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Abstract

The ratios of yields of anti-baryons to baryons probes thehapisms of baryon-number transport.
Results forp/p, A/A, = /=~ andQ " /Q~ in pp collisions at/s= 0.9, 276 and 7 TeV, measured
with the ALICE detector at the LHC, are reported. Within tixperimental uncertainties and ranges
covered by our measurement, these ratios are independeapidity, transverse momentum and
multiplicity for all measured energies. The results are parad to expectations from event genera-
tors, such as PYTHIA and HIJING/B, that are used to model #réigle production in pp collisions.
The energy dependencefp, A/A, = /=~ andQ ' /Q-, reaching values compatible with unity
for \/s= 7 TeV, complement the earli@/p measurement of ALICE. These dependencies can be
described by exchanges with the Regge-trajectory intéwdep; ~ 0.5, which are suppressed with
increasing rapidity intervaky. Any significant contribution of an exchange not suppresgddrge
Ay (reached at LHC energies) is disfavoured.

*See Appendik’A for the list of collaboration members


http://arxiv.org/abs/1305.1562v2

Anti-baryon to baryon ratios in pp collisions @s=0.9, 2.76 and 7 TeV ALICE Collaboration

1 Introduction

Particle production at high transverse momentuwy) (s well described by processes involving hard
scattering between partons within the framework of pegtive Quantum Chromodynamics (pQCD)
[1]. In the low-pr region, though, where soft processes dominate, QCD irsmihenomenological
models are commonly used. Studying the production of thefigarticles, should thershed light on
the basic mechanisms responsible for particle productidhis regime.

In particular, the baryon production still lacks a compl&€D description. We do not have a clear
view of whether the baryon number of a hadron should be assativith its valence quarks (as naively
expected via analogy with the electric charge) or with itsogic field. The gauge-invariant state operator
representing the baryon in QCD can be interpreted as a coafign where the three (valence) quarks
are connected with three strings (gluons), meeting at oirg, pralled the string junctiori [2,]4]. In this
representation, the baryon number is associated with tienigl field of the baryon, namely with the
string junction itself: baryon—anti-baryon pair prodoctifrom vacuum occurs by string junction and
anti-string junction pair production accompanied by a cimvation of sea quarks and anti-quarks. This
should be the mechanism for anti-baryon production in batparyon collisions. The baryons, however,
may also contain one of the valence quarks, di-quarks ottimg unction (or a combination of the three)
of the incoming baryon(s). If any of these constituents ugal@ significant diffusion over large rapidity
intervals, the spectrum of baryons can differ from the gpectof anti-baryons at mid-rapidity. These
problems have been debated in various theoretical papessriee timel[[2, 3,14,15,6] 7] 8].

In Regge field theory [9], the probability of finding the sgijunction of the beam baryon at relatively
large rapidity distancAy is given by exp(a; — 1) Ay] [2], whereAy = ypeam— Y, @ndypeam= In (1/S/mg),

is the rapidity of the incoming baryory,is the rapidity of the string junction ana is the intercept of
string-junction trajectory. Since the string junction ia@-perturbative QCD obiject, it is not possible,
at present, to determine theoretically its intercept Depending on the value of the string-junction in-
tercept, one expects a difference in the spectra of anfienarand baryons at mid-rapidity. In particular,
if ay= 1, as proposed in [5], then even at very hifghvalues, one would expect a rapidity indepen-
dent distribution of the incoming baryon string junctionowkver, ifa; ~ 0.5 as considered in[2], the
string-junction transport will approach zero with incriegsAy.

Another source of the difference between the spectra ofcfeatand anti-particles are Reggeon ex-
changes with negative C-parity/[9]. One of the well known &egoles is theo reggeon with intercept

ay, =~ 0.5. Thew-reggeon exchange is also considered to be the main southe difference between
particle and anti-particle interaction total cross se®ifor low energy interactions. Sinecg, < 1, its
contribution at mid-rapidity decreases with increasiniision energy. However, if there exists a Regge
pole with negative sighature arm~ 1, it may also be a source of a difference between particle and
anti-particle yields in the central region. In this casethbthe inclusive cross sections of particles and
anti-particles and the interaction cross sections at asytinglly high collision energies may be different.

One can gather information about the contribution of vaiouechanisms of baryon production from
the spectra of baryons and anti-baryons in proton—protdisioms. In particular, one of the most direct
ways to find constraints on different baryon production na@étms is to measure the ratio of spectra of
anti-baryons and baryor/B with various (valence) quark content e.g./p,charged= andQ and at
different collision energies. For instance, by increadimg strangeness of the observable, one reduces
the contribution of the process related to the stopping ém@int constituents of beam particle. This
would have a consequence®fB ratio being closer to unity for higher strangeness.

The first results from the ALICE collaboration for tipép ratio in pp collisions at/s= 0.9 and 7 TeV,
reporting the measured ratio of the yields of anti-protanprbtons at mid-rapidity as compatible with
unity at\/s= 7 TeV, have set stringent limits on the mechanisms of baryoduyztion at LHC energies
[16]. In this article we complement these studies in pp sigiis, by reporting the production ratio of
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p/p at\/s=2.76 TeV and of baryons containing strange quaki4\, §+/E‘ and§+/Q‘ at/s=0.9,
2.76 and 7 TeV. The results are presented as a function of ttielparrapidity defined ag= 0.5In[(E +
pz)/(E — p;)] and transverse momentum definedpas= ,/p2 + p§ We also present the rapidity and

transverse momentum integrated ratios as a function of thiépticity (the definition of multiplicity
will be given in Sectiof6). ALICE results at mid-rapidityeacompared with lower energy data and with
LHCb data at forward rapidities.

2 Experimental setup

ALICE [10], the dedicated heavy-ion experiment at the LHGswlesigned to cope with the high
charged-particle densities measured in central Pb—Plsiook [11]. ALICE also provides excellent

performance for proton—proton interactiohs![12]. The expent consists of a large number of detector
subsystems [10] inside a solenoidal magnet (0.5 T). Thelssystems are optimised to provide high-
momentum resolution as well as excellent particle idemtiion (PID) over a broad range in momentum.

