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Azimuthal anisotropy measurement of (multi-)strange hadrons in Au+Au collisions at√
sNN = 54.4 GeV

(The STAR Collaboration)

Azimuthal anisotropy of produced particles is one of the most important observables used to
access the collective properties of the expanding medium created in relativistic heavy-ion collisions.
In this paper, we present second (v2) and third (v3) order azimuthal anisotropies of K0

S , φ, Λ, Ξ
and Ω at mid-rapidity (|y| <1) in Au+Au collisions at

√
sNN = 54.4 GeV measured by the STAR

detector. The v2 and v3 are measured as a function of transverse momentum and centrality. Their
energy dependence is also studied. v3 is found to be more sensitive to the change in the center-
of-mass energy than v2. Scaling by constituent quark number is found to hold for v2 within 10%.
This observation could be evidence for the development of partonic collectivity in 54.4 GeV Au+Au
collisions. Differences in v2 and v3 between baryons and anti-baryons are presented, and ratios of

v3/v
3/2
2 are studied and motivated by hydrodynamical calculations. The ratio of v2 of φ mesons

to that of anti-protons (v2(φ)/v2(p̄)) shows centrality dependence at low transverse momentum,
presumably resulting from the larger effects from hadronic interactions on anti-proton v2.

I. INTRODUCTION

According to Quantum ChromoDynamics (QCD), at
very high temperature (T) and/or large baryonic chemi-
cal potential (µB) a deconfined phase of quarks and glu-
ons is expected to be present, while at low T and low
µB quarks and gluons are known to be confined inside
hadrons [1]. High energy heavy-ion collisions provide a
unique opportunity to study QCD matter at extremely
high temperature and density. Experiments at the Rel-
ativistic Heavy Ion Collider (RHIC) have shown that a
very dense medium of deconfined quarks and gluons is
formed in Au+Au collisions at the center-of-mass energy
of

√
sNN = 200 GeV [2–9]. Azimuthal anisotropy param-

eters (vn), which quantify the azimuthal asymmetries of
particle production in momentum space, are an excellent
tool to study the properties of the deconfined medium
created in these collisions [10–17]. Observations of large
vn magnitudes and their constituent quark scaling in 200
GeV Au+Au collisions (µB ∼ 20 MeV) have been consid-
ered a signature of partonic collectivity of the system [18].

To study the QCD phase structure over a large range in
T and µB, a beam energy scan program has been carried
out by RHIC. The first phase of this program (BES-I)
was carried out in 2010-14. Measurements of azimuthal
anisotropies of light flavor hadrons made during during
the BES-I program by the STAR experiment indicate
the formation of QCD matter dominated by hadronic
interactions in Au+Au collisions at

√
sNN < 11.5 GeV

(µB > 200 MeV) [20, 21].

Strange hadrons, especially those containing more than
one strange quark, are considered a good probe to study
the collective properties of the medium created in high
energy heavy-ion collisions, thanks to their early chemical
freeze-out and small hadronic interaction cross sections
[2, 22–26]. Measurements of (multi-)strange hadron vn
is limited by the available statistics in BES-I. In this pa-
per, we report high precision measurements of azimuthal
anisotropy parameters, v2 and v3, of strange and multi-
strange hadrons at mid-rapidity (|y| < 1) in Au+Au col-

lisions at
√
sNN = 54.4 GeV (µB ∼ 90 MeV). v2 and v3 of

K0
S, φ, Λ, Ξ and Ω are measured as a function of particle

transverse momentum (pT ) and collision centrality. Such
measurements will provide deep insights into properties
of the hot and dense medium, such as partonic collec-
tivity, transport coefficients, and hadronization mecha-
nisms.
This paper is organized in the following manner. In

sections II, III and IV, we describe the dataset, the anal-
ysis method, and systematic studies respectively. In sec-
tion V we report the results. Finally, a summary is given
in section VI.

