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Abstract

The production ofA baryons is studied using deep-inelastic events measured with the
H1 detector at HERA. The measurements are made in the phase space betine nega-
tive four-momentum transferred squared of the photds, < Q? < 20000 GeV?, and the
inelasticity0.2 < y < 0.6. Differential A(A) production cross sections and their ratios are
measured. Differentiak + A yields per event are determined. The- A asymmetry is
measured and found to be consistent with zero. Predictions of leadieg Mahte Carlo

programs are compared to data.
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1 Introduction

The measurement of strange particle production in highggneollisions provides valuable
information for understanding Quantum Chromodynamics (Q@@he perturbative and non-
perturbative regime. The production &f°, A(A) has been studied at different colliders with
complementary characteristics;drie~ annihilation at LEP [1-4], imp 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-inelastip scattering (DIS) at HERA the four different processes
depicted in figure 1 contribute to strange hadron productitrange quarks may be created

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

in the hard sub-process of the 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 hadrtigare 1c). In these production
mechanisms hard scales are involved allowing for the agpility of perturbative QCD. The
dominant source for strange hadron production, howevehe<reation of as pairs in the
non-perturbative fragmentation process (figure 1d). Whilange mesons are created by all
four processes strange baryon production receives oty dontributions from the decays of
heavy flavoured hadrons.

Sinces quarks are heavy compareddaandd 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 eelathon-strange hadrons. In the mod-
elling of the fragmentation process this suppression iegaly controlled by the strangeness
suppression factok,. Especially, the ratio of¢? to charged particles should strongly depend
on this quark mass effect.

Apart from the differences ik and A production observed in decays of charm and beauty
hadrons the production rate of strange baryons is expecteel $mall relative to strange mesons
as a consequence of the fragmentation process. Even sfdhark is directly produced in the
hard sub-process, i.e. by the QPM or BGF process, the creatia strange baryon is expected
to be suppressed because a di-quark system from the vacungedsd to form the baryon.

In ep scattering the initial state has a baryon quantum numbBr-ef1. The study of baryon
production may therefore provide information about thecpss of baryon number transfer. In
particular, data on th&a — A production asymmetry may help understanding this mechanis
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This paper presents a measuremenf\adnd A production in DIS at high values of the
negative four momentum transferred squaret, < Q? < 20000 GeV?, in the range of lepton
inelasticity0.2 < y < 0.6. The results are based on a data sample corresponding ttegreited
luminosity of340 pb~! collected with the H1 detector at HERA at a centre-of-massgnof
319 GeV in the year2004 to 2007. The analysis is performed in a different kinematic range
than covered in previous H1 publications [9, 10, 13]. Resaife presented for differential cross
sections of\, thenA yields normalized to DIS, and the- A asymmetry. The measurements are
shown as a function of various observables characterisiadiS kinematics and the strange
particles production dynamics, both in the laboratory feaamd in the Breit frame [19]. The
results are compared with predictions obtained from leqdirder Monte Carlo calculations,
based on matrix elements with parton shower simulation. réleof the parton evolution and
the strangeness suppression/oproduction is investigated.

2 Monte Carlo Simulation

Deep-inelastiep scattering is modelled using the DJANGH [20] and the RAPG2H pro-
grams, which generate hard partonic processes at the Beehdé leading order iny, (e.g.
vyxq— q,7*q— qg 7y *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 {6 = n2 = Q*. Two different approaches are used for the simulation of
higher order QCD effects: in RAPGAP the parton shower apgrdMtEPS) is implemented in
which the parton emission is ordered in transverse momeikytnaccording 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 P, are the probabilities for
creating strangesj or light (; = w or d) quarks in the non-perturbative fragmentation pro-
cess. The most relevant parameters for describing the bamsauction are the di-quark sup-
pression factor\,, = P, /F,; i.e., the probability of producing a light di-quark paijtgg
from the vacuum with respect to a light pair, and the strange diquark suppression factor
Asq = (Psq/ Pyq)/(Ps/ P,), which models the relative production of strange di-quaaks The
values tuned to hadron production measurements én-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 &oocted and analysed using
the same programs as for the data.
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3 Experimental Procedure

3.1 The H1 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
Cartesian coordinate system with the origin at the nomipaihteraction 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 g

Charged particles are measured in the Central Tracking etg€eTD) 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, camgréed by a silicon vertex detec-
tor (CST) [29]. The CJCs are separated by a drift chamber whigitaues thez 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 strengthl6 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 determinepth@eraction vertex. The mea-
surement of the specific energy loss dE/dx of charged pestial this detector is known with a
resolution of 6.3% for a minimum ionising track [31].

