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29ELTE Eötvös Loránd University, Budapest, Hungary H-111778

30University of Heidelberg, Heidelberg 69120, Germany79

31Wayne State University, Detroit, Michigan 4820180

32Indian Institute of Science Education and Research (IISER), Berhampur 760010 , India81

33Kent State University, Kent, Ohio 4424282

34Rice University, Houston, Texas 7725183

35University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan84

36University of Illinois at Chicago, Chicago, Illinois 6060785

37Lehigh University, Bethlehem, Pennsylvania 1801586

38University of Calabria & INFN-Cosenza, Italy87

39National Cheng Kung University, Tainan 7010188

40Purdue University, West Lafayette, Indiana 4790789

41Southern Connecticut State University, New Haven, Connecticut 0651590

42Central China Normal University, Wuhan, Hubei 43007991

43Technische Universität Darmstadt, Darmstadt 64289, Germany92

44Temple University, Philadelphia, Pennsylvania 1912293

45Valparaiso University, Valparaiso, Indiana 4638394

46Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India95

47Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 73000096

48Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany97

49National Institute of Science Education and Research, HBNI, Jatni 752050, India98

50University of Texas, Austin, Texas 7871299

51Rutgers University, Piscataway, New Jersey 08854100

52Institute of Nuclear Physics PAN, Cracow 31-342, Poland101

53Max-Planck-Institut für Physik, Munich 80805, Germany102

54Creighton University, Omaha, Nebraska 68178103

55Indian Institute Technology, Patna, Bihar 801106, India104

56Ball State University, Muncie, Indiana, 47306105

57Universidade de São Paulo, São Paulo, Brazil 05314-970106

58Huzhou University, Huzhou, Zhejiang 313000107

59Michigan State University, East Lansing, Michigan 48824108

60Argonne National Laboratory, Argonne, Illinois 60439109

61United States Naval Academy, Annapolis, Maryland 21402110

62South China Normal University, Guangzhou, Guangdong 510631111

Azimuthal anisotropy of produced particles is one of the most important observables used to112

access the collective properties of the expanding medium created in relativistic heavy-ion collisions.113

In this paper, we present second (v2) and third (v3) order azimuthal anisotropies of K0
S , φ, Λ, Ξ114

and Ω at mid-rapidity (|y| <1) in Au+Au collisions at
√
sNN = 54.4 GeV measured by the STAR115

detector. The v2 and v3 are measured as a function of transverse momentum and centrality. Their116
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energy dependence is also studied. v3 is found to be more sensitive to the change in the center-117

of-mass energy than v2. Scaling by constituent quark number is found to hold for v2 within 10%.118

This observation could be evidence for the development of partonic collectivity in 54.4 GeV Au+Au119

collisions. Differences in v2 and v3 between baryons and anti-baryons are presented, and ratios of120

v3/v
3/2
2 are studied and motivated by hydrodynamical calculations. The ratio of v2 of φ mesons121

to that of anti-protons (v2(φ)/v2(p̄)) shows centrality dependence at low transverse momentum,122

presumably resulting from the larger effects from hadronic interactions on anti-proton v2.123

