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Abstract

A measurement of the multi-strange andQ~ baryons and their antiparticles by the ALICE exper-
iment at the CERN Large Hadron Collider (LHC) is presentethfoton-proton collisions at centre
of mass energy of 7 TeV. The transverse momentpindistributions were studied at mid-rapidity
(ly| < 0.5) in the range of 0.6 p; < 8.5 GeVct for =~ and=" baryons, and in the range of 08

pr < 5 GeVk for Q~ andQ . Baryons and anti-baryons were measured as separatdgsadia
we find that the baryon to antibaryon ratio of both particledes is consistent with unity over the
entire range of the measurement. The statistical precifitine current LHC data has allowed us to
measure a difference between the mpaof =~ (§+) andQ~ (§+). Particle yields, meap, and the
spectra in the intermediaf® range are not well described by the PYTHIA Perugia 2011 tuneti!
Carlo event generator, which has been tuned to reproducesatiie LHC data. The discrepancy is
largest forQ~ (§+). This PYTHIA tune approaches th® spectra of=" and=" baryons below
p; < 0.85 GeVEt and describes the~ and=" spectra abovey > 6.0 GeVkt. We also illustrate
the difference between the experimental data and model impadng the corresponding ratios of
(Q*+§+)/ (E*+§+) as a function of transverse mass.
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1 Introduction

The multi-strange baryon€)~ (sss) and =~ (ssd), are particularly important in high energy particle
and nuclear physics due to their dominant strange quadkidrk) content. The initial state colliding
projectiles contain no strange valence quark, therefore all particles wfitfz@ro strangeness quantum
number are created in the course of the collision. Moreover, the LardeoH«ollider (LHC) energy
and high luminosity allow for an abundant production of strange hadrdieese two factors make
multi-strange baryons a valuable probe in understanding particle produagohanisms in high energy
collisions.

We present a measurement®f andQ " baryon yields and transverse momentyw) épectra in centre
of mass energy,(s) of 7 TeV proton-proton (pp) collisions, a measuremenEofand=" yields and

spectra at the same energy, and a comparison of these data to a reemenppgenerator, PYTHIA
Perugia 2011 central tune (P2011). The measurements were obtaingdhesALICE experiment [1]
at the LHC.

ALICE is a general purpose detector designed to study both pp andRb#Bions at the LHC energies.
A six-layer silicon inner tracking system (ITS) and a large-volume time ptiojechamber (TPC) enable
charged particle reconstruction with excellent momentum and spatial resalufioll azimuth down to
p; of 100 MeVEL.

2 Data sample and cascade reconstruction

Multi-strange baryons are studied in a sample of approximately 130 million minimwn/fsia= 7 TeV

pp events, collected during the 2010 data taking. The events are selettéd 1@ cm of the de-
tector's centre along the beam direction, with vertex resolution in the tresesyane of a few hun-
dred micrometres. The event vertex range is selected to maximize particleargjécack) recon-
struction efficiency within the ITS and TPC volum&~ and=" (=%), as well asQ~ andQ " (Q*)
candidates are reconstructed at mid-rapidjy € 0.5) via their characteristic weak decay topology,

= ENH o AN+ (), andQ - (Q") = A(A)+ K~ (K "), as described in detail in][2]. The branch-
ing ratios for these decay channels are 67.8 ¥Cférbaryons and 99.9 % faE*. Charged particles,
compatible with kaon, pion and proton hypotheses, are identified using thesigyeloss in the TPC.
The topology of theQ™ and =~ weak decay is cascade-like and consists of a V-shaped decay of the
daughter/A baryon (\ baryon hypothesis is identified as a “V0”) plus a charged trach.(Iln general,

the acceptance and efficiency depend on lyahd p;. We chose thg interval such that our efficiency
and acceptance depend onlymn Candidates are selected by placing restrictions on the topology of the
decay. These have been optimized to obtain maximum mass signal significahmedisted in Tablel 1.

The resulting invariant mass distributions for both species hypothesashane in Fig[l. The signal
extraction method is described in detail in [2]. The signal is extracted ushig-aounting method

and then corrected for detector efficiency and acceptance using RYHétugia 0[[3] generated Monte
Carlo events propagated through ALICE using GEANTS3 [4].