Collisions take place at the centre of the ALICE detectasida a beryllium vacuum beam pipe (3 cm
in radius and 80Qum thick). The tracking system in the ALICE central barrel em/the full azimuthal
range in the pseudorapidity winddw| < 0.9. For more details on the ALICE experimental setup, see
[10Q]. The following detector subsystems were used in thayesis:

— The Inner Tracking System (ITS) [13], the innermost deteof ALICE, consisting of six layers
of silicon detectors. The two layers closest to the beam @ipenade of Silicon Pixel Detectors
(SPD) and are used for the determination of the primary xex$ewell as for track reconstruction.
The next two layers are made of Silicon Drift Detectors (SCDIjowed by two layers of double-
sided Silicon Strip Detectors (SSD). Both detectors cbuaté to the tracking while providing
particle identification for lowpr particles. The ITS covers the rangg < 0.9.

— The Time Projection Chamber (TPC) [14] is the main trackdetector of the central barrel, pro-
viding, together with the other central-barrel detectohgrged-particle momentum measurements
with good two-track separation, particle identificationdavertex determination. The phase space
covered by the TPC in pseudorapidity|is| < 0.9 for tracks of full radial track length, whereas
for reduced track length (and reduced momentum resolytioniicceptance up to abdgt = 1.5
is accessible. The TPC covers the full azimuth, with the ptior of the dead zones between its
sectors (in about 10% of the azimuthal angle the detectasrissensitive).

— The VZERO detector [10], used in the trigger system, ctmsistwo arrays of 32 scintillators
each, placed around the beam pipe on both sides of the ititeraegion: one (VZERO-A) at
z= 3.3 m, covering B < n < 5.1, and the other (VZERO-C) at= 0.9 m, covering—3.7 < n <
—1.7. The time resolution of this detector is better than 1 ns.rdsponse is recorded in a time
window of 25 ns around the nominal beam crossing time.

3 Data analysis

3.1 Event sample and selection

Data recorded during the 2010 and 2011 LHC pp rung/st= 0.9, 2.76 and 7 TeV were used for

this analysis. The trigger required a hit in one of the VZER®@Drters or in the SPD detectdr [13], in

coincidence with the signals from two beam pick-up countang on each side of the interaction region,
indicating the presence of passing bunches.

The luminosity at the ALICE interaction point was restritieetween 0.6 and.2 x 10?° cm—2 s~ for
all the data used in this analysis. This ensures a collisiuyp rate of 4% or lower, in each bunch

3



Anti-baryon to baryon ratios in pp collisions @s=0.9, 2.76 and 7 TeV ALICE Collaboration

crossing. Beam-induced background was reduced to a naglilgivel « 0.1%) [15] with the help of
the timing information from the VZERO counters. In additidn order to minimise acceptance and
efficiency biases for tracks at the edge of the TPC detectitumve, events are selected by requiring that
the distance between the position of the primary vertex hedjeometrical centre of the apparatus along
the beam axiszposition) is less than 10 cm. The final number of analysedtevien each energy is
summarised in Tablg 1.

Table 1: Number of pp collisions before and after event selection.

NS 0.9TeV 2.76TeV 7TeV

All 11 M 58 M 230 M
Analyzed 6 M 40 M 180 M

3.2 Selection of protons

Protons and anti-protons are reconstructed and identifyetthd» TPC, which measures the ionisation
in the TPC gas and the patrticle trajectory with up to 159 speets. Several selection criteria were
imposed to ensure the quality of accepted tracks. The mimimumber of associated TPC clusters
(space points) per track was set to 80. In addition, feer TPC cluster of the momentum fit did
not exceed the value of 2 per degree of freedom. A key elenmfahiecanalysis was the reduction of
the contamination of the track sample from background (articles originating from the interaction
of a particle with the material) and secondary (i.e. protand anti-protons originating from the weak
decays of\ andA, respectively) particles. To reduce the contaminatiomfbmckground, selected tracks
were required to have at least two associated ITS clustenshéfmore, a track must have at least one
associated ITS cluster on either of the SPD layers. Fintdlyurther reduce the contamination from
background and secondary tracks, a cut on the distance s#stlapproach (DCA) of the track to the
primary vertex on they plane was set to.2 cm (of the order of the primary vertex resolutionxiand

y directions). The residual contamination is corrected byta-driven method described in Sectidn 4.
Figure[1 presents the DCA distributions for p gndith full and open circles respectively, for the lowest
(0.45 < pr < 0.55 GeVt — top plot) and highest (05 < pr < 1.05 GeVE — bottom plot) py bins
(intervals) used in this analysis. The distinct featurehef distribution of protons are long tails at large
values of DCA that come predominantly from background pistoThe effect is more pronounced for
low pr values. On the other hand, the corresponding distributi@mi-protons is background free, with
the main source of contamination being the weak decaly. of

Particle identification was achieved by correlating thdipl@ momenta as measured at the inner radius
of the TPC and the specific ionisationHfix) in the TPC gas [14]. ThekEfdx resolution of the TPC is
about 5%, depending on the number of TPC clusters and theitrelination angle. For this analysis,
(anti-)protons were selected by defining a band wittoan8dth with respect to the theoretical Bethe—
Bloch parametrisation, similar to the procedure followedi6].

The phase space used for (anti-)protons was limitey| ta 0.5 and 045 < pr < 1.05 GeVE. The lower
limit of the pr value is driven by the systematic uncertainties that wiltlbscribed later in this article,
while the upper limit is chosen based on the increased congdion from the identification procedure
due to the overlapping particle bands in the correlationvbeh the &/dx and the momentum. The
resulting contamination from other particle species is i region is negligible £ 0.1%), compatible
with the observation i [16].