The tracking detectors are surrounded by a Liquid Argonrgaleter (LAr) which measures
the positions and energies of particles, including thahef<cattered positron, over the polar
angle rangel® < 0 < 154°. The calorimeter consists of an electromagnetic sectigh lead
absorbers and a hadronic section with steel absorbers.rngrgyeresolution for electrons in the
electromagnetic section, as measured in beam testEiy E = 11.5%/VE [GeV] ®1% [32].

In the backward regioni63° < 6 < 178°), particle energies are measured by a lead-scintillating
fibre calorimeter (SpaCal) [33]

The DIS events studied in this paper are triggered by a cotrgreargy deposition in the
electromagnetic section of the LAr calorimeter and a sidgrah the multi-wire proportional
chambers.

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

3.2 Selection of DIS Events

The data used in this analysis correspond to an integrateidisity of340 pb~! and were taken
by H1 in the years from 2004 to 2007 when protons with an enef@20 GeV collided with
electrons with an energy o27.6 GeV producing a centre-of-mass energy6f = 319 GeV.

1The this paper "electron” is used to denote both electrodspasitrons

3
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DIS kinematics
145 < Q? < 20000 GeV?
02<y<0.6
Hadron kinematics
pr > 0.3 GeV
—15<n<15

Table 1: Analysis phase space

The selection of DIS events is based on the identificatiorhefdcattered electron as a
compact calorimetric deposit in the electromagnetic seatif the LAr calorimeter in the polar
angular range0° < 6, < 150°, with energy greater thanl GeV and associated with a charged
track in the CTD.

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 angt in the laboratory frame:

0 E! 0 Q?
2 12 (Y o Be o Ve _ &
Q* =4E.FE; cos (2>, y=1 E sin (2>, x s Q)

The negative four-momentum transfer squagdand the inelasticity are required to lie
in the ranged 45 < Q? < 20000 GeV? and0.2 < y < 0.6. Background from photo-production
events Q2 ~ 0GeV?) in which the electron escapes undetected down the beamapipe&
hadron fakes the electron signature, is suppressed bydheeenent that the difference(F —
p.) between the total energy and the longitudinal momentum treist the rang&s < (£ —
p.) < 70GeV, where the sum includes all measured hadronic final gatécles [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.

3.3 Selection ofA Baryons

TheA baryons’ are measured by the kinematic reconstruction of its décay pr—. The anal-
ysis is based on charged particles measured by the CTD withiawonin transverse momentum
pr > 0.12GeV. TheA baryons are identified by fitting pairs of oppositely chargradks in the
(z,y) plane to their secondary decay vertices, with the direatiiditight of the mother particle
constrained to the primary event vertex. Candidates ararezjto have a minimum radial de-
cay length of2 cm, a minimum transverse momentysm of more than300 MeV and to lie in
the pseudorapidity rande| < 1.5. The phase space of the analysis is summarised in table 1.

For the reconstruction of candidates the track with the higher momentum is assumegl to b
the proton and the other track is assumed to be the pion. éranthre, the observed energy loss,

2Unless otherwise noted, charge conjugate states are almalisd.
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dE /dz, of the proton candidates ihdecays have to have a likelihood of being a proton of more
than0.003. The distinction between andA baryon candidates is made by the electrical charge
of the decay proton (antiproton) candidate. The contartndtom K decays in the\sample

is suppressed by a rejection of the corresponding invarizags region:475 < M(nm) <

530 MeV for the A selection. The contamination from gamma conversions iprEgsed by
requiring that the invariant mass, computed under the agBomthat the tracks correspond to
an electron—positron pair, is bigger than 50 MeV.