3 Systematic uncertainties

There are two types of systematic uncertainties in the resulting particle spgetigpendent systematic
uncertainties that are due to the efficiency determination and the signal cataditgivenp;, and the
p-independent uncertainties due to normalization and other factors explseieau

The point-to-point systematic uncertainties vary between 1-4 &foand 1-9 % folQ*, with minimum
uncertainty found ap; = 1.5-4.0 GeV¢ for both species. The-independent systematic uncertainties
stem from several sources and reflect the following:
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Table 1: Selection criteria parameters for VO)Yand cascade&{ andQ*) presented in this letter. If a criterion
for =+ andQ™ finding differs, the criterion fof* hypothesis is in parentheses. DCA stands for “distanceoststt
approach,” and PV for “primary event vertex’is the angle between the momentum vector of the reconstructe
VO or cascade, and the line segment bound by the decay andrpnrirertices. For cascades, the curvature of the
particle’s trajectory is neglected.

VO finding criteria

DCA (h* to PV) > 0.04 (0.03) cm

DCA (h~ toht) < 1.6 standard deviations
A mass (myg) 1.110< myg < 1.122 GeV¢2
Fiducial volume (Rxp) 1.4< Ryp <100 cm

VO pointing angle cosByo > 0.97

Cascade finding criteria

DCA (" (K¥)toPV) > 0.05cm

DCA (VO to PV) > 0.07 cm

DCA (it (K¥)toV0) < 1.6 (1.0) cm

Fiducial volume (Ryp) 0.8 (0.6)< Ryp < 100 cm
Cascade pointing angle  c0S8cag. > 0.97
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Fig. 1. The invariant mass distributions &~ (a) andQ~ (b) baryon candidates (solid histograms) and their
antiparticles (dashed histograms). Also marked (in salidur blocks) background sampling regions used in the
signal extraction. The entire measumgdange is presented.

— the uncertainty in determination of the material thickness traversed by ttieggm(material bud-
get), 4 %;

— the use of FLUKAI[5][6] to correct 7] the antiproton absorption aregction in GEANT3[[4],
1 %;

— the uncertainty in TPC particle identification via energy loss, 1.5 %;

— the uncertainty on the track selection in the TPC, through the restriction aruthber of TPC
pad plane clusters used in particle reconstruction, 3 %;

— inthe case of*, the removal of cascades that fit thé baryon hypothesis, 1 %.

The limited pi-coverage and determination of the total number of inelastic events usgelfibnormal-
ization lead to an additional uncertainty in the particle yields and npe#&(p)) values. The inelastic
event normalizatiori [8] leads to a +7.0 % and —3.5 % uncertainty on the yieddl fmeasured particles,
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Table 2: Tsallis fit parameters, yields, arg) for each particle species gt < 0.5, as well as yields an¢p)
extracted from PYTHIA Perugia 201/1I[3] simulations. State and then systematic uncertainties for the experi-
mental values are listed. Sufficient statistics were geadi® have less than 1 % error on all model values.

Particle T (MeV) n X2INDF  dN/dy x1C® {p) (GeVk) dN/dy x10°  (py) (GeVk)
data data P2011 P2011
= 344+5+10 108+04+08 17.4/15 80+01'5] 1.21+0.01+0.06 538 102
=t 339+5+9 104+04+05 14.4/15 7+01'5]  1.21+0.01+0.06 521 102
Q- 460+40+60  20+9+8 8.8/5 067+0.03"308 1.47+0.03+0.09 0276 114
[oN 430+30+40  14+5+6 7.0/5 068+0.03"3%8 1.44+0.03+0.08 0266 116

while the limited p; coverage causes a 4.5 % uncertainty on(ily¢ of all species, 5.5 % uncertainty
on the yield of=* baryons, and 6.5 % on the yield &F. While the systematic uncertainties (both
pi-dependent angk-independent) associated with each spectrum point affect the determinétip:),

the systematic uncertainty on tkig;) for all species is dominated by the 4.5 % error due to the limited
p; coverage. Similarly, the systematic uncertainty on the yields is dominated by dbdainties due to
low-p; extrapolation and event normalization.