3.3 Topological reconstruction ofA\, charged= and Q

Baryons and their anti-particles containing strange cquérk. /\, charged= andQ), the hyperons, are
reconstructed via their weak decay topologies in the clibdgeay channels as summarised in Table 2.
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Fig. 1: The DCA,y distributions for pp at/s= 2.76 TeV for the lowest (left) and highest (right} bins. Protons
(anti-protons) are shown with full (open) symbols.
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Fig. 2: Cosine of pointing angle distributions for s = 7 TeV in the lowest (left) and highest (right) bins. A
(A\) are shown with full (open) symbols.
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Table 2: The valence quark content, mass, decay length and the medtly daannel together with the branching
ratio for baryons containing a strange quark [17].

Particle  Mass (MeW?) Decay length (cm) Decay channel Branching ratio

A(uds) N—p+m 0
Ay 1115683+0.006 7.89 e 63.9%
=.(89) 9391714007 4.91 = AT 99.9%
='(dss) = A+t

Q(559) 167245+ 0.29 2.46 Q= ATKe 67.8%
Q' (s5%) 0" ALK

The measurement gk andA is based on the reconstruction of their decay vertexes wéitlibits a
characteristic V-shape, called VO, defined by the trajéesoof the decay products. The corresponding
measurement ot andQ is performed based on the cascade topology of the decayistingsof the
aforementioned V-shape structure of thalecay and a charged bachelor particle (ieand K for the
case of= andQ, respectively). The selection 6f = andQ is performed by applying criteria on both the
quality of the candidates and on the decay products (i.eddlighter candidates). These criteria, which
are analysis and energy dependent, are described belowaatba summarised in Talle 3.

For all three hyperons, the VO daughter candidates arereztjto have a minimum DCA to the primary
vertex, enhancing the probability that they are not primgayticles. In addition, a maximum DCA
between the daughter candidates at the point of the VO deaayeguired to ensure that they are products
of the same decay. To reduce the contamination from secprasha background strange baryons, a
minimum value of the cosine of the pointing angle is requirElde pointing angle is defined as an angle
between the momentum vector of the VO candidate and thenemtmecting the primary vertex and the
production vertex of the VO. Figufg 2 presents the relevasitidutions forA andA candidates for pp
collisions at,/s= 7 TeV, for two pr regions. These distributions at the highest measured gaeeglso
representative of those measured at lower collision eegrdi is seen that for low values pt, there is

a pronounced tail in the distribution &éf originating from background particles. Finally, VO caratiels
are required to have a transverse distance between therpramd the production vertex (VO transverse
decay radius) larger than a minimum value. All these cutmpatars are listed in Tah[é 3.

Additional selection criteria are applied for the multisstge baryons (i.e= andQ). In particular, the
bachelor track is required to have a minimum DCA value to tivaary vertex, increasing the probability
that it is not a primary particle. A similar cut is applied teetDCA value of the VO candidate relative
to the primary vertex. Furthermore, a maximum value for tl@ACbetween the VO candidate and the
bachelor track at the point of the cascade decay is alsoregfjuls in the case of the VO, to reduce the
contamination from background particles, a minimum cutlendosine of the pointing angle is applied.
The cascade candidates are selected if the transversecgigiatween the primary and the decay vertex
(cascade transverse decay radius) is larger than a mininalue.vAlso in this case, the cut parameters
are listed in TablEl3.

Particle identification of the daughter candidates helpsutastantially decrease the background, espe-
cially in the low pr — high |y| regions. Particles are identified using the energy lossaigrthe TPC.
The selection is done within ag3band around the expecteétix value for each particle type.

In addition, for the case of andQ, we have excluded candidates falling intd0 MeV/c? the mass
window of the K (in case ofA) or = (in case ofQ) nominal mass. The result is an improvement of the
S/B ratio by a factor ok1.5.

Finally, the phase space used for each of the analysed ksiysoammarised in Taklé 4. The lower limits
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Table 3: Selection criteria for thé, chargecE andQ candidates.

\/s=0.9 TeV \/S$=276 TeV \/S=7TeV
A = AN = Q A = Q
DCA of VO daughter track to pri- >0.05 > 0.01 >0.05 >0.02 >0.02 >0.05 >0.02 >0.02
mary vertex (cm)
DCA between VO daughter < 0.5 < 3.0 <15 <20 <04 <15 <20 <04
tracks (cm)
Cosine of VO pointing angle >09 >0.97 >095 >097 >0.97 >098 >097 >0.97
Minimum VO transverse decay = 0.2 =0.2 =02 =10 =10 =02 =10 =10
radius (cm)
DCA of bachelor track to pri- - > 0.01 - >0.03 >0.03 - >0.03 >0.03
mary vertex (cm)
DCA of VO in cascade to primary - > 0.001 - >0.05 >0.05 - >0.05 >0.05
vertex (cm)
DCA between VO and bachelor - <3.0 - <20 <05 - <20 <05
track (cm)
Cosine of cascade pointing angle - >0.85 - >0.97 >0.98 - >0.97 >0.98
Minimum cascade transverse de- - =0.2 - =0.04 =0.04 - =0.04 =0.04
cay radius (cm)
Table 4: Rapidity andprt ranges used for each baryon in this analysis.

V5 (TeV) p/p AJN ='/=" o'/
0.9 ly] <0.5 ly| <0.8 ly| <0.8 i

' 0.45< pr(GeV/c) < 1.05 0.5< pr(GeV/c)<4.0 0.5< pr(GeV/c)<3.5
276 ly] <0.5 ly| <0.8 ly| <0.8 ly| <0.8

' 0.45< pr(GeV/c) <1.05 0.5< pr(GeV/c) <45 0.5< pr(GeV/c)<4.5 1.0< pr(GeV/c)<4.5
7 ly| <0.5 ly| <0.8 ly| <0.8 ly] <0.8

0.45< pr(GeV/c) <1.05 0.5< pr(GeV/c) < 10.5

0.5< pr(GeV/c) < 5.5

1.0< pr(GeV/c) < 5.5

are chosen based on the low signal to background ratio, wiglepper values are driven by the limited

statistics.

