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Abstract

A measurement of the multi-strangeΞ− andΩ− baryons and their antiparticles by the ALICE exper-
iment at the CERN Large Hadron Collider (LHC) is presented for proton-proton collisions at centre
of mass energy of 7 TeV. The transverse momentum (pt) distributions were studied at mid-rapidity
(|y| < 0.5) in the range of 0.6< pt < 8.5 GeV/c for Ξ− andΞ+

baryons, and in the range of 0.8<
pt < 5 GeV/c for Ω− andΩ+

. Baryons and anti-baryons were measured as separate particles and
we find that the baryon to antibaryon ratio of both particle species is consistent with unity over the
entire range of the measurement. The statistical precisionof the current LHC data has allowed us to
measure a difference between the meanpt of Ξ− (Ξ+

) andΩ− (Ω+
). Particle yields, meanpt, and the

spectra in the intermediatept range are not well described by the PYTHIA Perugia 2011 tune Monte
Carlo event generator, which has been tuned to reproduce theearly LHC data. The discrepancy is
largest forΩ− (Ω+

). This PYTHIA tune approaches thept spectra ofΞ− andΞ+
baryons below

pt < 0.85 GeV/c and describes theΞ− andΞ+
spectra abovept > 6.0 GeV/c. We also illustrate

the difference between the experimental data and model by comparing the corresponding ratios of
(Ω−+Ω+

)/ (Ξ−+Ξ+
) as a function of transverse mass.
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1 Introduction

The multi-strange baryons,Ω− (sss) and Ξ− (ssd), are particularly important in high energy particle
and nuclear physics due to their dominant strange quark (s-quark) content. The initial state colliding
projectiles contain no strange valence quark, therefore all particles with non-zero strangeness quantum
number are created in the course of the collision. Moreover, the Large Hadron Collider (LHC) energy
and high luminosity allow for an abundant production of strange hadrons.These two factors make
multi-strange baryons a valuable probe in understanding particle production mechanisms in high energy
collisions.

We present a measurement ofΩ− andΩ+
baryon yields and transverse momentum (pt) spectra in centre

of mass energy (
√

s) of 7 TeV proton-proton (pp) collisions, a measurement ofΞ− andΞ+
yields and

spectra at the same energy, and a comparison of these data to a recent ppevent generator, PYTHIA
Perugia 2011 central tune (P2011). The measurements were obtained using the ALICE experiment [1]
at the LHC.

ALICE is a general purpose detector designed to study both pp and Pb–Pb collisions at the LHC energies.
A six-layer silicon inner tracking system (ITS) and a large-volume time projection chamber (TPC) enable
charged particle reconstruction with excellent momentum and spatial resolution in full azimuth down to
pt of 100 MeV/c.

2 Data sample and cascade reconstruction

Multi-strange baryons are studied in a sample of approximately 130 million minimum bias
√

s = 7 TeV
pp events, collected during the 2010 data taking. The events are selected within 10 cm of the de-
tector’s centre along the beam direction, with vertex resolution in the transverse plane of a few hun-
dred micrometres. The event vertex range is selected to maximize particle trajectory (track) recon-
struction efficiency within the ITS and TPC volume.Ξ− andΞ+

(Ξ±), as well asΩ− andΩ+
(Ω±)

candidates are reconstructed at mid-rapidity (|y| < 0.5) via their characteristic weak decay topology,
Ξ−(Ξ+

) → Λ(Λ)+π−(π+), andΩ−(Ω+
) → Λ(Λ)+K−(K

+
), as described in detail in [2]. The branch-

ing ratios for these decay channels are 67.8 % forΩ± baryons and 99.9 % forΞ±. Charged particles,
compatible with kaon, pion and proton hypotheses, are identified using their energy loss in the TPC.
The topology of theΩ− andΞ− weak decay is cascade-like and consists of a V-shaped decay of the
daughterΛ baryon (Λ baryon hypothesis is identified as a “V0”) plus a charged track (h−). In general,
the acceptance and efficiency depend on bothy andpt. We chose they interval such that our efficiency
and acceptance depend only onpt. Candidates are selected by placing restrictions on the topology of the
decay. These have been optimized to obtain maximum mass signal significance and are listed in Table 1.