II. EXPERIMENTAL SETUP

In this analysis, a total of 600 Mminimum bias Au+Au
events at

√
sNN = 54.4 GeV recorded by the STAR ex-

periment are used. Events for analysis are selected based
on the collision vertex position. Along the beam direc-
tion, a vertex position cut of |Vz | < 30 cm is applied. A

radial vertex position cut (defined as Vr =
√

V 2
x + V 2

y ) of

Vr < 2.0 cm is used in order to avoid collision with beam
pipe whose radius is 3.95 cm.
The trajectory of a charged particle through STAR’s

magnetic field can be reconstructed, and thus its mo-
mentum determined, using the Time Projection Cham-
ber (TPC) [27]. To ensure good track quality, the num-
ber of TPC hit points on each track is required to be
larger than 15, and the ratio of the number of used TPC
hit points to the maximum possible number of hit points
along the trajectory should be larger than 0.52. The
transverse momentum of each particle is limited to pT >
0.15 GeV/c.
The collision centrality is determined by comparing the

uncorrected charged particle multiplicity within a pseu-
dorapidity range of |η| < 0.5 measured by the TPC with
a Glauber Monte Carlo (MC) [28] simulation as shown in
Fig. 1. The significant difference between the measured
multiplicity and Glauber simulation at low multiplicity
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FIG. 1. The uncorrected multiplicity distribution of recon-
structed charged particles in Au+Au collisions at

√
sNN =

54.4 GeV. Glauber Monte Carlo simulation is shown as the
solid red curve.

values is due to trigger and primary vertex finding ineffi-
ciency. This is corrected by taking the ratio of the simu-
lated multiplicity distribution to that in data as a weight
factor. The detailed procedure to obtain the simulated
multiplicity distribution using Glauber MC is similar to
that described in Ref. [29]. Central (peripheral) events
correspond to collisions of large (small) nuclear overlap
and thus large (small) charged particle multiplicities.

Particle identification is done using the TPC and
the Time-of-Flight (TOF) detectors [30] at mid-
pseudorapidity (|η| <1.0). Both the TPC and TOF have
full azimuth coverage. Long-lived charged particles, e.g.
π, K, and p, are identified directly using specific ioniza-
tion energy loss in the TPC and time of flight informa-
tion in TOF [21]. Short-lived strange hadrons (K0

S , φ,
Λ, Ξ, Ω) are reconstructed through two-body hadronic
decay channels: K0

S −→ π+ + π−, φ −→ K+ + K−,
Λ(Λ̄) −→ p(p̄) + π−(π+), Ξ± −→ Λ +π± and Ω± −→
Λ + K±. K0

S, Λ, Ξ, and Ω decay weakly and therefore
decay topology cuts are applied to reduce the combinato-
rial background. Cuts on the following topological vari-
ables are used: (1) Distance of Closest Approach (DCA)
between the two daughter tracks, (2) the DCA of the
daughter tracks to the collision vertex, (3) the DCA of
the reconstructed parent strange hadron to the collision
vertex, (4) the decay length of the strange hadrons, and
(5) the angle between the spatial vector pointing from the
collision vertex to the decay vertex and the momentum
vector of the parent strange hadron. Since the φ meson
decays strongly, its daughter kaons appear to originate
from the collision vertex. The DCAs of kaon tracks from
the collision vertex are required to be less than 3 cm for
φ meson reconstruction.

An event mixing technique is used for the subtraction
of combinatorial background for the φ mesons [31] and
different polynomial functions (1st and 2nd order) are
used to fit the background after mixed-event background
subtraction. For K0

S and Λ, the like-sign method is used

to estimate the background and for Ξ and Ω, the rota-
tional background method is used [32–34]. The invariant
mass distributions of K0

S , φ, Λ, Ξ
−, Ω− and their anti-

particles are shown in Fig. 2.

III. ANALYSIS METHOD

The nth order flow coefficient with respect to the event
plane is given by

vn =
〈cosn(Φi − ψn)〉

Rn
, (1)

where the angle-bracket represents the average over all
the particles in each event and over all the events, Φi is
the azimuthal angle of the ith particle in an event and
ψn is the event plane angle for the nth order anisotropy
of an event [35]. The Rn denotes the resolution of the
nth order event plan angle. The event plane angle can be
determined based on the azimuthal distribution of parti-
cles in the plane transverse to the collision axis. The nth

order event plane angle is given by

ψn =
1

n
tan−1

∑

i wi sin(nΦi)
∑

iwi cos(nΦi)
. (2)