I. INTRODUCTION124

According to Quantum ChromoDynamics (QCD), at125

very high temperature (T) and/or large baryonic chemi-126

cal potential (µB) a deconfined phase of quarks and glu-127

ons is expected to be present, while at low T and low128

µB quarks and gluons are known to be confined inside129

hadrons [1]. High energy heavy-ion collisions provide a130

unique opportunity to study QCD matter at extremely131

high temperature and density. Experiments at the Rel-132

ativistic Heavy Ion Collider (RHIC) have shown that a133

very dense medium of deconfined quarks and gluons is134

formed in Au+Au collisions at the center-of-mass energy135

of
√
sNN = 200 GeV [2–9]. Azimuthal anisotropy param-136

eters (vn), which quantify the azimuthal asymmetries of137

particle production in momentum space, are an excellent138

tool to study the properties of the deconfined medium139

created in these collisions [10–17]. Observations of large140

vn magnitudes and their constituent quark scaling in 200141

GeV Au+Au collisions (µB ∼ 20 MeV) have been consid-142

ered a signature of partonic collectivity of the system [18].143

To study the QCD phase structure over a large range in144

T and µB, a beam energy scan program has been carried145

out by RHIC. The first phase of this program (BES-I)146

was carried out in 2010-14. Measurements of azimuthal147

anisotropies of light flavor hadrons made during during148

the BES-I program by the STAR experiment indicate149

the formation of QCD matter dominated by hadronic150

interactions in Au+Au collisions at
√
sNN < 11.5 GeV151

(µB > 200 MeV) [20, 21].152

Strange hadrons, especially those containing more than153

one strange quark, are considered a good probe to study154

the collective properties of the medium created in the155

early stage of heavy-ion collisions [2, 22–26]. The mea-156

surement of average transverse momentum 〈pT 〉 of φ157

mesons shows weak centrality dependence while 〈pT 〉 of158

protons increases significantly from peripheral to central159

collisions. This could be due to the fact that φ mesons160

have relatively small hadronic interaction cross-section161

compared to that of proton [27]. Measurements of (multi-162

)strange hadron vn is limited by the available statistics in163

BES-I. In this paper, we report high precision measure-164

ments of azimuthal anisotropy parameters, v2 and v3, of165

strange and multi-strange hadrons at mid-rapidity (|y| <166

1) in Au+Au collisions at
√
sNN = 54.4 GeV (µB ∼ 90167

MeV). v2 and v3 of K0
S , φ, Λ, Ξ and Ω are measured as a168

function of particle transverse momentum (pT ) and col-169

lision centrality. Such measurements will provide deep170

insights into properties of the hot and dense medium,171

such as partonic collectivity, transport coefficients, and172

hadronization mechanisms.173

This paper is organized in the following manner. In174

sections II, III and IV, we describe the dataset, the anal-175

ysis method, and systematic studies respectively. In sec-176

tion V we report the results. Finally, a summary is given177

in section VI.178

II. EXPERIMENTAL SETUP179

In this analysis, a total of 600 M minimum bias Au+Au180

events at
√
sNN = 54.4 GeV recorded by the STAR ex-181

periment are used. Events for analysis are selected based182

on the collision vertex position. Along the beam direc-183

tion, a vertex position cut of |Vz | < 30 cm is applied. A184

radial vertex position cut (defined as Vr =
√

V 2
x + V 2

y ) of185

Vr < 2.0 cm is used in order to avoid collision with beam186

pipe whose radius is 3.95 cm.187

The trajectory of a charged particle through STARs188

magnetic field can be reconstructed, and thus its mo-189

mentum determined, using the Time Projection Cham-190

ber (TPC) [28]. To ensure good track quality, the num-191

ber of TPC hit points on each track is required to be192

larger than 15, and the ratio of the number of used TPC193

hit points to the maximum possible number of hit points194

along the trajectory should be larger than 0.52. The195

transverse momentum of each particle is limited to pT >196

0.15 GeV/c.197
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FIG. 1. The uncorrected multiplicity distribution of recon-
structed charged particles in Au+Au collisions at
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solid red curve.
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The collision centrality is determined by comparing the200
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uncorrected charged particle multiplicity within a pseu-201