The resulting invariant mass distributions foy = andQ candidates in pp collisions gts= 7 TeV are

presented in Fid.]3 in the top, middle and bottom plots, retsy. The raw patrticle yields are extracted
from these distributions divided in differept bins by subtracting the contribution of the background
(blue areas) from the peak regions (green areas), wheresigptal and background are located. Both

areas are defined by first fitting the peak region with a Gandsiaction and extracting the meap)(

and the width ¢). The sum of the signal and backgrour8H{B) is sampled in the region defined by
u += 4o [18], while the background is sampled on each side of the pegikbn using the areas that are

more than & [18] away from the Gaussian mean.

The background is estimated by either simultaneously dithoth sides with a polynomial function or by
simply counting the number of entries, the so-called “bitting” method. Both methods give similar
results, however the first method is used as the default dmeS/B is analysis angbr dependent and is

summarised in Tablg 5.
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Fig. 3: (Colour online) The invariant mass distributions fo(top), = (middle) andQ (bottom) in pp at/s=7 TeV.
Areas considered as signal and background (green) or pokgimaund (blue) are shown. The lines corresponds
to a polynomial fit to the background areas.
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Table 5: Signal to background ratio for different hyperons grdins.
pr (GeVic) 1.0-15 3.0-35 50-55

AN 8 15 12
= =F 4 6 6
Q-0 3 2 2

4 Corrections

The TPC[[14] is symmetric around mid-rapidity and has fulhazthal coverage, hence many detector
effects are the same for particles and anti-particles amsl ¢hncel out in the ratio. However, there are
mechanisms that affect the two particle types differentigl aeed to be accounted for by applying the
relevant corrections. These corrections are extracted &aletailed Monte Carlo simulation based on
the GEANT3 transport codé [19] and from data driven methdde effects considered in this analysis
are:

— the difference in the interactions of baryons and antydwas with the material of the detector,
resulting in larger absorption of the latter particle type,

— the inelastic cross sectionpfA and K —A interactions accounting for the wrong parametrisation
that GEANT3 employs [16],

— the difference in the elastic cross section for p—A @rd\, resulting in differences in the cut
efficiency,

— the contamination from background particles (mainly p Ahdriginating from the interaction of
other particles with the material,

— finally, the feed-down from secondary (anti-) baryons @@) originating from the weak decay
of aA(N).

Each one of these corrections is described separately foltbeing paragraphs.

4.1 Absorption correction

The inelastic p—A cross section is measured to be significalifferent than forp—A [20]. As a re-
sult, different fractions of p anf are absorbed when interacting with the detectors’ mateSenilar
assumption could be made for the hyperons, however, thesmonding cross section values have not
been measured experimentally. The absorption correctictors rely on the proper description of the
inelastic cross sections of p apdused as input by the transport model (GEANT3) and on therateu
description of the material budget in the simulation.

In [16] it was pointed out that GEANT3 uses an incorrect paisation of the inelastic cross section for
P—A interactions. In particular, GEANT3 overestimateséaRperimentally measured cross sections [20]
by a factor of two forp ~ 1 GeVEL, a value that represents the mgamomentum. This factor increases
for lower momentum values. Also in[16], it was reported tARRUKA [21] describes the data very well.
In addition, it was found that a small difference betweenitipait GEANT3 parametrisation and the
experimentally measured values exists also for the case efHnteractions. The latter is important if
one considers the decay mode of the

To account for these differences, a full detector Monte @sirhulation with FLUKA as a transport code
was used. This simulation was used to scale the absorptiogction extracted from GEANT3 to match
the correct (i.e. FLUKA) cross section parametrisatione Tétio of the detection efficiency calculated

9
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using GEANT3 as a transport codesfanTs) to the one using FLUKA4r uka) as a function of the
pr is presented in Figll4. The two curves represent the paresat@in of the ratio

f(pr) = 1— Ax exp(B x pT)+c+D><'”§1T’T), (1)

used to extrapolate the differences to higher valuegrof The solid line corresponds @ [n = 0.2
in Eq. (1)] while K~ [n=0.15 in Eq. [1)] is represented by the dashed line. It is seenfthéoth
hadrons the curves exhibit a significaitdependence, which is more pronounced for the cape ©he
resulting correction is of the order of 8% for the Iqw-region (atpr = 0.45 GeVk) for p, decreasing
with increasingpr. For the case of the K the corresponding correction is smaller 2% for pr >
0.4 GeVk)).
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Fig. 4: (Colour online) The ratio of the detection efficiency fb¢solid line) and K (dashed line) calculated from
GEANTS3 to the one calculated from FLUKA as a function of theltwan’s pr.

The amount of material in the central part of ALICE is cor@sging to about 10% of a radiation length
on average between the vertex and the active volume of the Ttf@s been studied with collision
data and adjusted in the simulation based on the analysisaddp conversions. The current simulation
reproduces the amount and spatial distribution of recootsd conversion points in great detail, with a
relative accuracy of a few percent.

The pt dependence of the correction due to absorption fop,pand charged kaons is presented in
Fig.[3. The aforementioned scaling for the correctionp aind K, is already applied. The resulting
correction factors vary frome 12% at lowr to =~ 6% at highpr for the case op, while for p it is~ 3%,
independently ofor. The corresponding values forKalso vary from~ 17% to~ 5%, depending on
pr. The difference in the absorption of the positive and negatiwas found to be negligible.

Similar corrections were also applied to the hyperons. Tueection factors are on the order sf1%.
Due to the lack of experimental values of the correspondietpstic cross sections we rely on the input
parametrisation of GEANTS3.

Finally, we also considered the absorption of the daughdadiciates for the hyperon decays, and in
particular the (anti-)proton daughter, while for the cabéhe [N /Q" ratio the absorption of the kaon
bachelor particle was also considered. This was done usagforementioned correction factors.