Here wi is the weight factor taken as pT of the particle for
optimal resolution. The nth order event plane has a sym-
metry of 2π/n and one would expect an isotropic distri-
bution of the event plane angle from 0 to 2π/n. However,
due to the azimuthally non-uniform detection efficiency
of the TPC, the reconstructed event plane angle distribu-
tion is usually not isotropic. This is corrected for using
the Φ-weight method, details of which can be found in
the ref. [35].
To suppress the auto-correlation between particles of

interest and those used for event plane angle determi-
nation [29, 35], calculations of the vn coefficients for
particles in the positive pseudorapdity region (0 < η <
1) utilize the sub-event plane determined using particles
in the negative pseudorapdity region (-1 < η < -0.05),
and vice versa. Its definition is the following:

vn =
〈cosn(Φi − ψ

A/B
n )〉

Rn
, (3)

where ψA
n and ψB

n are the sub-event planes in negative
(-1 < η < -0.05) and positive (0.05 < η <1) pseudora-
pidity regions, respectively. In addition to that, auto-
correlation has been removed in the case when decay
daughters are distributed in sub-events.
The event plane resolution Rn is estimated using:

Rn = 〈cosn(ψn − ψR)〉 =
√

〈cosn(ψA
n − ψB

n )〉, (4)

in which ψR is the reaction plane angle. Resolution
corrections for wide centrality bins are done using the
method described in Ref. [36].
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FIG. 2. Invariant mass distributions for K0
S , φ, Λ, Ξ

−, Ω− and their anti-particles in minimum bias Au+Au collisions at
√
sNN

= 54.4 GeV. The combinatorial background is shown as gray shaded histograms. No background subtraction was included in
any of the 8 panels.

By using equation 3, one can calculate the vn of parti-
cles that are detected directly and whose azimuthal dis-
tributions are known in every event. But the particles
used in this analysis are short-lived and can’t be detected
directly. To calculate the vn of such particles, the invari-
ant mass method is used [37], in which the vn of the
particle of interest is calculated as a function of the in-
variant mass of the decayed daughter particles. Figure 3,
taking K0

S as an example, shows v2 and v3 as a function
of the π+π− pair invariant mass in the 10-40% central-
ity bin. The total vn of the signal+background can be
decomposed into two parts.

vS+B
n = vSn

S

S +B
+ vBn

B

S +B
. (5)

Here vSn is the vn of the signal (K0
S), v

B
n is the vn of

the background, S is the raw signal counts and B is the
background counts. vBn is approximated with a first order
polynomial function. vSn is a free parameter and can be
obtained by fitting vn using Eq. 5, shown as solid red
lines in Fig. 3. The v2 and v3 of other strange hadrons
are calculated in a similar way except for Ξ. For Ξ, Eq. 5
has been modified as follows:

vS+B
n = vSn

S

S +B + b
+ vbn

b

S +B + b
+ vBn

B

S +B + b
,

(6)
where b denotes the yield of the residual bump observed
in the low invariant mass region (see Fig. 2) due to fake
Λ candidates [32], and vbn denotes the vn of the residual
candidates in the bump region. Systematic checks have
been carried out to examine the effect of the bump in Ξ
vn extraction by changing fit ranges and the shape of the
background vbn at the bump region. The effect is found
to be negligibly small, less than 1%, on the vn values of
Ξ particles.
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FIG. 3. The upper panel shows v2 as a function of the invari-
ant mass of π+ π− pairs and the lower panel shows the same
for v3. Red lines represent fit functions given in Eq. 5
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Particle/Centrality 0-10% 10-40% 40-80% 0-80%

K0
S 2% 2% 2% 2%

φ 10% 3% 3% 5%
Λ 2% 2% 2% 2%
Ξ 4% 3% 3% 3%
Ω 22% 6% 15% 8%

TABLE I. Average systematic uncertainties on v2 of K0
S , φ,

Λ, Ξ and Ω in different centrality bins.