The number ofA baryons is obtained by fitting the invariant mass spectrh thié sum of
a signal and background function. For the signal fuctionensd t-student function is used
while the background distributions are parameterised as

BA(M) = po (p1 + p2(M —myp) + ps(M — mA)Q)(M — (my + mg))P. (2

Here, M denotes ther invariant mass, anech,, m, andm, are the nominal masses of the
A, the proton and the pion [36]. For the differential disttiba the fit is performed in each
kinematic bin.

The invariant mass spectrud (pm) of all candidates passing the selection criteria are
shown in figure 2 together with the result from the fits. In kapproximately7000 A(A)
baryons are reconstructed in the phase space given in tableelfittedA mass agrees with the

world average [36].

4 Cross Sections Determination and Systematic Errors

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

Uvis(ep - eAX) - L-¢e-BR- (1 + 57’ad> ’ (3)

whereN represents the observed numbenAgbaryons.L ande denote the integrated luminos-

ity and the efficiency, respectively. The branching rati? for A decays are taken from [36].
The radiative correctionél + J,.,4) needed to correct the measured cross section to the Born
level are calculated using the program HERACLES [37]. The Ineinof A(A) particles is de-
termined by fitting the mass distribution as explained irtisac3.3. 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 ard;,
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 proeeeghd comparing the results to the

5
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standard analysis. For the cross section the total unogrtaias calculated adding the different
contributions in quadrature, while for the ratios the utaieties 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:

¢ the uncertainty on the energy scale of the LAr calorimetestmttered electrons,
¢ the uncertainty of the measurement of the polar angle of¢htteyed electron,

¢ the uncertainty on the trigger efficiency,

¢ the uncertainty on the reconstruction efficiency,

e the uncertainty due théF /dz requirement on the proton candidate,

e the uncertainty in the signal extraction due to the two défe topologies).2%.

¢ the uncertainty on the extraction of the signal,

e The uncertainty in the correction factor arising from usgifferent Monte Carlo models
in the correction procedure, taken as half of the dffereretevben correcting RAPGAP
or DJANGO,

¢ the uncertainty on the branching rati® % [36]) and

¢ the uncertainty in the luminosity measurement.

5 Results and Discussion

5.1 Inclusive Cross Sections

The visible inclusive production cross sectieng are measured in the kinematic region defined
by 145 < Q% < 20000 GeV? and0.2 < y < 0.6 for the event kinematics; and for the kinematics
of the neutral strange hadrons;(A(A)) > 300 MeV, |n(A(A))| < 1.5. The cross sections are
measured to be:

ouis(ep — e[A + AJX) = 144.7 4+ 4.7(stat) 23 (syst) pb,
Ouis(ep — eAX) = 72.6 & 3.3(stat)"4%(syst) pb,
ouis(ep — eAX) = 72.9 4 4.0(stat)12(syst) pb

The cross section predictions far+ A production from the MEPS and CDM models are
shown in Table 2 for two values of the strangeness suppregsicameten, . The measured
inclusive A + A cross section is close to the CDM prediction wikth= 0.22 and to the MEPS
prediction with\, = 0.286.
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A = 0.220 | A\, = 0.286
ovis(ep — e[A +A]X) CDM | 136 pb 161 pb
ovis(ep — e[A + A]X) MEPS| 120 pb 144 pb

Table 2: Monte Carlo predictions for different settings a gtrangeness suppresion factgr

5.2 Differential cross sections

Differential A + A cross sections are presented as a function of the kinenwftidS and of
the strange particles, both in the laboratory and in thetBrame of references. The results in
the Breit frame are presented separately for the currentaget hemispheres.

The measurement of the differential cross section as aitimof the kinematic variables
of DIS, @? and z, as well as the kinematic variables of the neutral strangidms in the
laboratory framep, andn, are shown in Figure 3 along with the predictions of the MER& a
CDM models for), values 0f0.220 and0.286. The cross sections fall rapidly &, = andp;
grow. The models follow the general behaviour of data, butesdifferences are seen.