The resulting invariant mass distributions for both species hypotheses areshown in Fig. 1. The signal
extraction method is described in detail in [2]. The signal is extracted using abin-counting method
and then corrected for detector efficiency and acceptance using PYTHIA Perugia 0 [3] generated Monte
Carlo events propagated through ALICE using GEANT3 [4].

3 Systematic uncertainties

There are two types of systematic uncertainties in the resulting particle spectra: pt-dependent systematic
uncertainties that are due to the efficiency determination and the signal qualityat a givenpt, and the
pt-independent uncertainties due to normalization and other factors explainedbelow.

The point-to-point systematic uncertainties vary between 1-4 % forΞ±, and 1-9 % forΩ±, with minimum
uncertainty found atpt = 1.5-4.0 GeV/c for both species. Thept-independent systematic uncertainties
stem from several sources and reflect the following:
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Table 1: Selection criteria parameters for V0 (Λ) and cascades (Ξ± andΩ±) presented in this letter. If a criterion
for Ξ± andΩ± finding differs, the criterion forΩ± hypothesis is in parentheses. DCA stands for “distance of closest
approach,” and PV for “primary event vertex.”θ is the angle between the momentum vector of the reconstructed
V0 or cascade, and the line segment bound by the decay and primary vertices. For cascades, the curvature of the
particle’s trajectory is neglected.

V0 finding criteria

DCA (h± to PV) > 0.04 (0.03) cm
DCA (h− to h+) < 1.6 standard deviations
Λ mass (mV0) 1.110< mV0 < 1.122 GeV/c2

Fiducial volume (R2D) 1.4< R2D < 100 cm
V0 pointing angle cosθV0 > 0.97

Cascade finding criteria

DCA (π± (K±) to PV) > 0.05 cm
DCA (V0 to PV) > 0.07 cm
DCA (π± (K±) to V0) < 1.6 (1.0) cm
Fiducial volume (R2D) 0.8 (0.6)< R2D < 100 cm
Cascade pointing angle cosθcasc > 0.97
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Fig. 1: The invariant mass distributions ofΞ− (a) andΩ− (b) baryon candidates (solid histograms) and their
antiparticles (dashed histograms). Also marked (in solid colour blocks) background sampling regions used in the
signal extraction. The entire measuredpt range is presented.

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

– the use of FLUKA [5][6] to correct [7] the antiproton absorption cross section 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 on thenumber of TPC
pad plane clusters used in particle reconstruction, 3 %;

– in the case ofΩ±, the removal of cascades that fit theΞ± baryon hypothesis, 1 %.

The limitedpt-coverage and determination of the total number of inelastic events used foryield normal-
ization lead to an additional uncertainty in the particle yields and meanpt (〈pt〉) values. The inelastic
event normalization [8] leads to a +7.0 % and –3.5 % uncertainty on the yield forall measured particles,



Multi-strange baryon production in pp collisions at
√

s = 7 TeV with ALICE 3

Table 2: Tsallis fit parameters, yields, and〈pt〉 for each particle species at|y| < 0.5, as well as yields and〈pt〉
extracted from PYTHIA Perugia 2011 [3] simulations. Statistical and then systematic uncertainties for the experi-
mental values are listed. Sufficient statistics were generated to have less than 1 % error on all model values.

Particle T (MeV) n χ2/NDF dN/dy ×103 〈pt〉 (GeV/c) dN/dy ×103 〈pt〉 (GeV/c)
data data P2011 P2011

Ξ− 344±5±10 10.8±0.4±0.8 17.4/15 8.0±0.1+0.7
−0.5 1.21±0.01±0.06 5.38 1.02

Ξ+
339±5±9 10.4±0.4±0.5 14.4/15 7.8±0.1+0.7

−0.5 1.21±0.01±0.06 5.21 1.02

Ω− 460±40±60 20±9±8 8.8/5 0.67±0.03+0.08
−0.07 1.47±0.03±0.09 0.276 1.14

Ω+
430±30±40 14±5±6 7.0/5 0.68±0.03+0.08

−0.06 1.44±0.03±0.08 0.266 1.16

while the limitedpt coverage causes a 4.5 % uncertainty on the〈pt〉 of all species, 5.5 % uncertainty
on the yield ofΞ± baryons, and 6.5 % on the yield ofΩ±. While the systematic uncertainties (both
pt-dependent andpt-independent) associated with each spectrum point affect the determination of 〈pt〉,
the systematic uncertainty on the〈pt〉 for all species is dominated by the 4.5 % error due to the limited
pt coverage. Similarly, the systematic uncertainty on the yields is dominated by the uncertainties due to
low-pt extrapolation and event normalization.