Particle/Centrality 0-10% 10-40% 40-80% 0-80%
K0

S 3% 3% 3% 3%
φ 15% 10% N.A. 10%
Λ 3% 3% 3% 3%
Ξ 12% 10% N.A. 8%
Ω 30% 30% N.A. 30%

TABLE II. Average systematic uncertainties on v3 of K0
S , φ,

Λ, Ξ and Ω in different centrality bins.

IV. SYSTEMATIC UNCERTAINTY

Systematic uncertainties are evaluated by varying
event selection cuts, track selection cuts, and background
subtraction methods. Track selection cuts used for event
plane angle calculation are also varied. For particles like
Ξ and Ω the default background construction method
is rotational method and for particles like K0

S and Λ
the default background construction method is the like-
sign method. As an alternative to estimate the back-
ground fraction, polynomial functions are used to model
the residual background in fitting the invariant mass dis-
tributions. The resulting differences in vn between using
the default and alternative background estimation meth-
ods are included in the systematic uncertainties. For
weakly decaying particles, topological cuts are varied as
well. Different topological variables are varied simulta-
neously to keep the raw yield of the particle of inter-
est similar. This helps to reduce the effect of statistical
fluctuations in estimating systematic uncertainties. Fi-
nally, the Barlow’s method [38] is used to determine the
systematic uncertainties arising from analysis cut varia-
tions. If the resulting changes (∆vn) in vn are smaller
than the change in statistical errors (∆σstat) on vn, such
changes are not included in the uncertainties. Otherwise,
the systematic error (σsys) on vn is calculated as σsys
=
√

(∆vn)2 − (∆σstat)2. Finally, systematic uncertain-
ties from different sources, which pass the Barlow check,
are added in quadrature. Final systematic uncertainties
are calculated as a function of pT and centrality. They
are found to be nearly pT independent but larger in cen-
tral collisions compared to peripheral collisions. Table I
and II show the average systematic uncertainties on v2
and v3 for K0

S , φ, Λ, Ξ and Ω in different centrality bins.

V. RESULTS AND DISCUSSION

A. pT dependence of v2 and v3

The transverse momentum dependence of v2 and v3
for K0

S, φ, Λ, Ξ
−, Ω− (and their anti-particles) is shown

in Fig. 4. The measurements are done at mid-rapidity,
|y| < 1.0, in minimum bias Au+Au collisions at

√
sNN

= 54.4 GeV. The non-zero magnitude of v3 is consistent
with the picture of event-by-event fluctuations in the ini-
tial density profile of the colliding nuclei [39]. Both v2
and v3 initially increase with pT and then tend to satu-
rate. This may be due to the interplay of hydrodynamic
flow as well as viscous effects [40]. The magnitude of v3
is found to be less than that of v2 for all particles in 0-
80% centrality. This is the first v3 measurement of the
multi-strange baryons Ξ and Ω in relativistic heavy-ion
collisions. The vn of heavy multi-strange baryons like Ω
are similar to that of the lighter mass, strange baryon Λ.
The vn of φ mesons, which consist of strange and anti-
strange quark pairs, is similar to that of light, strange
K0

S. If vn is developed through hadronic interactions,
vn should depend on the cross-sections of the interact-
ing hadrons and therefore those (e.g. φ, Ω) with smaller
cross-sections should develop less momentum anisotropy.
Therefore the observed large vn of φ and Ω are consis-
tent with the scenario that the anisotropy is developed
in the partonic medium in Au+Au collisions at

√
sNN

= 54.4 GeV. We also observe a difference in vn between
baryon and anti-baryon which is discussed separately in a
later section. The high precision measurements of vn for
K0

S, φ, Λ, Ξ, and Ω presented in this paper can be used
to constrain various models, for example, in extracting
transport properties of the medium created at

√
sNN =

54.4 GeV.

B. Centrality dependence of v2 and v3

The centrality dependence of v2 and v3 of K0
S , φ, Λ,

Ξ−, Ω− (and their anti-particles) are studied. Figures 5
and 6 show v2 and v3, respectively, as a function of pT
for three different centrality classes, 0-10%, 10-40% and
40-80%. For φ, Ξ and Ω measurements are only possible
for v3 for the 0-10% and 10-40% centralities due to data
sample size. We observe a strong centrality dependence
of v2 for all the particles, with the magnitude increasing
from central to peripheral collisions. This is expected if
v2 is driven by the shape of the initial overlap of the two
colliding nuclei [29].
We observe a weak centrality dependence for v3 com-

pared to v2. This observation is consistent with the sce-
nario in which v3 mostly originates from event-by-event
fluctuations of participant nucleon distributions [39], in-
stead of the impact parameter dominated average par-
ticipant anisotropy distributions. Our measurements
demonstrate that such scenario also works well for 54.4
GeV Au+Au collisions.
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bars and the shaded bands represent the systematic uncertainties.