dorapidity range of |η| < 0.5 measured by the TPC with202

a Glauber Monte Carlo (MC) [29] simulation as shown in203

Fig. 1. The significant difference between the measured204

multiplicity and Glauber simulation at low multiplicity205

values is due to trigger and primary vertex finding ineffi-206

ciency. This is corrected by taking the ratio of the simu-207

lated multiplicity distribution to that in data as a weight208

factor. The detailed procedure to obtain the simulated209

multiplicity distribution using Glauber MC is similar to210

that described in Ref. [30]. Central (peripheral) events211

correspond to collisions of large (small) nuclear overlap212

and thus large (small) charged particle multiplicities.213

Particle identification is done using the TPC and214

the Time-of-Flight (TOF) detectors [31] at mid-215

pseudorapidity (|η| <1.0). Both the TPC and TOF have216

full azimuth coverage. Long-lived charged particles, e.g.217

π, K, and p, are identified directly using specific ioniza-218

tion energy loss in the TPC and time of flight informa-219

tion in TOF [21]. Short-lived strange hadrons (K0
S , φ,220

Λ, Ξ, Ω) are reconstructed through two-body hadronic221

decay channels: K0
S −→ π+ + π−, φ −→ K+ + K−,222

Λ(Λ̄) −→ p(p̄) + π−(π+), Ξ± −→ Λ +π± and Ω± −→223

Λ + K±. K0
S, Λ, Ξ, and Ω decay weakly and therefore224

decay topology cuts are applied to reduce the combinato-225

rial background. Cuts on the following topological vari-226

ables are used: (1) Distance of Closest Approach (DCA)227

between the two daughter tracks, (2) the DCA of the228

daughter tracks to the collision vertex, (3) the DCA of229

the reconstructed parent strange hadron to the collision230

vertex, (4) the decay length of the strange hadrons, and231

(5) the angle between the spatial vector pointing from the232

collision vertex to the decay vertex and the momentum233

vector of the parent strange hadron. Since the φ meson234

decays strongly, its daughter kaons appear to originate235

from the collision vertex. The DCAs of kaon tracks from236

the collision vertex are required to be less than 3 cm for237

φ meson reconstruction.238

An event mixing technique is used for the subtraction239

of combinatorial background for the φ mesons [32] and240

different polynomial functions (1st and 2nd order) are241

used to fit the background after mixed-event background242

subtraction. For K0
S and Λ, the like-sign method is used243

to estimate the background and for Ξ and Ω, the rota-244

tional background method is used [33–35]. The invari-245

ant mass distributions of K0
S , φ, Λ, Ξ−, Ω− and their246

anti-particles are shown in Fig. 2. The invariant mass247

distribution for Ξ− (Ξ̄+) has a small bump due to the248

combinatorial Λ background [33].249250

III. ANALYSIS METHOD251

The nth order flow coefficient with respect to the event252

plane is given by253

vn =
〈cosn(Φi − ψn)〉

Rn
, (1)

where the angle-bracket represents the average over all254

the particles in each event and over all the events, Φi is255

the azimuthal angle of the ith particle in an event and256

ψn is the event plane angle for the nth order anisotropy257

of an event [36]. The Rn denotes the resolution of the258

nth order event plan angle. The event plane angle can be259

determined based on the azimuthal distribution of parti-260

cles in the plane transverse to the collision axis. The nth
261

order event plane angle is given by262

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 for263

optimal resolution. The nth order event plane has a sym-264

metry of 2π/n and one would expect an isotropic distri-265

bution of the event plane angle from 0 to 2π/n. However,266

due to the azimuthally non-uniform detection efficiency267

of the TPC, the reconstructed event plane angle distribu-268

tion is usually not isotropic. This is corrected for using269

the Φ-weight method, details of which can be found in270

the ref. [36].271

To suppress the auto-correlation between particles of272

interest and those used for event plane angle determi-273

nation [30, 36], calculations of the vn coefficients for274

particles in the positive pseudorapdity region (0 < η <275

1) utilize the sub-event plane determined using particles276

in the negative pseudorapdity region (-1 < η < -0.05),277

and vice versa. Its definition is the following:278

vn =
〈cosn(Φi − ψ

A/B
n )〉

Rn
, (3)

