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Abstract

A large amount of experimental data has been collected in the Beam Energy Scan
program to study the properties of hot matter formed in heavy-ion collisions. This
work presents the reconstruction and analysis of multi-strange particles, specifi-
cally Ξ−(Ξ̄+) and Ω−(Ω̄+), produced in Au+Au collisions at √sNN = 27 GeV
using data from the STAR experiment at the RHIC accelerator. The study focuses
on the identification of these particles through their decay channels and the sub-
sequent analysis of their invariant mass distributions and transverse momentum
spectra.
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1 Introduction

Quantum Chromodynamics (QCD) is the theory of the strong interaction in
terms of quarks and gluons. The main properties of the strong interaction are:

• confinement, which prohibits quarks and gluons from existing in a free state;

• asymptotic freedom, which is the weakening of the strong interaction con-
stant as the distance between interacting objects decreases.

At high densities of hadronic matter or at high temperatures, quarks are no
longer confined and can move freely within a volume larger than that of an individ-
ual hadron. This state is called deconfinement, and the state of matter is referred to
as quark-gluon plasma (QGP). Such conditions can be observed at modern high-
energy colliders such asRHIC and LHC, withmaximumbeam energies in the center
of mass system of 200 GeV/A and 6.8 TeV, respectively.

One of the main goals of high-energy physics experiments is the study of
the QCD phase diagram, plotted in Fig. 1, which is conveniently considered in
the coordinates of temperature T and baryochemical potential µB. This diagram
includes the QGP area, which is of particular interest for the STAR experiment at
the RHIC accelerator. To study hot matter, the Beam Energy Scan (BES) program
was launched, and its main goals are: 1) to search for a first-order QCD phase
transition and determine its parameters; and 2) to determine the energy onset of
deconfinement[1].

An increased yield of strange particles in heavy-ion collisions compared to
proton collisions has long been considered a signal of QGP formation [2]. The yield
of strange hadrons in nuclear collisions is close to theoretical predictions; therefore,
their precise measurement will lead to a better understanding of the mechanism of
strangeness formation in hot matter, as well as narrowing the search area for freeze-
out parameters.

Strange particles are a good marker for identifying phase boundaries and the
onset of deconfinement; therefore, the goal of this work is to reconstruct strange
particles with the STAR experiment at √sNN = 27 GeV, as well as to inspect
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Figure 1: QCD matter phase diagram.

their properties. The study focuses on multi-strange particles such as Ξ− (
Ξ̄+

)
and

Ω− (
Ω̄+

)
. Since the decay length of these particles is cτ ∼ 2− 7 cm, the detector

cannot directly register them. In this case, particles are reconstructed from their
decay modes, used in this work as follows:

Λ
(
Λ̄
)
→ p (p̄) + π− (

π+
)
, BR = 64.1%;

Ξ− (
Ξ̄+

)
→ Λ

(
Λ̄
)
+ π− (

π+
)
, BR = 99.887%;

Ω− (
Ω̄+

)
→ Λ

(
Λ̄
)
+K− (

K+
)
, BR = 67.8%.

2 Experimental Setup

Solenoidal Tracker At RHIC (STAR) is a multipurpose particle detector at the
RHIC accelerator, located at the Brookhaven National Laboratory. A detailed de-
scription of the detector can be found in [3].

Time Projection Chamber (TPC) (shown in Fig. 2) is the main detector at the
STAR facility. It allows the registration of charged particles in the range [0, 2π] of
the azimuthal angle, as well as in the range |η| < 1, where η is the pseudorapidity.
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Figure 2: TPC scheme.

Inside the STAR detector, a uniform magnetic field is maintained, directed along
the beam axis, with an induction of 0.5 Tesla. The TPC consists of two coaxial
cylinders: the inner radius is 0.5 m, and the outer is 2 m. The space between them
is filled with P10 gas in a uniform electric field of approximately 135 V/m. Each
track can leave up to 45 hits in the TPC, with a minimum transverse momentum of
100 MeV/c. Particle identification is carried out using ionization losses dE/dx by
introducing the parameter

nσparticle =
1

σparticle
· log ⟨dE/dx⟩measured

⟨dE/dx⟩theoretical
,

where ⟨dE/dx⟩measured is the measured, and ⟨dE/dx⟩theoretical is the theo-
retical value for a specific particle at a given momentum; σparticle is the detector
resolution for measuring ionization losses.