In the Breit frame of reference the virtual space-like mohtesmsferred in the interaction
has no energy. The direction ¢f, where@? = —¢,q", defines the negative-axis, with the
proton moving in the positive direction. The transverse momentum in the Breit frame is
computed with respect to this axis. Particles with a positicomponent of their momenta,
as expected from those particles produced close to the rpretmnant, are assigned to the
target hemisphere; while those having negatie®@mponent of their momenta, as expected for
particles close to the direction of the struck quark in the@guark-parton model, are assigned
to the current hemisphere. In the figures these hemispheeedemoted by BFT and BFC,
respectively.

It is expected that the production of particles in the curteemisphere resembles that of
ete” collisions. In analogy with the fragmentation variable iuséhose cases, fap collisions
it is customary to define®" = 2|pB¥|/Q wherep?! is the three momentum of the strange
particle in the Breit frame. The variable$™™ and 2P are obvious generalisations to take
into account if the particle is assigned to the target orenirhemisphere respectively.

The measured differential + A production cross sections in the Breit frame are shown in
Figure 4. The cross sections fall rapidly in all cases. Theylegger in the current than in the
target hemisphere, which is opposite to the behaviour ebseat lower values af)? [13]. This
is expected due the kinematical effects at higthwhich push the target region more forward
while the current region starts to fill the CJC.

5.3 A Production to DIS Cross Section Ratio

By normalising the particle production cross section toEH8 cross section many model de-
pendent uncertainties, like the cross section dependanpeoton PDFs, cancel thus enhancing

7
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the sensitivity on details of the fragmentation procesgrigure 5 the ratio ofA production to
DIS cross section is shown as a function(®f, andzx in comparison to the expectations from
RAPGAP and DJANGOH both using, = 0.286 and ), = 0.220. The DJANGOH prediction
with A\, = 0.286 yields the worst description of the data by overshoots thigmfecantly inde-
pendent of)? andz. For the same strangeness suppression factor also RAP®@ARtyield
ratios larger than observed in data 19 < 200 GeV?. The best description is provided by
DJANGHO using\; = 0.220.

5.4 A—A Asymmetries

The A— A asymmetry is defined as:

Ovis(ep — eAX) — o,s(ep — eAX) @
Tvis(ep — eAX) + oyis(ep — eAX)

This observable could shed light on the mechanism of baryoner transfer irep scattering.
A significant positive asymmetry would be an indication floe tboaryon number transfer from
the proton to the\ baryon. If present such an effect should be more pronoumcieipositive;
region in the laboratory frame and in the target hemisphetke Breit frame. For the kinemaic
region defined in table 1 the asymmetry is measured to be

Ap =

Ap = 0.002 4 0.022 (stat.) & 0.018 (syst.).

In figure 6 and 74, is shown as a function of the variables measured in the |aygrérame
and the Breit frame, respectively. Also when studying thgnametry as a function of these
variables the data data do not show any evidence for a nashiag asymmetry in the phase
space region investigated.

6 Conclusions

This paper presents a study of inclusiveproduction in DIS at high)?> measured with the H1
detector at HERA. The kinematic range of the analysis cotterphase space regida5 <

Q? < 20000GeV?, and0.2 < y < 0.6. The A production cross section are measured as a
function of the DIS variable§)? andz and of A production variables in the laboratory and in
the Breit frames of reference. The measurements in the Bagite are presented separately for
the target and current hemispheres. In addition resultb®n production to DIS cross section
ratio and the\ — A asymmetry are presented.

The measurements are been compared to model predictiondA®GOH, based on the
colour-dipol model (CDM)and RAPGAP based on DGLAP matrixnedat calculations sup-
plemented parton showers (MEPS). Two different values efsthangeness suppression factor
s (0.220 and 0.286) are used for both models. The measurddevisicross section is found
to be described best by the CDM using = 0.220 and the MEPS model using, = 0.286.
When investigating thé production to DIS cross section ratio the best agreemenisemwed
for the CDM with \, = 0.220. TheA — A asymmetry is found to be consistent with zero.

8
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