. Two different approaches are used for the simulation of
higher order QCD effects: in RAPGAP the parton shower apgrd®tEPS) is implemented in
which the parton emission is ordered in transverse momeitytnaccording to the leading-
log approximation; and in DJANGOH the colour dipol approach (C[2d]) available within
ARIADNE [24] is adopted in which partons are created by coldipole radiation between the
partons in the cascade, resulting ik;aun-ordered parton emission.

The JETSET program [25] is used for simulating the hadrdimegprocess in the Lund
colour string fragmentation model [26]. The suppressiostodinge quarks is predominantly
controlled by a single parameteX, = P,/F,, where P, and F, are the probabilities for
creating strangesj or light (¢ = u or d) quarks in the non-perturbative fragmentation pro-
cess. The most relevant parameters for describing the bamsaxuction are the di-quark sup-
pression factor\,, = P, /F,; i.e., the probability of producing a light di-quark paijggqg
from the vacuum with respect to a lighty pair, and the strange diquark suppression factor
Asq = (Psq/ Pyq)/(Ps/ P,), which models the relative production of strange di-quaak$ The
values tuned to hadron production measurements ¢ -annihilation by the ALEPH collabo-
ration [5] (\s = 0.286, \,, = 0.108, and\,, = 0.690) are taken herein as default values for the
simulation of hadronisation within JETSET.

Monte Carlo event samples generated both with DJANGOH and@¥Pare used for the
acceptance and efficiency correction of the data. All geedravents are passed through the full
GEANT [27] based simulation of the H1 apparatus and are tcocted and analysed using
the same programs as for the data.

3 Experimental Procedure

3.1 TheH1 Detector

A detailed description of the H1 detector can be found in [28] the following, only those
detector components important for the present analysisieseribed. H1 uses a right handed
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Cartesian coordinate system with the origin at the nomipahteraction point. The proton
beam direction defines the positiveaxis of the laboratory frame and transverse momenta are
measured in théx, y) plane. The polar anglé is measured with respect to this axis and the
pseudorapidity; is given byn = —In tan £.

Charged particles are measured in the Central Tracking etg€TD) in the range-1.75 <
n < 1.75. The CTD comprises two cylindrical Central Jet Chambers (if®#C1 and outer
CJC2), arranged concentrically around the beam-line, camgaiéed by a silicon vertex detec-
tor (CST) [29]. The CJCs are separated by a drift chamber whigihiaues the: coordinate
reconstruction. A multi-wire proportional chamber mainiged for triggering [30] is situated
inside the CJC1. These detectors are arranged concentigealind the interaction region in a
solenoidal magnetic field of strengthi6 T. The trajectories of charged particles are measured
with a transverse momentum resolutionodpr)/pr ~ 0.2% pr / GeV & 0.015. In each event
the tracks are used in a common fit procedure to determinegtivderaction vertex. The mea-
surement of the specific energy loss dE/dx of charged pestiadl this detector is known with a
resolution of 6.3% for a minimum ionising track [31].

The tracking detectors are surrounded by a Liquid Argonraaleter (LAr) which measures
the positions and energies of particles, including thahef<cattered positron, over the polar
angle rangel® < 6 < 154°. The calorimeter consists of an electromagnetic sectidh kwad
absorbers and a hadronic section with steel absorbers.rngrgyeresolution for electrons in the
electromagnetic section, as measured in beam testshiy £ = 11.5% /v E [GeV] ©1% [32].

In the backward regioni$3° < 6 < 178°), particle energies are measured by a lead-scintillating
fibre calorimeter (SpacCal) [33]

The DIS events studied in this paper are triggered by a cotrgyaergy deposition in the
electromagnetic section of the SpaCal calorimeter. chasnber

The luminosity is determined from the rate of the elastic QE&npton processp — evyp,
with the electron detected in the SpaCal calorimeter, andatfesof DIS events measured in the
SpaCal calorimeter [34].

3.2 Sdection of DIS Events

The data used in this analysis correspond to an integratathasity of 109 pb~! and were
taken by H1 in the years 2006 and 2007 when protons with aygieéf20 GeV collided with
electrong with an energy o27.6 GeV producing a centre-of-mass energy6f = 319 GeV.

The selection of DIS events is based on the identificatiorhefdcattered electron as a
compact calorimetric deposit in the electromagnetic sactif the SpaCal calorimeter in the
polar angular rang&b3° < 0. < 173°, with energy greater thahl GeV.