where ψA
n and ψB

n are the sub-event planes in negative279

(-1 < η < -0.05) and positive (0.05 < η <1) pseudora-280

pidity regions, respectively. In addition to that, auto-281

correlation has been removed in the case when decay282

daughters are distributed in sub-events.283

The event plane resolution Rn is estimated using:284

Rn = 〈cosn(ψn − ψR)〉 =
√

〈cosn(ψA
n − ψB

n )〉, (4)

in which ψR is the reaction plane angle. Resolution285

corrections for wide centrality bins are done using the286

method described in Ref. [37]. ψ2 and ψ3 resolution in287

different centrality bins are given in Table I288

By using equation 3, one can calculate the vn of parti-289

cles that are detected directly and whose azimuthal dis-290

tributions are known in every event. But the particles291

used in this analysis are short-lived and can’t be detected292

directly. To calculate the vn of such particles, the invari-293

ant mass method is used [38], in which the vn of the294

particle of interest is calculated as a function of the in-295

variant mass of the decayed daughter particles. Figure 3,296

taking K0
S as an example, shows v2 and v3 as a function297

of the π+π− pair invariant mass in the 10-40% central-298

ity bin. The total vn of the signal+background can be299300

decomposed into two parts.301

vS+B
n = vSn

S

S +B
+ vBn

B

S +B
. (5)



5

1 1.02 1.04 1.06 1.08
)+K


(Kinvm

0

10

20

30

40

50

6
10×

C
o

u
n

ts

STAR

 = 54.4 GeV
NN

sAu+Au, 

φ(e) 

0.45 0.5 0.55
)+ππ(invm

0

20

40

60

80

6
10×

C
o

u
n

ts

S

0
(a) K

1.1 1.12 1.14
)π+(pinvm

0

20

40

60

80

100

6
10×

Λ(b) 

1.1 1.12 1.14
)+π(pinvm

10

20

30

40

50

6
10×

Λ(f) 

1.28 1.3 1.32 1.34
)

πΛ(invm

50

100

150

200

3
10×

Ξ(c) 

1.28 1.3 1.32 1.34

)+πΛ(invm

20

40

60

80

100

120

3
10×

+
Ξ(g) 

1.6 1.65 1.7
)


 KΛ(invm

0

10000

20000

30000

Ω(d) 

1.6 1.65 1.7

)
+

 KΛ(invm

0

10000

20000

+
Ω(i) 

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.

0.45 0.5 0.55

0

0.05

0.1

2
v

=0.40.6 GeV/c
T

p

1040%

STAR

 = 54.4 GeV
NN

sAu+Au, 

 0.0001±) = 0.0331 
S

0
(K2v

(a)

0.45 0.5 0.55
)2 )(GeV/cπ +π(invm

0.05−

0

0.05

0.1

3
v

 0.0005±) = 0.0040 
S

0
(K3v

(b)

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

Centrality ψ2 resolution ψ3 resolution
0-5% 0.3462 ± 0.0002 0.2284 ± 0.0003
5-10% 0.4549 ± 0.0001 0.2360 ± 0.0002
10-20% 0.54179 ± 0.00007 0.2257 ± 0.0002
20-30% 0.56211 ± 0.00007 0.1981 ± 0.0002
30-40% 0.51865 ± 0.00008 0.1636 ± 0.0003
40-50% 0.4338 ± 0.0001 0.1234 ± 0.0003
50-60% 0.3289 ± 0.0001 0.0863 ± 0.0005
60-70% 0.2295 ± 0.0002 0.0564 ± 0.0008
70-80% 0.1578 ± 0.0003 0.028 ± 0.002

TABLE I. Resolution for ψ2 and ψ3 in different centrality
bins.