The data used for particle reconstruction are fromAu+Au collisions at√sNN =

27 GeV from BES-II program. The number of events processed in this work is ap-
proximately 877 · 106.
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3 Analysis Details

3.1 Event Selection

Since one of the goals of this work is to investigate rapidity dependence of
spectra, we must not study events with their position close to detector edges. To
achieve that we applied the following cuts on event vertex position: along the Z
axis, directed along the beam axis, the event must be located in the range from -70
cm to 70 cm; in the XY plane, perpendicular to the Z axis, closer than 2 cm from
the center of the detector. In Fig. 3, the events distribution is presented with the
selection criteria graphically applied. The selected area ensures the most uniform
registration of particles by the detector, the statistical significance of the obtained
data, and coverage of the area |η| < 1. After these selection criteria, approximately
450 · 106 events remain.
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Figure 3: Event coordinate distributions in the XY plane (left) and along the Z
axis (right). Black lines represent the selection criteria.

3.2 Secondary track selection

The distribution of ionization losses of charged particles in the TPC is close
to Gaussian, therefore a selection criterion of |nσparticle| < 4.0 was applied to
all selected daughter particles in this work, and |nσparticle| < 3.0 for protons for
reconstructing Ω. Also, a minimum number of hits that a particle must leave was
16; minimum transverse momentum was 0.1 GeV/c and the |η| < 1. The energy
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Figure 4: Energy losses ⟨dE/dx⟩ for charged particles as a function of rigidity
(p/q). Colored lines show the theoretical values for the corresponding particles.

losses for particles registered by TPC are presented in Fig. 4 after applying the
above selection criteria, as well as the theoretical dependencies. It is noticeable that
separate identification of pions and kaons is not possible in the region pT ? 0.6

GeV/c, and for protons at pT ? 1.2 GeV/c.

3.3 Reconstruction of Strange Particles

3.3.1 General Methodology

The reconstruction of strange particles used a combinatorial method (each pair con-
sisting of p± and π∓ in the case of Λ, and consisting of Λ and π∓ (K∓) in the case
of Ξ (Ω)) with the StPicoDst library, which allows working with the STAR experi-
ment data. The trajectories of charged particles represent helices directed along the
beam axis, while uncharged particles correspond to straight lines. Based on this,
the main idea of reconstruction was to find the point of closest approach between
the trajectories, with the subsequent determination of the decay geometry and kine-
matic parameters of the particles in this area. In Fig. 5, the schemes of Ξ and Ω

decay topology are shown.
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Figure 5: Decay topology of Ξ and Ω. Solid lines are the tracks registered in the
TPC, dashed lines are the extrapolation of solid lines. DCA — distance of closest
approach, PV — primary event vertex.

As heavy-ion collisions produce a large number of particles, the use of a
combinatorial method in the invariant mass distributions for all strange particles
introduces a large number of background events, which need to be maximally sup-
pressed. For this purpose, certain selection criteria on the decay topology for Ξ
and Ω, presented in Table 1 and Table 2, were applied. The closer look at decay
topology is in Section 3.3.2 of this work. These criteria provide a balance between
signal purity and statistical significance. A selection criterion based on the invari-
ant mass of Λ was also applied — it must be in the range [MΛ± 0.012 GeV/c2] for
Ξ and [MΛ ± 0.006 GeV/c2] for Ω.

Besides the combinatorial background, there is also a residual background
for each particle due to unavoidable particle misidentification. For example, the
bachelor pion from Ξ decay may be misidentified as kaon thereby contributing
into Ω signal. Also in Ξ reconstruction, a proton from Λ decay can be combined
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with another pion into fake Λ, which when combined with pion from Λ (as bach-
elor pion) constructing fake Ξ. To avoid it, the following cuts were applied for Ξ
reconstruction:

• proton from Λ is combined with bachelor pion. If invariant mass of this pair
falls inside Λ peak, the Ξ candidate is rejected;

• bachelor pion is assumed to be a kaon to re-calculate the invaraint mass. If
it falls inside Ω peak, candidate is rejected;

and for Ω reconstruction:

• bachelor kaon is assumed to be a pion to re-calculate the invaraint mass. If
it falls inside Ξ peak, candidate is rejected.