C. Energy dependence of v2 and v3

The high statistics data at 54.4 GeV from the STAR
experiment offer an opportunity to study the collision
energy dependence of v2 and v3 of strange hadrons. Fig-
ure 7 upper panels show v2 of K0

S, φ, Λ̄, Ξ̄
+, and Ω− as

a function of pT in 0-80% centrality at
√
sNN = 39, 54.4,

and 200 GeV. Lower panels show the ratios with polyno-
mial fits to the 200 GeV data points. K0

S v2 at 54.4 GeV
is smaller than at 200 GeV, and higher than at 39 GeV.
The maximum difference is at intermediate pT . For Λ̄
and Ξ̄+, v2 at 54.4 GeV (as well as at 39 GeV) is higher
than at 200 GeV at very low pT . This could be due to the
effect of large radial flow at 200 GeV compared to 54.4
and 39 GeV. This effect is only visible in heavier hadrons
like Λ̄ and Ξ̄+. For φ and Ω−, statistical errors at low

pT are too large to draw any conclusions. Figure 8 upper
panels shows v3 of K0

S , φ, and Λ̄ as a function of pT in
0-80% centrality at

√
sNN = 54.4, and 200 GeV. Lower

panels show the ratios of fits to the 200 GeV data points.
We observe that the difference in v3 between 54.4 and
200 GeV is almost pT independent for all the particles
studied. In Fig. 8, the v3 shows greater variation as a
function of beam energy than that of v2. The measured
ratio of v3(54.4 GeV)/v3(200 GeV) for K0

S is ∼0.8 while
the same ratio for v2 is approaching 0.9. This suggests
that the dynamics responsible for v3, presumably fluc-
tuations dominated, are more sensitive to beam energy
than the v2.
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D. vn of particles and anti-particles

In the upper panels Fig 9, we show the ratio of v2
and v3 of particles (vn(X)) to the corresponding anti-
particles (vn(X̄)) for Λ, Ξ, and Ω in 10-40% centrality
as a function of pT . We also present the difference be-
tween v2 and v3 of particles and anti-particles in the lower
panels of Fig . 9. We can not establish a clear pT depen-

dence in the ratio or difference of multi-strange parti-
cle and anti-particle. The Λ and Λ̄ vn data seem to be
consistent with a relatively smaller vn for Λ̄ in the low
pT region. We have calculated the pT integrated aver-
age difference in vn between baryon and anti-baryon by
fitting the vn(X) − vn(X̄) versus pT with a zeroth or-
der polynomial function as done in Ref. [20]. Figure 10
shows the average difference between vn of baryons and
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FIG. 8. v3 of K0
S , φ and Λ̄ as a function of pT in 0-80% centrality events at

√
sNN = 54.4, and 200 GeV. The vertical lines

represent the sum of statistical and systematic uncertainties in quadrature. The data points for 200 GeV are taken from
ref. [42].

anti-baryons for Λ, Ξ, and Ω in 10-40% centrality as a
function of mass. The difference is independent of baryon
species within the measured uncertainty for both v2 and
v3. The magnitude of the observed difference between
particle and anti-particle is similar to that in 62.4 GeV
published by the STAR experiment [21]. However, uncer-
tainties on the measured values are significantly reduced
at 54.4 GeV. The observed difference between particles
and anti-particles could arise due to the effect of trans-
ported quarks at low beam energies as predicted in [43].
Alternatively, a calculation based on the Nambu-Jona-
Lasinio (NJL) model [44, 45] can also qualitatively ex-
plain the differences between particles and anti-particles
by considering the effect of the vector mean-field poten-
tial, which is repulsive for quarks and attractive for anti-
quarks. We also measure the difference between Ω− and
Ω̄+, however the observed difference is not statistically
significant (<1σ significance).