Here vSn is the vn of the signal (K0
S), vBn is the vn of302

the background, S is the raw signal counts and B is the303

background counts. vBn is approximated with a first order304

polynomial function. vSn is a free parameter and can be305

obtained by fitting vn using Eq. 5, shown as solid red306

lines in Fig. 3. The v2 and v3 of other strange hadrons307

are calculated in a similar way except for Ξ. For Ξ, Eq. 5308

has been modified as follows:309

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 observed310

in the low invariant mass region (see Fig. 2), and vbn de-311

notes the vn of the residual candidates in the bump re-312

gion. Systematic checks have been carried out to examine313

the effect of the bump in Ξ vn extraction by changing fit314

ranges and the shape of the background vbn at the bump315

region. The effect is found to be negligibly small, less316

than 1%, on the vn values of Ξ particles.317
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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 II. 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 III. Average systematic uncertainties on v3 of K0
S , φ,

Λ, Ξ and Ω in different centrality bins.

IV. SYSTEMATIC UNCERTAINTY318

Systematic uncertainties are evaluated by varying319

event selection cuts, track selection cuts, and background320

subtraction methods. Track selection cuts used for event321

plane angle calculation are also varied. For particles like322

Ξ and Ω the default background construction method is323

the rotational method and for particles like K0
S and Λ324

the default background construction method is the like-325

sign method. As an alternative to estimate the back-326

ground fraction, polynomial functions are used to model327

the residual background in fitting the invariant mass dis-328

tributions. The resulting differences in vn between using329

the default and alternative background estimation meth-330

ods are included in the systematic uncertainties. For331

weakly decaying particles, topological cuts are varied as332

well. Different topological variables are varied simulta-333

neously to keep the raw yield of the particle of inter-334

est similar. This helps to reduce the effect of statistical335

fluctuations in estimating systematic uncertainties. Fi-336

nally, the Barlow’s method [39] is used to determine the337

systematic uncertainties arising from analysis cut varia-338

tions. If the resulting changes (∆vn) in vn are smaller339

than the change in statistical errors (∆σstat) on vn, such340

changes are not included in the uncertainties. Otherwise,341

the systematic error (σsys) on vn is calculated as σsys342

=
√

(∆vn)2 − (∆σstat)2. Finally, systematic uncertain-343

ties from different sources, which pass the Barlow check,344

are added in quadrature. Final systematic uncertainties345

are calculated as a function of pT and centrality. They346

are found to be nearly pT independent but larger in cen-347

tral collisions compared to peripheral collisions. Table II348

and III show the average systematic uncertainties on v2349

and v3 for K0
S , φ, Λ, Ξ and Ω in different centrality bins.350

V. RESULTS AND DISCUSSION351

A. pT dependence of v2 and v3352

The transverse momentum dependence of v2 and v3353

for K0
S, φ, Λ, Ξ−, Ω− (and their anti-particles) is shown354

in Fig. 4. The measurements are done at mid-rapidity,355

|y| < 1.0, in minimum bias Au+Au collisions at
√
sNN356

= 54.4 GeV. The non-zero magnitude of v3 is consistent357

with the picture of event-by-event fluctuations in the ini-358

tial density profile of the colliding nuclei [40]. Both v2359

and v3 initially increase with pT and then tend to satu-360

rate. This may be due to the interplay of hydrodynamic361

flow as well as viscous effects [41]. The magnitude of v3362

is found to be less than that of v2 for all particles in 0-363

80% centrality. This is the first v3 measurement of the364

multi-strange baryons Ξ and Ω in relativistic heavy-ion365

collisions. The vn of heavy multi-strange baryons like Ω366

are similar to that of the lighter mass, strange baryon Λ.367

The vn of φ mesons, which consist of strange and anti-368

strange quark pairs, is similar to that of light, strange369

K0
S. If vn is developed through hadronic interactions,370

vn should depend on the cross-sections of the interact-371

ing hadrons and therefore those (e.g. φ, Ω) with smaller372