10
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Fig. 5: Absorption correction factors for protons, anti-protond @harged kaons

4.2 Correction for cut efficiency

In addition to the previous effect on baryons and anti-basyimduced by absorption, it was reported in
[16], that a relevant correction is needed to account fodifferences in the cut efficiencies between p
andp. The reason for the observed charge asymmetry is thatleartindergoing elastic scattering in
the inner detectors can still be reconstructed in the TPGHautorresponding ITS hits will in general

not be associated to the track if the scattering angle iglaris in turns results from the corresponding
differences in the elastic cross sections for p and

For the elastic cross section a limited set of experimentaftasured values is available. It was found that
GEANT3 cross sections are about 25% above FLUKA, the laggrgoagain closer to the measurements.
Hence, we used the FLUKA results to account for the diffeeenfop andp cross sections. The resulting
correction was estimated to be3.5% [16].

4.3 Correction for secondary and background particles

In order to distinguish between primary, secondary (i.eodpcts of the weak decay of particles) and
background (i.e. particles emitted from the interactiortbier particles with the material of the detec-
tors) particles, we employ a data driven method based orildisons where these three categories of
particles exhibit distinct differences.

Primary protons can be distinguished from secondary ankijoagnd particles using the DCA distribu-
tion. The same distribution can be used for the case foir which the contribution from background
particles (i.ep originating from the material) is negligible. Primary figles point to the primary vertex
in contrast to the majority of the background, which can maeed by applying a DCA cut (described
in the previous section). Secondary (anti-)protons pairthe primary vertex with a DCA distribution
that is wider than that of primaries. To account for the nesiccontamination from both sources, we
determine the shape of the DCA distributions from Monte €airnulations, adjusting the amount to the
data at large DCA values. The correction is calculated aptieapdifferentially as a function of and
pr, and varies between 9% for the lowest and less tha%0or the highespr bins for the background.
For the feed-down corrections, the relevant values are 269d2@% for the lowest and highegt bins,
respectively.

A similar procedure was applied for the case/ofind A, using the information of the cosine of the
pointing angle. These secondaries are mainly produceditmapr KE and charged kaons. The procedure
resulted in a correction that varies between 8% for the loaeg less than.8% for the highespr bins
for the background.

The contamination of th&* sample from background particles was found to be negligitl®.5%),
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based on Monte Carlo studies.

For the feed-down correction df from = decays, we rely on Monte Carlo simulations. The ratio
l'eed_down Of the reconstructeé candidates to the number of reconstructedandidates front decays
is

(N=-)mc
r = = 2
feed—down (NEH/\)MC ( )
Assuming that this ratio is the same in both Monte Carlo arid,dhe whole feed-down contribution to
the spectra is estimated by dividing the number of recoatsdE in data by the ratio extracted from

Monte Carlo.

(NE* )data.
I'feed-down

3)

( NE—>/\)data =

The overall fractions o and/A coming from the= decays for different/s are summarized in Tablé 6.
The uncertainty of thé\/A ratio resulting from the feed-down correction is based anmeasurement

of §+/E‘ ratio and is described in Sectibh 5.
Table 6: Feed-down fraction of\ from = decays

09TeV 2.76TeV 7TeV

AN 0.22 0.24 0.23
A 021 0.24 0.23

The contribution fromQ decays was found to be negligible. It should be noted thaesin(A) from
electromagneti&® (29) decays cannot be distinguished from the primary onesgdéatified/\ (A) also
include these contributions.

The feed-down contamination of tiesample from decay®@* — =* + n® considering the branching
ratio for this decay and th@/= ratio reported in[[18] is< 1% and thus negligible.

5 Systematic uncertainties

Although the dominant sources of systematic uncertaimiéisis analysis are due to the corrections em-
ployed, uncertainties in the analysis procedure also itaé. Uncertainties arising from the correction
procedures for elastic and inelastic cross-section pdreaton and for secondary particles produced in
the beam pipe and detector material have been found to besrely. We have identified and estimated
systematic uncertainties from the following sources:

— the amount of material of the central barrel;

— the experimental values of the elastic and inelastic @eson implemented in the transport code
(FLUKA);

— the applied corrections for background and secondariclest
— the track and topological selections;

— the hyperon signal extraction procedure.

These are discussed in more detail in the following and tred fincertainty estimates are present in
Tabled¥ and]8 for protons and hyperons, respectively.

12
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5.1 Systematic uncertainties due to material budget, inektic and elastic cross sections

The amount of material in the central part of the detectonm\kn, based on studies wighconversions,
with a precision of 7%[[16]. Dedicated simulations varyitg tmaterial budget by this amount were
used to determine the uncertainty from this source. Therptisn corrections were recomputed using
the output of these simulations and an uncertainty of 0.5 %feand in the final ratios, calculated as
half of the difference between the highest and the lowesiegabf each ratio.

In addition, the experiment@-A inelastic cross sections are measured with an accuypimatly better
than 5% [20]. We assign an uncertainty of 10% to the absartioss section calculated with FLUKA,
resulting into an uncertainty of 0.8% on the final measuréid.ra

The inelastic hyperon—A cross sections have not been neshsxperimentally, so absorption correc-
tions for pre-decay hyperons must rely on the cross sectoanpetrisation implemented in GEANTS.
Assuming that these have an uncertainty of 100%, we find @n ef10.5% on the\ /A ratio and 1% on
the="/=- andQ ' /Q".

By comparing GEANT3 and FLUKA with the experimentally megelielastic cross section, the corre-

sponding uncertainty opy/p ratio was estimated to be 0.8%, which corresponds to tferelifce between
the correction factors calculated with the two models.