4 Results

4.1 Correctedpt spectra and Tsallis fits

The corrected multi-strange baryon yields perpt bin per unit rapidity (1/NINEL ×d2N/dydpt) are shown
in Fig. 2a. They span frompt = 0.6 to pt = 8.5 GeV/c in the case ofΞ− and Ξ+

baryons and from
pt = 0.8 to pt = 5 GeV/c for Ω− andΩ+

baryons. The Tsallis function is used for fitting the spectra,
as the measuredpt range covers both soft-physics and fragmentation particle production regions. The
functional form is shown below:

d2N
dydpt

=
(n−1)(n−2)

nT [nT +m0(n−2)]
× dN

dy
× pt × (1+

mt −m0

nT
)−n

where T , n, and dN/dy (dN/dy representing the particle yield per unit rapidity) are fit parameters,

mt =
√

m2
0+ p2

t , andm0 denotes the particle mass.

The function is grounded in Tsallis statistics [9]; it approximates an exponential component (represented
by theT parameter), as well as a power-law dependence for the high-pt tail. In Table 2, we list the fit
results for each particle and antiparticle and the corresponding extrapolated dN/dy and〈pt〉.
The central values of the fit parameters, listed in Table 2, are obtained using the statistical error only. The
low-pt extrapolation of the yield from the Tsallis fit is∼ 23 % for Ξ± and∼ 26 % for Ω±. The value
of 〈pt〉 for each particle was computed using the fit over the entirept range including the extrapolation.
The antiparticle to particle ratios were found to be compatible with unity at allpt.

4.2 Excitation functions

Our measurements of multi-strange baryons can be placed within the broadercontext of existing pp
collision data. We compare to multi-strange baryon yields in pp collisions measured by the STAR Col-
laboration at

√
s = 0.2 TeV [10], and also to the data obtained by ALICE and CMS at

√
s = 0.9 TeV

[2][11]. There are also data from p̄p collisions, obtained by the CDF [12] and UA5 [13] collaborations.
We omit the comparison to these data due to a significantly different kinematic range of the experiments.
For STAR, ALICE, and CMS data, an increase in dN/dy as a function of collision energy is observed,



4 The ALICE Collaboration

0 1 2 3 4 5 6 7 8 9

-1
 (

G
eV

/c
)

|y
| <

 0
.5

dy
  |

t
N

/d
p

2
 d

IN
E

L
1/

N

-510

-410

-310

-210

-Ξ -Ω 
+

Ξ 
+

Ω 

 = 7 TeVspp  

(a)

Normalization uncert.

 (GeV/c)
t

p
0 1 2 3 4 5 6 7 8 9

D
at

a 
/ M

C
  

2

4
(b)

Fig. 2: (a)Ξ− andΩ− baryon (solid circles and squares, respectively) and theirantiparticle (open symbols) spectra,
shown with Tsallis fits. (b) Experimental data to Monte Carlo(PYTHIA Perugia 2011) comparison. The errors are
added in quadrature. The normalization uncertainty is shown as a black band.

presented in Fig. 3a. We note that the CMS collaboration used non-single-diffractive events (NSD) to
normalize the yield, while in ALICE a normalization to the inelastic events (INEL) was used. For a direct
comparison at LHC energies, the INELΞ± yield has to be scaled up by 26 % to get the yield normalized
to NSD events [8]. After scaling, theΞ± yields per unit of rapidity obtained by ALICE agree with those
published by CMS [11]. ForΞ− baryons and antibaryons, we also observe a slight rise in meanpt with
collision energy, as seen in Fig. 3b. The〈pt〉 of Ω± baryons at

√
s = 7 TeV is consistent with 0.2

TeV data, whereΩ± andΞ± 〈pt〉 were consistent within large experimental error. Due to the precision
of the current measurements, a significant separation between the〈pt〉 of Ω± and Ξ± is observed in√

s = 7 TeV pp collisions.