cross-sections should develop less momentum anisotropy.373

Therefore the observed large vn of φ and Ω are consis-374

tent with the scenario that the anisotropy is developed375

in the partonic medium in Au+Au collisions at
√
sNN376

= 54.4 GeV. We also observe a difference in vn between377

baryon and anti-baryon which is discussed separately in a378

later section. The high precision measurements of vn for379

K0
S, φ, Λ, Ξ, and Ω presented in this paper can be used380

to constrain various models, for example, in extracting381

transport properties of the medium created at
√
sNN =382

54.4 GeV.383

B. Centrality dependence of v2 and v3384

The centrality dependence of v2 and v3 of K0
S , φ, Λ,385

Ξ−, Ω− (and their anti-particles) are studied. Figures 5386

and 6 show v2 and v3, respectively, as a function of pT387

for three different centrality classes, 0-10%, 10-40% and388

40-80%. For φ, Ξ and Ω measurements are only possible389

for v3 for the 0-10% and 10-40% centralities due to data390

sample size. We observe a strong centrality dependence391

of v2 for all the particles, with the magnitude increasing392

from central to peripheral collisions. This is expected if393

v2 is driven by the shape of the initial overlap of the two394

colliding nuclei [30].395

We observe a weak centrality dependence for v3 com-396

pared to v2. This observation is consistent with the sce-397

nario in which v3 mostly originates from event-by-event398

fluctuations of participant nucleon distributions [40], in-399

stead of the impact parameter dominated average par-400

ticipant anisotropy distributions. Our measurements401

demonstrate that such scenario also works well for 54.4402

GeV Au+Au collisions.403404
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bars and the shaded bands represent the systematic uncertainties.

C. Energy dependence of v2 and v3405

The high statistics data at 54.4 GeV from the STAR406

experiment offer an opportunity to study the collision407

energy dependence of v2 and v3 of strange hadrons. Fig-408

ure 7 upper panels show v2 of K0
S, φ, Λ̄, Ξ̄+, and Ω− as409

a function of pT in 0-80% centrality at
√
sNN = 39, 54.4,410

and 200 GeV. Lower panels show the ratios with polyno-411

mial fits to the 200 GeV data points. K0
S v2 at 54.4 GeV412

is smaller than at 200 GeV, and higher than at 39 GeV.413

The maximum difference is at intermediate pT . For Λ̄414

and Ξ̄+, v2 at 54.4 GeV (as well as at 39 GeV) is higher415

than at 200 GeV at very low pT . This could be due to the416

effect of large radial flow at 200 GeV compared to 54.4417

and 39 GeV. This effect is only visible in heavier hadrons418

like Λ̄ and Ξ̄+. For φ and Ω−, statistical errors at low419

pT are too large to draw any conclusions. Figure 8 upper420421

panels shows v3 of K0
S , φ, and Λ̄ as a function of pT in422

0-80% centrality at
√
sNN = 54.4, and 200 GeV. Lower423

panels show the ratios of fits to the 200 GeV data points.424

We observe that the difference in v3 between 54.4 and425

200 GeV is almost pT independent for all the particles426

studied. In Fig. 8, the v3 shows greater variation as a427

function of beam energy than that of v2. The measured428

ratio of v3(54.4 GeV)/v3(200 GeV) for K0
S is ∼0.8 while429

the same ratio for v2 is approaching 0.9. This suggests430

that the dynamics responsible for v3, presumably fluc-431

tuations dominated, are more sensitive to beam energy432

than the v2.433
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D. vn of particles and anti-particles434

In the upper panels Fig 9, we show the ratio of v2435

and v3 of particles (vn(X)) to the corresponding anti-436

particles (vn(X̄)) for Λ, Ξ, and Ω in 10-40% centrality437

as a function of pT . We also present the difference be-438

tween v2 and v3 of particles and anti-particles in the lower439

panels of Fig . 9. We can not establish a clear pT depen-440

dence in the ratio or difference of multi-strange parti-441

cle and anti-particle. The Λ and Λ̄ vn data seem to be442

consistent with a relatively smaller vn for Λ̄ in the low443

pT region. We have calculated the pT integrated aver-444

age difference in vn between baryon and anti-baryon by445

fitting the vn(X) − vn(X̄) versus pT with a zeroth or-446

der polynomial function as done in Ref. [20]. Figure 10447

shows the average difference between vn of baryons and448
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anti-baryons for Λ, Ξ, and Ω in 10-40% centrality as a449