5.2 Systematic uncertainties due to corrections for secoiadly and background particles

The uncertainty resulting from the subtraction of secopgaotons and from the feed-down corrections
was estimated to be 0.6% by using various functional forms$he background subtraction and for the
contributions of the weak decay products. The uncertaiesylting from the subtraction of secondary
N\ was estimated to be 0.4% by using various methods for thegbagkd subtraction. The feed-down
fractions of A and/ were estimated to be 0.2 (see Tabl€l6). The total uncertainties of the measured
=" /=" ratios were propagated int®/A systematic uncertainty using this fraction, resulting mus-
certainty of 1% at/s= 0.9 TeV and 0.4% for higher energies.

5.3 Systematic uncertainties due to track and topologicaledections

The systematic effects of the track quality criteria and tihy@logical selections used in the hyperon
reconstruction, the “tightness” of the PID cut, and randesdalitional cuts have been investigated. The
selections were varied one-by-one using reasonably |lcosgitighter values for each parameter. The
final systematic uncertainty was calculated as half of tifferéince between the highest and the lowest
values. The final estimated systematic error presented bie3@ and B is the quadratic sum of the
contributions from the variation of

the width of No area used for the particle identificatioft10);

the minimum number of TPC clusters 10 clusters);

the topological selections used in the reconstructiom@®MO0 and cascade vertexes;

the width of the mass window around Kr = nominal mass in case #f andQ (+2 MeV/c).

5.4 Systematic uncertainties due to signal extraction

Two methods for signal extraction have been presented iidBé€8. The final ratios differ by 0.4%
depending on the method used. This difference is due to themimation of the background using
different functions and is included here as a systematieaioity. The difference of the ratios due to
the change of the fit range and width of the considered sigeal lay+10 was found to be negligible.
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Table 7: Systematic uncertainty for tHg p measurement quoted for each source separately

Source p/p
Material budget 0.5%
Inelastic cross section 0.8%
Elastic cross section 0.8%
Selections 0.4%

Corrections Secondaries/Feed-down 0.6%

TOTAL 1.4%

Table 8: Systematic uncertainty for thie/A, =" = andQ " /Q~ measurement quoted for each source separately.
The uncertainties are shown for 0.9 TeV - 2.76 TeV - 7 TeV.

Source NN =)= Q'/Q
Material budget 0.5% 0.5% 0.5%
Inelastic cross sectionl_3 0.8% 0.8% 0.8%

Hyperon 0.5% 1.0% 1.0%
Selections 0.7%-0.1%-0.2% 4.2%-0.9%-0.7% 3.8%-1.7%
Signal extraction 0.3%-0.5%-0.3% 0.9%-0.4%-0.2% 1.7%9%0.
Corrections Secondaries 0.4% - -

Feed-down 1.0% -0.4% - 0.4% - -
TOTAL 1.7%-1.3%-1.3% 45%-1.7%-1.6% 4.4%-2.2%

6 Results

6.1 Rapidity and transverse momentum dependence

Anti-baryon to baryon spectra ratios were measured as déidinaf rapidity and transverse momentum.
We report results for the rapidity intervalg < 0.8 in the case of hyperons apd < 0.5 forp/p. The
available data were not statistically sufficient to detereniheQ /Q~ ratio at 0.9 TeV. For the same
reason, the ratios were integrated over rapidity@r/Q* at all remaining energies, fo_‘r*/E* at0.9
and 2.76 TeV and foA/A at 7 TeV forpr> 5.5 GeVt (i.e. rapidity dependence on FI[g. 9, bottom, is
for pr< 5.5 GeVE).

As can be seen in Figl] 6, there is no observed dependencehen gipidity or transverse momentum
in the measure@/p ratio at\/s= 2.76 TeV which is consistent with previous ALICE measuremeitts
v/S=0.9 and 7 TeV[[16]. The data are described reasonably well byHIXTPerugia2011, Tune 350)
[22]. On the other hand, HIJING/B][8] is showing a decreasatgp with increasingor (Fig.[8, left) and

a slightly larger rapidity dependence than supported byd#ie (Fig[6, right). Even though HIJING/B
is showing different trends witlpy and rapidity, compared to the data, the current uncerésirto not
allow for any final conclusion yet.

Figured7[B and]9 show the rapidity apg independence of th&/A ratios for all energies. The same
measurements are shown for fé /=" ratios in Figure§(11 arid]12 and for tﬁé/Q* ratios in
Figured 1B an@14. All hyperon measurements are descrilzedmably well by both PYTHIA (Peru-
gia2011) and HIJING/B.

6.2 Mid-rapidity ratios

The corrected anti-baryon to baryon spectra ratios, iategrover the ALICE acceptance, in pp at
V/s=0.9, 276 and 7 TeV are summarised in Table 9. Figuré 15 shows theumeebs/p, A/A,
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Fig. 6: (Colour online) Thep/p ratio at\/s= 2.76 TeV as a function opr (left) and rapidity (right). The data
points are compared with different Monte Carlo generatdrie vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repre the width of the rapidity oy bin. Ratio of model to
data is shown below using uncertainties added in quadrature

Table 9: Mid-rapidity anti-baryon to baryon yields ratios. The fitsicertainty corresponds to the statistic, the
second to the systematic one.

NG p/p AN =7z Q'/Q
0.9TeV  0.9540.006:0.014 0.963-0.006+0.017 0.938-0.028+0.045 -

2.76 TeV 0.97#£0.002£0.014 0.9720.002+0.013 0.982-0.008:0.017 0.964-0.05+-0.044
7 TeV 0.9910.005+0.014 0.982-0.0010.013 0.9920.006+0.016 0.9940.016£0.022