Table 1: Selection Criteria for Ξ
Cut Ξ− (

Ξ̄+
)

DCA of Ξ to primary vertex < 0.8 cm
DCA of π to primary vertex > 0.8 cm
DCA of Λ to primary vertex [0.2, 5.0] cm

DCA of p from Λ to primary vertex > 0.5 cm
DCA of π from Λ to primary vertex > 1.0 cm
DCA between Λ daughter particles < 0.8 cm

DCA between Λ and π < 0.8 cm
Λ decay length > 5 cm
Ξ decay length > 3.4 cm

(−→r Ξ −−→r PV ) · −→r Ξ > 0
(−→r Λ −−→r PV ) · −→r Λ > 0
(−→r Λ −−→r Ξ) · −→r Λ > 0

(−→r Ξ −−→r PV )× p⃗Ξ/ |r⃗Ξ − ⃗rPV | / |p⃗Ξ| < 0.2
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Table 2: Selection Criteria for Ω
Cut Ω− (

Ω̄+
)

DCA of Ω to primary vertex < 0.4 (< 0.5) cm
DCA of K to primary vertex > 1.0 cm
DCA of Λ to primary vertex > 0.4 cm

DCA of p from Λ to primary vertex > 0.6 cm
DCA of π from Λ to primary vertex > 2.0 cm
DCA between Λ daughter particles < 0.7 cm

DCA between Λ and π < 0.7 cm
Λ decay length > 3.0 cm
Ω decay length > 3.4 cm

(−→r Ω −−→r PV ) · −→r Ω > 0
(−→r Λ −−→r PV ) · −→r Λ > 0
(−→r Λ −−→r Ω) · −→r Λ > 0

(−→r Ω −−→r PV )× p⃗Ω/ |r⃗Ω − ⃗rPV | / |p⃗Ω| < 0.12

3.3.2 Search of Decay Point

As mentioned earlier, the trajectories of charged particles represent helices
directed along the external magnetic field. In this regard, finding the decay vertex
V 0 involves finding the intersection points of two spirals, which is implemented as
follows:

• By projecting the trajectories of charged particles onto theXY plane we get
circles;

• After we find the intersection points of these circles (usually one of the in-
tersection points is discarded, as the curvature radius of the trajectory signif-
icantly exceeds the detector size);

• After all We calculate the 3D coordinates of these points.

Then, the midpoint of the segment connecting the obtained points will be consid-
ered as the coordinate of the V 0 decay. If the obtained decay geometry passes all
the selection criteria on Λ, listed in Table 1 and Table 2, this candidate is saved for
further analysis.
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In the case of Ξ and Ω, which decay into V 0 and a charged particle, it is
necessary to consider the intersection of the line ∆ and the helix C (see Fig. 6).
The algorithm is almost similar to the search of V 0 decay point. At the point M
where trajectories of decay particles intersect inXY plane, the trajectory C of π/K
is linearized. Further the points H1 and H2 of the closest approach of these lines
are found. The midpoint of the segment H1H2 is the decay vertex of Ξ/Ω. If the
decay geometry passes the selection criteria presented in Table 1 and Table 2, the
candidate is saved as Ξ/Ω. At this point, the invariant mass is calculated as

m2
Ξ,Ω =

(√
−→p 2

Λ +m2
Λ +

√
−→p 2

π,K +m2
π,K

)2

−−→p 2
Ξ,Ω,

where −→p π,K is the momentum of π/K at pointM .

Figure 6: Decay geometry of Ξ/Ω. PointM — the intersection point of C and ∆.
The blue curve represents part of the projection of the trajectory of π/K onto the
XY plane, the red line represents the trajectory of V 0, and green is the tangent D
to the trajectory of C at pointM . Point V is the decay vertex of V 0,H1 andH2 are
the points of closest approach of the lines D and ∆.
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3.3.3 Armenteros-Podolanski Diagram

The reconstruction of particles occurs using information only about their kine-
matic characteristics. In this case, theArmenteros-Podolanski diagram [4] becomes
convenient, as it considers the correlation between the magnitude of the transverse
momentum p⊥ and a dimensionless quantity

αarm =
p+L − p−L
p+L + p−L

, (1)

where pL is the longitudinal momentum in the direction of the momentum of V 0,
and the superscript (+ or -) indicates the daughter particles.