function of mass. The difference is independent of baryon450

species within the measured uncertainty for both v2 and451

v3. The magnitude of the observed difference between452

particle and anti-particle is similar to that in 62.4 GeV453

published by the STAR experiment [21]. However, uncer-454

tainties on the measured values are significantly reduced455

at 54.4 GeV. The observed difference between particles456

and anti-particles could arise due to the effect of trans-457

ported quarks at low beam energies as predicted in [44].458

Alternatively, a calculation based on the Nambu-Jona-459

Lasinio (NJL) model [45, 46] can also qualitatively ex-460

plain the differences between particles and anti-particles461

by considering the effect of the vector mean-field poten-462

tial, which is repulsive for quarks and attractive for anti-463

quarks. We also measure the difference between Ω− and464

Ω̄+, however the observed difference is not statistically465

significant (<1σ significance).466

E. v3/v
3/2
2 ratio467

The ratios between different orders of flow harmonics468

are predicted to be sensitive probes of transport prop-469

erties of the produced medium in heavy-ion collisions.470

According to hydrodynamic model calculations, the ra-471

tio v3/v
3/2
2 is independent of pT and its magnitude de-472

pends on the transport properties (e.g., viscosity) of the473

medium [47–49]. We have calculated the ratio v3/v
3/2
2 as474

a function of pT for K0
S , Λ, Ξ−, Ω−, φ, Λ̄, Ξ̄+ and Ω̄+ for475

10-40% centrality, as shown in Fig. 11. Our measurement476

for K0
S clearly demonstrates a pT dependence of the ra-477

tio. The pT dependence of the ratios for Λ is weak and478

ratios for other strange hadrons are limited by statisti-479

cal errors. Detailed comparisons with other RHIC mea-480

surements [50, 51] and with more hydrodynamic model481

calculations will shed more light on the dynamics.482

F. Number of constituent quark scaling of v2 and v3483

Elliptic flow measurements at top RHIC energy suggest484

that a strongly-interacting partonic matter is produced485

in Au+Au collisions [18]. This conclusion is based in486

part on the observation that the elliptic flow for identi-487

fied baryons and mesons when divided by the number of488

constituent quarks (nq) is found to scale with the trans-489

verse kinetic energy of the particles.490

Figure 12(a) and (b) show the v2/nq as a function491

of nq scaled transverse kinetic energy in 10-40% central492

Au+Au collisions at
√
sNN = 54.4 GeV. The transverse493

kinetic energy is mT -m0 where mT is the transverse mass494

given by mT =
√

m2
0 + p2T and m0 is the rest mass of495

the particle. Due to the observed difference in parti-496

cle and anti-particle vn we plot v2/nq vs. (mT -m0)/nq497

for particle and anti-particle separately. The nq-scaled498

v2 for identified hadrons including multi-strange hadrons499

are found to scale with the scaled kinetic energy of the500

particles. To quantify the validity of scaling we have fit-501

ted the scaled v2 of K0
S with a 4th order polynomial,502

and ratios to the fit for different particles have shown in503

lower panels of Fig. 12. It is found that the scaling holds504

within a maximum deviation of 10% for all the parti-505

cles. The observed scaling in v2 can be interpreted as506

due to the development of substantial collectivity in the507

partonic phase [52] and as evidence that coalescence is508

the dominant mechanism of particle production for the509

intermediate pT range.510

The scaling properties in v3 have also been examined511

by plotting v3/(nq)
3/2 as a function of (mT -m0)/nq as512

shown in panels (a) and (b) of Fig. 13. From the ratios513

shown in the lower panels, we note that the scaling of514

v3/(nq)3/2 is clearly violated for Λ particles and the sta-515
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tistical errors for multi-strange particles are too large to516