Table 10: Predictions for mid-rapidity anti-baryon to baryon yieldsios at,/s =7 TeV

p/p AN == Q70

Kopeliovich [5] 0.93
oa=1 .
QESMUL 5946 0945 0958  0.958
a;= 0.9

§+/E‘ and §+/Q‘ together with the same ratios extracted from PYTHIA (Pea@@ill) and HI-
JING/B. HIJING/B models the baryon number stopping medranvia string-junction transport; in
contast, PYTHIA employs a pure multi-parton interactiond®lo The models reproduce the data rea-
sonably well, although HIJING/B shows a steeper rise in #t@ras a function of beam energy for
p/p than the measured points. Within the uncertainties of ate,dve cannot observe an increase of
the ratio with the strangeness content, for the given enérgyall species (except the severely statistics
limited Q /Q7), the ratio increases with increasing beam energy, regakifues compatible with unity
for /s= 7 TeV, which sets a stringent limit on the amount of baryongpmrt over 9 units in rapidity.
The existence of a significant difference between the speétparyons and anti-baryons even at infinite
energy [5], is therefore excluded. Various theory prediwiusinga; ~ 1 are summarised in Takle]10.
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Fig. 7: (Colour online) The\ /A ratio aty/s= 0.9 TeV as a function opr (left) and rapidity (right). The data
points are compared with different Monte Carlo generatdrie vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repre the width of the rapidity oy bin. Ratio of model to
data is shown below using uncertainties added in quadrature

6.3 Parametrisation of energy and rapidity dependence of th ratio

Figure[16 summarises the available data measured at miityaf23] 24,[25,26] forp/p (top left),
A/A (top right), =" /=~ (bottom left), andd " /Q~ (bottom right) as a function ofseam

As discussed in Sectidnh 1, the behaviour of@i® ratio as a function of,eamandy provides information
on the mechanism responsible for baryon transport.

In pp collisions, baryons can be produced either from vacbyrbaryon—anti-baryon pair production,
or they can contain a quark, a di-quark or the string juncfmmna combination of the latter three) of
one of incoming protons. The probability of producing a learycontaining a valence quark or di-
quark decreases exponentially with decreasyigThe anti-baryons are, in contrast, produced from the
vacuum by baryon—anti-baryon pair production mechanidfible constituents of the incoming proton
do not contribute at large rapidity intervals from the beane would expect, at asymptotic energies, the
same yield of baryons and anti-baryons at mid-rapidity. d&ea favour this scenario. This fact is also
complementary and/or is in agreement with lower energy mx@ats, where a similax dependence
was observed for protons, neutrons awdnd for anti-protons and at low and intermediat&-values

(x< 0.5).

We note that thgy cut-off used in this measurement for identifying baryortsgher than the meapyr of
produced baryons. If a produced baryon contains a constifo@m incoming protons, soft processes
dominate its production and it likely haspg lower than the meapy. Suchpr’s are not in thepy range
of our measurement.

An approximation of thepeamandy dependencies of the ratio can be derived in the Regge madlel. |
this phenomenological approach, baryon-pair productiovesy high energy is governed by Pomeron
exchange. The asymmetry between baryons and anti-bargmnbecexpressed by the string-junction
transport and by an exchange with negative C-parity (@@xchange). Following Refd.|[6] and _[16],
we parametrise the rati®, as a function of as follows:
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Fig. 8: (Colour online) TheA/A ratio at\/s = 2.76 TeV as a function opr (left) and rapidity (right). The
data points are compared with different Monte Carlo gewesafThe vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repre¢ the width of the rapidity oy bin. Ratio of model to
data is shown below using uncertainties added in quadrature

_ 1+GCyx exp(ay— Op)Ypeamx COSh(a; — ap)y 4
1+ C; x exp(aj— ap)Ypeamx cosh(ay— ap)y’

whereap = 1.2 [27] is the Pomeron intercept amg is the string-junction intercept, assumed to be 0.5
[2] and equal to the intercept of secondary Reggeon€; K0, the Eq[¥% counts only the contribution
of string junction and/or for the case when in the anti-pnogpectrum the secondary Reggeons with
positive C-parity (e.g. f exchange) have the same contdbus the secondary Reggeons with negative
C-parity.

A fit to the datap/p ratio at mid-rapidity give€, = —C; =3.9+£0.3. For the fit, we are using all the
measurements withy > 3 i.e. the NA49 points are omitted, since in this region, dbation of other
diagrams cannot be neglectéd [6]. The fit is shown as a soléb lin Fig[Ib and gives a reasonable
description of the data for all baryon species. This meansggBon with negative C-parity amg = 0.5

is sufficient for describing the difference between baryamd anti-baryons at mid-rapidity.

In Fig.[I7 we show ALICE and LHCH [28] data qsyp andA/A ratios as a function of rapidity at
v/s=0.9 and 7 TeV. The superimposed curve is obtained fron{Eq. 4ysmameter€, = —C; =3.9
obtained from the fit op/p ratio at mid-rapidity as shown in Fig.116. Again, a Reggedaih wegative
C-parity andaj = 0.5 is sufficient for describing the data, except for largdugs of rapidity where
contribution of other diagrams cannot be neglected.

We can conclude that any significant contribution to antitba to baryon ratio at mid-rapidity due to
an exchange which is not suppressed with increasing rgpidérval is disfavoured. This picture is also
supported by both PYTHIA (Perugia2011) and HIJING/B.

6.4 Multiplicity dependence

We have also investigated the dependence of the anti-bdoybaryon yields ratios on the charged-
particle multiplicity density, 8lcn/dn. The multiplicity measurement was based on the number dfdlo
tracks (which combine the information from the ITS and the&CTRand the number of tracklets (vectors
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Fig. 9: (Colour online) The\/A ratio at\/s= 7 TeV as a function opr (left) and rapidity (right). The data points
are compared with different Monte Carlo generators. Thecadbars (boxes) represent the statistical (systematic)
uncertainty, while the horizontal bars represent the wadtine rapidity orpy bin. Ratio of model to data is shown
below using uncertainties added in quadrature.

connecting pairs of clusters each from one of the two SPDréaged pointing to the vertex but not part
of a reconstructed global track) jn| < 0.5. Using simulated events, it was verified, that this esémat
is proportional to 8lc;n/dn. We present the anti-baryon to baryon ratios as a functiothefrelative
charged-particle pseudorapidity densjtiNch/dn)/(dNeh/dn), where(dNgy/dn) is a value measured
for inelastic pp collisions with at least one charged piic|n| < 1 (INEL >0, <1) (see Table11).
The value at/s= 2.76 TeV was not measured: it is an interpolation of pointg'at 0.9, 2.36 and 7 TeV
using a power law function. The use of relative quantities ef@osen in order to facilitate the comparison
to other experiments, as well as to minimise systematicnsioges.