4.3 (Ω−+Ω+
) / (Ξ−+Ξ+

) ratio

The composition ofΞ− andΩ− baryons differs only by one valence quark flavour: thed-quark inΞ− is
replaced by thes-quark inΩ−. To investigate possible differences in the production mechanism of multi-
strange baryons with and without the non-strange quark, we study the ratio of (Ω−+Ω+

) to (Ξ−+Ξ+
)

baryons as a function ofpt. The dependence on particle mass is reduced by constructing spectra asa
function of (mt−m0) for each baryon species. To increase the statistical significance of themeasurement,
for this ratio, the particle and anti-particle spectra are combined. The ratio ofthe combined spectra,
(Ω−+Ω+

) / (Ξ−+Ξ+
), is shown in Fig. 4. We observe an increase in the ratio up to(mt−m0)∼ 1.5 GeV

(which corresponds roughly topt of 3 GeV/c for either of the baryons), with a possible indication of
a flattening at∼ 0.11. The flattening suggests there might be a saturation ofs-quark production with
respect to production of non-strange quarks, however the ratio is farbelow unity.

4.4 Comparisons to PYTHIA Perugia 2011

The production of strangeness in pp collisions is not well-described by thecurrently available models.
In particular, we compare the obtained data to particle spectra from PYTHIA[14], an event generator
based on the leading order (LO) perturbative Quantum Chromo-Dynamics(pQCD). PYTHIA is available
in several tunes, for example those listed in [3], each reflecting a distinct aspect of particle production
inferred from experimental data. In this article, we use the central PYTHIA Perugia 2011 (P2011), one
of the more recent PYTHIA 6.4 tunes, which describes the 7 TeV pp charged particle spectra reasonably
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well. P2011 is tuned to the multiplicity and charged particlept distributions from 2010 LHC data, utilizes
the CTEQ5L parton distribution function, and differs from other Perugia tunes by a significant increase
in multi-strange baryon yields. This is achieved mainly by removing the baryon suppression inherently
present in the built-in “pop corn” meson creation mechanism, but also by tuning the relativeu andd
vs. s-quark production rates, and adjusting the suppression of the diquark-antiquark hadron production
scale [3]. The “pop corn” mechanism, used to describe the hadron production in e+e− collisions via
chromoelectric flux tubes [15], suppresses baryon production by favouring soft quark-antiquark pairing
into mesons [16]. The mechanism was removed in order to approximate more closely the multi-strange
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yields from LEP experiments [3].

Although the charged-particle multiplicities are reasonably described, all PYTHIA tunes tend to be sev-
eral times to an order of magnitude below measured multi-strange values. P2011 significantly underes-
timates multi-strange particle yields, as seen in Table 2, and does not reproduce the spectral shapes of
eitherΞ− or Ω− baryons, with two exceptions. The model describes the highpt tail of theΞ± distribution
and approaches theΞ± distribution belowpt < 0.85 GeV/c, as shown in Fig. 2b.

P2011 also underpredicts〈pt〉 of multi-strange baryons at all energies (Fig. 3b), and incorrectly models
the increase in dN/dy as a function of centre of mass energy (Fig. 3a). Indeed, in experimental data
dN/dy increases by nearly a factor of three from

√
s = 0.2 TeV collisions to those at

√
s = 7 TeV

(factor 35 increase in energy), while PYTHIA predicts a more modest gain. In both experimental data
and PYTHIA, a linear increase ofΞ− baryon yield on a doubly logarithmic scale is seen. In addition,
P2011 does not reproduce the relativeΩ±/Ξ± spectral shape, nor the absolute value, although the ratio
does increase with increasedpt, as shown in Fig. 4.

5 Conclusions

Our precise measurements ofΞ−, Ξ+
, Ω−, andΩ+

in
√

s = 7 TeV pp collisions are a benchmark for
improving future modelling efforts, including valuable checks on possible hadron production mecha-
nisms, such as the flux-tube mechanism. In addition, thept reach of the data to model comparison is the
highest ever achieved for multi-strange baryons. The relative production of doubly-strange vs. triply-
strange baryons introduces a further constraint on thept dependence of particle production from flavour-
differentiated quarks. These considerations may enable a better insight into pp collision dynamics, which
in turn will serve as a reference for better understanding of fundamental interactions underlying particle
creation mechanisms in pp collisions.
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1 Beneḿerita Universidad Aut́onoma de Puebla, Puebla, Mexico
2 Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
3 Budker Institute for Nuclear Physics, Novosibirsk, Russia
4 California Polytechnic State University, San Luis Obispo,California, United States
5 Centre de Calcul de l’IN2P3, Villeurbanne, France
6 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
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