4 Results
4.1 Corrected p; spectra and Tsallis fits

The corrected multi-strange baryon yields pebin per unit rapidity (1/NyeL x d°N/dydpy) are shown

in Fig.[@a. They span fronp, = 0.6 to p; = 8.5 GeVE in the case oE~ and=" baryons and from

p; = 0.8 top; =5 GeVk for Q™ andQ " baryons. The Tsallis function is used for fitting the spectra,
as the measurep range covers both soft-physics and fragmentation particle productiponse The
functional form is shown below:

BN (n—1)(n-2) CN 1

m_nb)fn
dydpy  nT[nT +mg(n—2)] = dy

nT

whereT, n, and dN/dy (dN/dy representing the particle yield per unit rapidity) are fit parameters,
m = \/m andmg denotes the particle mass.

The function is grounded in Tsallis statistiC$ [9]; it approximates an exgi@heomponent (represented
by theT parameter), as well as a power-law dependence for the fitgit. In Table[2, we list the fit
results for each particle and antiparticle and the corresponding extregpalydy and (p).

The central values of the fit parameters, listed in TRble 2, are obtainegithsistatistical error only. The
low-p; extrapolation of the yield from the Tsallis fit is 23 % for=* and~ 26 % for Q*. The value
of (pt) for each particle was computed using the fit over the eqirange including the extrapolation.
The antiparticle to particle ratios were found to be compatible with unity ag; all

4.2 Excitation functions

Our measurements of multi-strange baryons can be placed within the bratekt of existing pp
collision data. We compare to multi-strange baryon yields in pp collisions mehbyrihe STAR Col-
laboration at,/s = 0.2 TeV [10], and also to the data obtained by ALICE and CM§/at= 0.9 TeV
[2][11]. There are also data fronpgollisions, obtained by the CDE [12] and UA5 [13] collaborations.
We omit the comparison to these data due to a significantly different kinemagje cdithe experiments.
For STAR, ALICE, and CMS data, an increase iN/dy as a function of collision energy is observed,
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Fig. 2: ()=~ andQ™~ baryon (solid circles and squares, respectively) and #gmtiparticle (open symbols) spectra,
shown with Tsallis fits. (b) Experimental data to Monte C{R& THIA Perugia 2011) comparison. The errors are
added in quadrature. The normalization uncertainty is shasva black band.

presented in Fid.]3a. We note that the CMS collaboration used non-sitffgéestive events (NSD) to
normalize the yield, while in ALICE a normalization to the inelastic events (INEL9 wsed. For a direct
comparison at LHC energies, the INEL* yield has to be scaled up by 26 % to get the yield normalized
to NSD events[8]. After scaling, tH&* yields per unit of rapidity obtained by ALICE agree with those
published by CMS[[11]. FoE~ baryons and antibaryons, we also observe a slight rise in meaith
collision energy, as seen in Fi§] 3b. Tha) of Q* baryons at,/s = 7 TeV is consistent with 0.2
TeV data, wherd®* and=* (p;) were consistent within large experimental error. Due to the precision
of the current measurements, a significant separation betweepthef Q* and=* is observed in

/S = 7 TeV pp collisions.

43 Q +Q") /(= +=") ratio

The composition oE~ andQ™ baryons differs only by one valence quark flavour: dhguark in=" is
replaced by the-quark inQ~. To investigate possible differences in the production mechanism of multi-
strange baryons with and without the non-strange quark, we studytibeafa(Q‘+§+) to (E‘+§+)
baryons as a function qfi. The dependence on particle mass is reduced by constructing speatra as
function of (m; — mp) for each baryon species. To increase the statistical significancemihsurement,

for this ratio, the particle and anti-particle spectra are combined. The ratleecfombined spectra,
(Q*+§+) / (="+="), is shown in Fig[¥. We observe an increase in the ratio ypte- mp) ~ 1.5 GeV
(which corresponds roughly tp; of 3 GeVk for either of the baryons), with a possible indication of

a flattening at~ 0.11. The flattening suggests there might be a saturatiagofark production with
respect to production of non-strange quarks, however the ratioliefaw unity.