E. v3/v
3/2
2 ratio

The ratios between different orders of flow harmonics
are predicted to be sensitive probes of transport proper-
ties of the produced medium in heavy-ion collisions. Ac-
cording to hydrodynamic model calculations, the ratio

v3/v
3/2
2 is independent of pT and its magnitude depends

on the properties of transport properties (e.g., viscosity)
of the medium [46–48]. We have calculated the ratio

v3/v
3/2
2 as a function of pT for K0

S, Λ, Ξ−, Ω−, φ, Λ̄,
Ξ̄+ and Ω̄+ for 10-40% centrality, as shown in Fig. 11.
Our measurement for K0

S clearly demonstrates a pT de-
pendence of the ratio. The pT dependence of the ratios
for Λ is weak and ratios for other strange hadrons are
limited by statistical errors. Detailed comparisons with
other RHIC measurements [49, 50] and with more hy-

drodynamic model calculations will shed more light on
the dynamics.

F. Number of constituent quark scaling of v2 and v3

Elliptic flowmeasurements at top RHIC energy suggest
that a strongly-interacting partonic matter is produced
in Au+Au collisions [18]. This conclusion is based in
part on the observation that the elliptic flow for identi-
fied baryons and mesons when divided by the number of
constituent quarks (nq) is found to scale with the trans-
verse kinetic energy of the particles.
Figure 12(a) and (b) show the v2/nq as a function

of nq scaled transverse kinetic energy in 10-40% central
Au+Au collisions at

√
sNN = 54.4 GeV. The transverse

kinetic energy ismT -m0 wheremT is the transverse mass
given by mT =

√

m2
0 + p2T and m0 is the rest mass of

the particle. Due to the observed difference in parti-
cle and anti-particle vn we plot v2/nq vs. (mT -m0)/nq

for particle and anti-particle separately. The nq-scaled
v2 for identified hadrons including multi-strange hadrons
are found to scale with the scaled kinetic energy of the
particles. To quantify the validity of scaling we have fit-
ted the scaled v2 of K0

S with a 4th order polynomial,
and ratios to the fit for different particles have shown in
lower panels of Fig. 12. It is found that the scaling holds
within a maximum deviation of 10% for all the parti-
cles. The observed scaling in v2 can be interpreted as
due to the development of substantial collectivity in the
partonic phase [51] and as evidence that coalescence is
the dominant mechanism of particle production for the
intermediate pT range.
The scaling properties in v3 have also been examined

by plotting v3/(nq)
3/2 as a function of (mT -m0)/nq as

shown in panels (a) and (b) of Fig. 13. From the ratios
shown in the lower panels, we note that the scaling of
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is plotted as a function of mass. The result is compared with
62.4 GeV. Uncertainties represent the sum of statistical and
systematic in quadrature.

v3/(nq)
3/2 is clearly violated for Λ particles and the sta-

tistical errors for multi-strange particles are too large to
draw a conclusion regarding scaling.

G. v2(φ)/v2(p̄) ratio

Among many mesons, the φ(ss̄) has unique proper-
ties. It has a mass of 1.019 GeV/c2 which is compara-
ble to the mass of the lightest baryon, the proton (0.938
GeV/c2). The hadronic interaction cross-section of the
φ is expected to be small compared to ordinary hadrons
consisting of up and down quarks such as the proton
(uud). Therefore, the kinematic properties of φ are ex-
pected to be less affected by the later stage hadronic
interactions compared to the proton.

Hydrodynamical model calculations predict that v2 of
identified hadrons as a function of pT will follow mass
ordering, where the v2 of lighter hadrons is higher than
that of heavier hadrons. A phenomenological calcula-
tion [52], based on ideal hydrodynamics together with a
hadron cascade (JAM), shows that because of late-stage
hadronic rescattering effects on the proton, the mass or-
dering in v2 will be violated between φ and proton at
very low pT . This model calculation was done by assum-
ing a small hadronic interaction cross-section for the φ
meson and a larger hadronic interaction cross-section for
proton. The breaking of mass ordering in v2 between φ
and proton was observed in central Au+Au collisions at√
sNN = 200 GeV and reported by the STAR experiment

in Ref. [18].