At fixed centre-of-mass energigss the kinematics of the scattering process are described
using the Lorentz invariant variablé®, y andz. These variables can be expressed as a function
of the scattered electron energy and its scattering angk in the laboratory frame:

2The this paper "electron” is used to denote both electrodspasitrons
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0, E! 0, 2
Q* = 4E,F! cos? (5) , y=1- Ee sin? (§> ., T = % Q)

The negative four-momentum transfer squai@dand the inelasticity are required to lie in
the range§ < Q?> < 100 GeV? and0.1 < y < 0.6. Background from photo-production events
(Q* =~ 0GeV?) in which the electron escapes undetected down the beamapiph@ hadron
fakes the electron signature, is suppressed by the regeirethat the differenc&(E — p.)
between the total energy and the longitudinal momentum io@sh the rangs85 < X(E —

p.) < 70GeV, where the sum includes all measured hadronic final siatécles [35] and
the scattered electron candidate. Theoordinate of the event vertex, reconstructed using the
tracking detectors, has to be withirB5 cm of the mean position fafp interactions.

Primary-vertex-fitted charged-particles are selectediraw that the candidates have a min-
imal radial length of 10 cm and the radial distance from theeinmost hit associated with the
track to the beam line has to be less than 30 cm. All selectdatles have to be in the kine-
matic region defined by a transverse momentum greater tharVsV and the absolute value
of their pseudorapidity less thars.

3.3 Selection of K? Mesons

The K? mesons are measured by the kinematic reconstruction oédayds? — 7*7~. The
analysis is based on charged particles measured by the CTDawitinimum transverse mo-
mentumpr > 0.12GeV. TheK? mesons are identified by fitting pairs of oppositely charged
tracks in the(z, y) plane to their secondary decay vertices, with the directibflight of the
mother particle constrained to the primary event vertex.dates are required to have a mini-
mum radial decay length @ cm, a minimum transverse momentym of more tharb00 MeV

and to lie in the pseudorapidity rangg < 1.3. The phase space of the analysis is summarised
in table 1. The contamination from decays is suppressed by rejecting candidates having an
invariant mass\/ (wp) > 1.125 GeV where the proton hypothesis is assigned to the secondary
particle with the larger transverse momentum. The contatian from gamma conversions is
suppressed by requiring that the invariant mass, computddrithe assumption that the tracks
correspond to an electron—positron pair, is bigger than ¥/M

DIS kinematics
7 < Q? < 100 GeV?
0.1 <y<0.6
Hadron kinematics
0.5 < pr < 3.5 GeV
—-13<n<13

Table 1: Analysis phase space
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The number ofK? mesons is obtained by fitting the invariant mass spectrativéisum of
a signal and background function. For the signal functianttbtudent function is used while
the background distribution is parameterised as

BKQ(M) = P (M _ QmT)p1€p2M+p3M2+p4M3’ (2)
(3)
Here,M denotes thet 7~ invariant mass, andvr corresponds to the the minimum transverse

mass defined asp = \/mi + (pih,n)?- For the differential distribution the fit is performed
in each kinematic bin.

The invariant mass spectruid (7*7~) of all candidates passing the selection criteria are
shown in figure 2 together with the result from the fits. In tatpproximately290000 K?
mesons are reconstructed in the phase space given in tableelfitted K° mass agrees with
the world average [36].

4 Cross Sections Deter mination and Systematic Errors

The total inclusive Born-level cross sectiof;, in the kinematic region defined in table 1 is
given by the following expression:

B N
T L€ BR-(1+0,0a)

ovis(ep — e K2 X) 4)
where N represents the observed numberiof mesons andC and ¢ denote the integrated
luminosity and the efficiency, respectively. The branchiatios BR(K? — =7 ~) is taken
from [36]. The radiative correctiond + ¢,.4) needed to correct the measured cross section to
the Born level are calculated using the program HERACLES.[BE number ofK? mesons is
determined by fitting the mass distribution as explainecketion 3.3. In the case of differential
distributions the same formula is applied for each analysis

The efficiency is given bye = €,..- €4, Wheree,.. is the reconstruction efficiency arg;,
is the trigger efficiency. The reconstruction efficiencyluaes the geometric acceptance and
the efficiency for track and secondary vertex reconstruactlbis estimated using CDM Monte
Carlo event samples. The trigger efficiency is extracted ftbendata using monitor triggers
and is above 99%.