Let Ψ be the rest reference system of V 0 with mass M (see Fig. 7). In this
system we have:

M =
√

p2cm +m2
1 +

√
p2cm +m2

2, (2)

One can getp2cm = 1
4M2 (M

4 +m4
1 +m4

2 − 2M 2(m2
1 +m2

2)− 2m2
1m

2
2)

αarm = rα
β cos θ + α0

(3)

where m1 and m2 are masses of daughter particles and rα = 2pcm
M , α0 = m2

1−m2
2

M2 .
Hence, considering β → 1, we obtain the equation of an ellipse:

(α− α0)
2

r2α
+

p2T
p2cm

= 1

For example, the Armenteros-Podolanski diagram for Ω and Ξ are shown
in Fig. 8. Based on the obtained data, it is possible to determine the area on the
diagram where we expect to observe Ξ and Ω.
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Figure 7: The rest reference system of V 0. θ is the angle between the direction of
motion of the reference system and the direction of the momentum of one of the
daughter particles.
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Figure 8: Armenteros-Podolanski diagram for Ξ and Ω.

4 Results

4.1 Invariant Mass Distributions

Fitting of invariant mass distributions was carried out using the function f :

f = N
(
µ1, σ

2
1

)
+N

(
µ2, σ

2
2

)
+ P,

where N
(
µi, σ

2
i

)
is a normal distribution with parameters µi (mean value) and σ2

i

(variance); i = 1, 2; P is a polynomial. The background was estimated via side-
band method and substructed from initial invariant mass distribution. The regions
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used for it are close to [MPDG − 6σ,MPDG − 3σ] and [MPDG + 3σ,MPDG + 6σ],
the precise values depend on the pT region and centrality. In Fig. 9 and Fig. 10,
the invariant mass distributions are shown, with errors representing statistical un-
certainties.
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Figure 9: Invariant mass distributions of Ξ− and Ξ̄+. The total distributions are
shown on the top, the signals are shown on the bottom. The red solid line shows the
fitting function, and the purple dashed line shows the background. The background
was estimated via side-band method, the fit region is shown with vertical black and
red dashed lines. The vertical black dashed lines shows both the signal peak fit and
signal peak regions.

4.2 Spectra

In Fig. 11 and Fig. 12, raw transverse momentum spectra for Ξ and Ω at different
centralities are presented. The only spectra correction in this work was the decay
mode probability correction.
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Figure 10: Invariant mass distributions ofΩ− and Ω̄+. The fitting method and lines
are depicted in Fig. 9.

At low values of transverse momentum, a suppression of particle yield is
observed. This is primarily due to the unaccounted efficiency and acceptance of
the detector in this region. At higher momentums spectra have exponential de-
pendence, which is in consistency with the theory despite unaccounted detector
efficiency because the it close to 1 in this pT region.
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Figure 11: Transverse momentum spectra of Ξ− and Ξ̄+ in the range of mid-
rapidities (|y| < 1) . Vertical lines display statistical uncertainties.
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Figure 12: Transverse momentum spectra of Ω− and Ω̄+ in the range of mid-
rapidities (|y| < 1). Vertical lines display statistical uncertainties.
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5 Summary

In the this work, wewere able to start studying quark gluon plasma using the strange
hadrons produced in Au+Au collisions at 27 GeV energies with the STAR experi-
ment. A number of results were obtained, the main ones being:

• The obtained invariantmass distributionsmatch the tabulated values, demon-
strating the correctness of this particle reconstruction method;

• The transverse momentum spectra in the area pT > 1.5 GeV/c show an ex-
ponential dependence, which is in consistency with the theory.
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CONCLUSION

The study of strange particle spectra is an important part of studying hot QCD
matter. Further investigation of these particles will allow testing of theoretical pre-
dictions, thereby leading to a deeper understanding of the processes in high-energy
and elementary particle physics.
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