Table 11: Charged-particle pseudorapidity densities
Vs(TeV)  (dNen/dn) (INEL > Ojp|<1)

0.9 3.8 0.0170%7
2.36 4.70- 0.0173%%
2.76 4.88 0.017023

7 6.0+ 0.017349

The relative multiplicity densities are shown in Hig] 18.€T$izes of bins were chosen so that they all
have sufficient event population. The ratjné, A/A, and§+/E‘ are presented in Figs. 19,120 21.
The§+/Q‘ ratio had to be omitted due to insufficient statistics fos tnalysis. The weighted mean of
the multiplicity distribution in the bin range was set asteerf the bin. The uncertainty on this quantity
is due to the uncertainty on the measurégqddn.

As can be seen, the ratios fofp, A/A and=" /=~ exhibit no dependence dNg/dn)/(dNen/dn).

On the other hand, PYTHIA (Perugia2011) is showing a stesp af the ratio for low multiplicities,
followed by a saturation, which is not present in our datee firtost significant disagreement can be seen
in case ofp/p at\/s= 0.9 TeV. Possible explanation of the discrepancy between atar ahd PYTHIA
(Perugia2011) can be the following: the baryon—anti-bargair production is increasing as a function
of multiplicity and since we do not see any multiplicity degence of the ratio in the data, the baryon
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Fig. 10: (Colour online) The?Jr/E* ratio at/s= 0.9 TeV integrated ove}y| < 0.8 as a function opr. The
data points are compared with different Monte Carlo gewesaflThe vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repng the width of thept bin. Ratio of model to data is
shown below using uncertainties added in quadrature.

number transfer has to increase as well in the same way. PXTPHrugia2011) is not in favour with this
picture, predicting a constant or a slower increase of timgdmanumber transfer with multiplicity than
the baryon—anti-baryon pair production, resulting intstedp) rise of the ratio followed by a saturation
at unity.

7 Summary

Within the ALICE acceptance the/p, A/A, = /== andQ ' /Q- ratios in pp collisions at/s = 0.9,
2.76 and 7 TeV are found to be independent of rapidity, trarseymomentum, and charged particle
multiplicity.

At /s= 0.9 TeV we see a small excess of baryons over anti-baryons éq/iy A/A and=" /=" ra-
tios. The ratios increase with increasing beam energyhiegwalues compatible with unity foy/'s =

7 TeV. Within the uncertainties of our measurement, we dabserve an increase of the ratio with the
strangeness content, for the given energy.

These results are consistent with model predictions de#agrihe asymmetry between baryons and anti-
baryons by the string-junction transport and/or by an emgkavith negative C-parity (e.go exchange)
using intercept obr; =~ 0.5. These data are not consistent with models predictingn#isant difference
between the spectra of baryons and anti-baryons at IargAy > 8) in pp collisions.
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Fig. 11: (Colour online) Th&=+/5* ratio aty/s= 2.76 TeV integrated ovely| < 0.8 as a function opr. The
data points are compared with different Monte Carlo gewesaflThe vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repng the width of thept bin. Ratio of model to data is
shown below using uncertainties added in quadrature.
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Fig. 12: (Colour online) The§+/E* ratio aty/s=7 TeV as a function o (left) and rapidity (right). The
data points are compared with different Monte Carlo gewesaflThe vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repre¢ the width of the rapidity oy bin. Ratio of model to
data is shown below using uncertainties added in quadrature
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Fig. 13: (Colour online) Th@Jr/Q* ratio at\/s= 2.76 TeV integrated ovely| < 0.8 as a function opy. The
data points are compared with different Monte Carlo gewesaflThe vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repng the width of thept bin. Ratio of model to data is
shown below using uncertainties added in quadrature.
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Fig. 14: (Colour online) Tth/Q* ratio aty/s= 7 TeV integrated ovely| < 0.8 as a function opy. The
data points are compared with different Monte Carlo gewesaflThe vertical bars (boxes) represent the statistical
(systematic) uncertainty, while the horizontal bars repng the width of thept bin. Ratio of model to data is
shown below using uncertainties added in quadrature.
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Fig. 15: The mid-rapidity yields ratio integrated ovigt < 0.5 forp/p and]y| < 0.8 for A/A, = /=~ andQ " /Q~.
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content increases along the abscissa.
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Fig. 16: (Colour online) Anti-baryon to baryon yields ratios as adiion of beam rapidity for various baryons
separately. The parametrisation with Ed. (4) (blue lineshiswn. The red points show the ALICE measurements.
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Fig. 17: (Colour online)p/p andA /A ratios as a function of rapidity af's = 0.9 and 7 TeV. The parametrisation

with Eq. (4) (black line) is shown.
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Fig. 18: (Colour online) Charged particle multiplicity distribatis. The event samples are divided according to
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Fig. 19: (Colour online) Thep/p ratio in pp collisions at/s= 0.9, 276 and 7 TeV as a function of the relative
charged-particle pseudorapidity density. The data pairezompared with prediction of PYTHIA (Perugia2011).
The vertical bars (boxes) represent the statistical (syatie) uncertainty. Ratio of model to data is shown below
using uncertainties added in quadrature.
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Fig. 20: (Colour online) The\ /A ratio in pp collisions,/s= 2.76 and 7 TeV as a function of the relative charged-
particle pseudorapidity density. The data points are coetpwith prediction of PYTHIA (Perugia2011). The
vertical bars (boxes) represent the statistical (systiejnatcertainty. Ratio of model to data is shown below using
uncertainties added in quadrature.
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