4.4 Comparisons to PYTHIA Perugia 2011

The production of strangeness in pp collisions is not well-described bgutrently available models.
In particular, we compare the obtained data to particle spectra from PYTHIA an event generator
based on the leading order (LO) perturbative Quantum Chromo-Dyn#p@¢3D). PYTHIA is available
in several tunes, for example those listedlin [3], each reflecting a disspetcaof particle production
inferred from experimental data. In this article, we use the central PXTRrdrugia 2011 (P2011), one
of the more recent PYTHIA 6.4 tunes, which describes the 7 TeV pp edargrticle spectra reasonably
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Fig. 3: (a) d\N/dy and (b)(p;) of =* andQ* as a function of collision energy. The STAR and CMS data are
normalized to NSD (see text) events, STAR andQ* are represented by open rhombuses and stars, respectively.
CMS =* measurements are shown as open triangles, and ABFCENdQ™ as filled circles and squares. Multi-
strange baryons produced using PYTHIA Perugia 2011 simonlgE* baryons as a long-dashed curve &bt
baryons as a dashed curve) are plotted for reference. Thetamties are added in quadrature.
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Fig. 4: (Q +Q") to (=—+= ") ratio in /s = 7 TeV pp events as a function af(— mp). Experimental data
(closed symbols: data points; dashed curve: ratio of Bséth), and PYTHIA Perugia 2011 simulation (solid
curve). Errors on experimental points were added in quadrat

well. P2011 is tuned to the multiplicity and charged partjgldistributions from 2010 LHC data, utilizes
the CTEQSL parton distribution function, and differs from other Perugi@$iby a significant increase
in multi-strange baryon yields. This is achieved mainly by removing the banyppression inherently
present in the built-in “pop corn” meson creation mechanism, but also byguharelativeu andd
vs. s-quark production rates, and adjusting the suppression of the diquéiduark hadron production
scale [3]. The “pop corn” mechanism, used to describe the hadromgtiod in € € collisions via
chromoelectric flux tubes [15], suppresses baryon production lopfang soft quark-antiquark pairing
into mesons [16]. The mechanism was removed in order to approximate meedydlee multi-strange
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yields from LEP experiment5][3].

Although the charged-particle multiplicities are reasonably described, dIHPX tunes tend to be sev-
eral times to an order of magnitude below measured multi-strange valuesl Big@ificantly underes-
timates multi-strange particle yields, as seen in Table 2, and does not repribduspectral shapes of
either=" or Q~ baryons, with two exceptions. The model describes the higil of the=* distribution
and approaches tiE" distribution belowp; < 0.85 GeVk, as shown in Fig12b.

P2011 also underpredictg:) of multi-strange baryons at all energies (Hig. 3b), and incorrectly models
the increase in M/dy as a function of centre of mass energy (Fig. 3a). Indeed, in experihdatta
dN/dy increases by nearly a factor of three fraffs = 0.2 TeV collisions to those a{/s = 7 TeV
(factor 35 increase in energy), while PYTHIA predicts a more modest daiboth experimental data
and PYTHIA, a linear increase &~ baryon yield on a doubly logarithmic scale is seen. In addition,
P2011 does not reproduce the relaty&/=* spectral shape, nor the absolute value, although the ratio
does increase with increaspd as shown in Fig.14.

5 Conclusions

Our precise measurementsof, =", 0, andQ"in /S = 7 TeV pp collisions are a benchmark for
improving future modelling efforts, including valuable checks on possibtdraproduction mecha-
nisms, such as the flux-tube mechanism. In additionptlreach of the data to model comparison is the
highest ever achieved for multi-strange baryons. The relative ptiotuaf doubly-strange vs. triply-
strange baryons introduces a further constraint orptliependence of particle production from flavour-
differentiated quarks. These considerations may enable a better ins@ppioollision dynamics, which

in turn will serve as a reference for better understanding of fundairiatdeactions underlying particle
creation mechanisms in pp collisions.
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