Figure 14(a) shows v2(φ)/v2(p̄) vs. pT for 10-40% and
40-80% centralities at

√
sNN = 54.4 GeV. The result for

0-10% is not shown due to very large uncertainties. Anti-
protons, which consist of all produced quarks (ūūd̄), are
used instead of protons to avoid the effect of transported
quarks. At pT =0.5 GeV/c, the ratio is greater than
one with 1σ significance in 10-40% centrality. In addi-
tion, v2(φ)/v2(p̄) ratios in 10-40% central collisions are
found to be systematically higher than in peripheral 40-
80% events. This observed centrality dependence could
be the result of more hadronic rescattering effect on v2
of p̄ compared to φ, since φ mesons have small hadronic
interaction cross-section [22, 53]. Comparison of the ra-
tios for 0-80% collision centrality from

√
sNN = 54.4 GeV

and 200 GeV shows consistency with each other within
uncertainties for pT < 1.0 GeV/c.
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FIG. 12. Panel (a) shows the nq-scaled v2 as a function of nq-scaled transverse kinetic energy for K0
S, φ, Λ, Ξ

− and Ω− in
10-40% centrality class events. Panel (b) shows the same for K0

S , φ, Λ̄, Ξ̄
+ and Ω̄+. The red line shows the polynomial fit to

the K0
S data points. Panels (c) and (d) show the ratio of nq-scaled v2 of all the particles to the fit function.

VI. SUMMARY

In summary, we have reported the azimuthal
anisotropic flow parameters, v2 and v3, of strange and
multi-strange hadrons, K0

S, φ, Λ, Ξ
−, Ω− (and their anti-

particles) measured at mid-rapidity as a function of pT
for various collision centralities in Au+Au collisions at√
sNN = 54.4 GeV. The magnitude of v3 of multi-strange

baryons Ξ and Ω is found to be similar to that of the
lighter strange baryon Λ. The non-zero magnitude of v3
indicates the presence of event-by-event fluctuations in
the initial energy density profile of colliding nuclei and

large values of v2 and v3 of multi-strange hadrons indi-
cate that the observed collectivity is mainly developed
through partonic rather than hadronic interactions.

The centrality dependence of v3 is weak relative to
that of v2 which is consistent with the scenario that v3
does not arise from impact parameter driven average spa-
tial configurations, rather it originates dominantly from
event-by-event fluctuation present in the system. The
measured v2 and v3 values at

√
sNN = 54.4 GeV are also

compared with available published results in Au+Au col-
lisions at

√
sNN = 39 and 200 GeV to examine the energy

dependence. We observed that the change in v3 with
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√
sNN is more than that in v2. This suggests that v3 dy-

namics have stronger energy dependence compared to v2.
A difference in vn(pT ) between baryons and correspond-
ing antibaryons was observed. The observed difference is
found to be baryon-type independent within uncertain-
ties.

We have studied the nq scaling for both v2 and v3
and found that the scaling holds for v2 of all the parti-
cles while the scaling for v3 seems to be violated. One
interpretation of the observed nq scaling in v2 is that

parton recombination is the dominant mechanism for
hadronization at mid-rapidity and the development of
collectivity occurs during the partonic stage of the sys-

tem evolution. The ratio v3/v
3/2
2 , which is sensitive to

the medium properties according to hydrodynamic cal-
culations, shows weak pT dependence for pT > 1 GeV/c,
similar to the behaviour of this ratio was found in the
previous study with U+U collisions at 193 GeV. The
v2(φ)/v2(p̄) ratio was presented as a function of pT for
two different centrality classes 10-40% and 40-80%. The
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v2(φ)/v2(p̄) ratio shows a decreasing trend as a function
of pT for both collision centralities. The v2(φ)/v2(p̄) ratio
is also found to be systematically higher for central colli-
sions 10-40% than non-central collisions 40-80%. This
could be due the effect of more hadronic rescattering
on v2 of p̄ compared to φ and hence our measurements
are consistent with the picture of a small hadronic cross-
section of the φ meson.
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