The systematic uncertainties were studied by changingarMbnte Carlo the value of the
variables presented below, repeating the analysis proeethd comparing the results to the
standard analysis. For the cross section the total unogrtaias calculated adding the different
contributions in quadrature, while for the ratios the utaities on the energy scale and angle
resolution of the scattered electron, as well as on the lasiiy, cancel; the other sources are
assumed uncorrelated and added in quadrature. For differelistributions the systematic
uncertailies are determined in each analysis bin sepgrdteé following sources of systematic
uncertainties were considered:
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¢ the uncertainty on the energy scale of the SpaCal calorif@tecattered electrons,
¢ the uncertainty of the measurement of the polar angle of¢atered electron,

¢ the uncertainty on the trigger efficiency,

¢ the uncertainty on the reconstruction efficiency,

¢ the uncertainty in the signal extraction due to the two déffe decay topologies,

e the uncertainty on the extraction of the signal,

e The uncertainty in the correction factor arising from usghifferent Monte Carlo models
in the correction procedure, taken as half of the differdmetgveen the correction factors
obtained with RAPGAP and DJANGO, respectively,

e the uncertainty on the branching rati@%% [36]) and

¢ the uncertainty in the luminosity measurement.

5 Reaultsand Discussion

5.1 Inclusive Cross Sections

The visible inclusive production cross sectiengs are measured in the kinematic region defined
by 7 < Q% < 100 GeV? and0.1 < y < 0.6 for the event kinematics; and for the kinematics of
the neutral strange hadronsg;(K?, A) > 500 MeV, |n(K?, A)| < 1.3. A cross sections of:

ovis(ep — eK°X) = 10.66 + 0.02(stat) 7039 (syst) nb (5)

is obtained. Using a strangeness suppression factar ef 0.286 the models RAPGAP and
DJANGOH predict cross sections .93 nb and.88 nb, respectively, in reasonable agreement
with the measurement.

5.2 Differential cross sections

Differential KV cross sections are shown in figure 3 as a function the photarality, Q*, and
as a function of thek? kinematic variables in the laboratory frame; andn along with the
predictions of RAPGAP and DJANGOH for)a values 0f0.286. The cross sections fall rapidly
as@? andpr grow. The figure also includes the ratios of predicted to mescross sections
for a better shape comparison. Apart from small normalisediifferences the models describe
the shapes of the measured cross sections as a functi@haridr but predict a significantly
softer spectrum ip; than observed in data.



202

203

204

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

5.3 Ratio of K? Production to Charged Particle Production

By normalising thek? production cross section to the cross section of chargeitigaproduc-
tion many model dependent uncertainties, like the crossosedependence on proton PDFs,
cancel thus enhancing the sensitivity to details of therfragtation process. In FigufZ? the
ratio of K production to the cross section charged particle procdndti shown as a function
of n, andpy in comparison to the expectations from DJANGOH using thiéerént values of

As ranging from0.220 to 0.35. The ration inn is well described by the model in shape and a
high sensitivity on\; is observed in the absolute value of this ratio. Howeverstrape irpr is

not described. A better understanding of the concurrentgsses of<® production is needed
prior to the extraction of the strangeness suppressioonifact

6 Conclusions

This paper presents a study of inclusi&€ production in DIS at lowQ* measured with the
H1 detector at HERA. The kinematic range of the analysis isoilee phase space regién<

Q? < 100GeV?, and0.1 < y < 0.6. The K? production cross section are measured as a
function of the DIS kinematic variabl®? and of K¥ production variables in the laboratory. In
addition results on the ratio df? production cross section to the charged particle crossmsect
are presented.

The measurements are compared to model predictions of D@ ®ased on the colour-
dipol model (CDM)and RAPGAP based on DGLAP matrix elementuaktions supplemented
parton showers (MEPS). Within the uncertainties both mogdedvide a reasonable description
of the data except for the differential cross sectiopinwhere the models predict significantly
softer spectra than measured. The sensitivity of the ratfdii® to charged particle production
cross sections on the strangeness suppression fadsdemonstrated, however, a better under-
standing of the concurrent processed@f production is mandatory prior to the determination
of \.
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Figure 3: Differential KV production cross sections as a function of (a) the photduality
squaredy?, (b) the transverse momentumy;, of the A baryon and (c) its pseudorapidityin
comparison to RAPGAP (MEPS) and DJANGOH (CDM). The inner éguérror bars show
the statistical (total) errors. The ratios “MC/Data” are wiofor the different Monte Carlo
predictions. For comparison, the data points are put to one.
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Figure 4: Ratio ofK? to charged particle production as a function of aand (b)pr, in
comparison to DJANGOH (CDM) for three different vaues\gf The inner (outer) error bars
show the statistical (total) errors. The ratios “MC/Datag ahown for the different Monte Carlo
predictions. For the ratios the data points are put at onedorparison.
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