draw a conclusion regarding scaling.517

G. v2(φ)/v2(p̄) ratio518

Among many mesons, the φ(ss̄) has unique properties.519

It has a mass of 1.019 GeV/c2 which is comparable to the520

mass of the lightest baryon, the proton (0.938 GeV/c2).521

A hydrodynamical inspired study of transverse momen-522

tum distribution of φ meson seems to suggest that it523

freezes out early compared to other hadrons such as the524

proton [2]. Therefore, the kinematic properties of φ are525

expected to be less affected by the later stage hadronic526

interactions compared to the proton.527

Hydrodynamical model calculations predict that v2 of528

identified hadrons as a function of pT will follow mass529

ordering, where the v2 of lighter hadrons is higher than530

that of heavier hadrons. A phenomenological calcula-531

tion [53], based on ideal hydrodynamics together with a532

hadron cascade (JAM), shows that because of late-stage533

hadronic rescattering effects on the proton, the mass or-534

dering in v2 will be violated between φ and proton at535

very low pT . This model calculation was done by assum-536

ing a small hadronic interaction cross-section for the φ537

meson and a larger hadronic interaction cross-section for538

protons, which is likely true for scatterings off the most539

abundant pions in the final state. However, several exper-540

imental and theoretical works on the φ-nucleon interac-541

tion that suggest that the magnitude of the cross section542

may not be negligible and more quantitative evaluations543

will be needed [54–62].544

The breaking of mass ordering in v2 between φ and pro-545

ton was observed in central Au+Au collisions at
√
sNN546

= 200 GeV and reported by the STAR experiment in547

Ref. [18]. Figure 14(a) shows v2(φ)/v2(p̄) vs. pT for548

10-40% and 40-80% centralities at
√
sNN = 54.4 GeV.549

The result for 0-10% is not shown due to very large un-550

certainties. Anti-protons, which consist of all produced551

quarks (ūūd̄), are used instead of protons to avoid the552

effect of transported quarks. At pT =0.5 GeV/c, the ra-553

tio is greater than one with 1σ significance in 10-40%554

centrality. In addition, v2(φ)/v2(p̄) ratios in 10-40% cen-555

tral collisions are found to be systematically higher than556

in peripheral 40-80% events. This observed centrality557

dependence is consistent with the scenario of significant558

hadronic rescattering effect on v2 of p̄ while the effect for559

φ is considerably smaller [22, 63]. Comparison of the ra-560

tios for 0-80% collision centrality from
√
sNN = 54.4 GeV561

and 200 GeV shows consistency with each other within562

uncertainties for pT < 1.0 GeV/c.563
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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. SUMMARY564

In summary, we have reported the azimuthal565

anisotropic flow parameters, v2 and v3, of strange and566

multi-strange hadrons, K0
S, φ, Λ, Ξ−, Ω− (and their anti-567

particles) measured at mid-rapidity as a function of pT568

for various collision centralities in Au+Au collisions at569 √
sNN = 54.4 GeV. The magnitude of v3 of multi-strange570

baryons Ξ and Ω is found to be similar to that of the571

lighter strange baryon Λ. The non-zero magnitude of v3572

indicates the presence of event-by-event fluctuations in573

the initial energy density profile of colliding nuclei and574

large values of v2 and v3 of multi-strange hadrons indi-575

cate that the observed collectivity is mainly developed576

through partonic rather than hadronic interactions.577

The centrality dependence of v3 is weak relative to578

that of v2 which is consistent with the scenario that v3579

does not arise from impact parameter driven average spa-580

tial configurations, rather it originates dominantly from581

event-by-event fluctuation present in the system. The582

measured v2 and v3 values at
√
sNN = 54.4 GeV are also583

compared with available published results in Au+Au col-584

lisions at
√
sNN = 39 and 200 GeV to examine the energy585

dependence. We observed that the change in v3 with586
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FIG. 13. Panel (a) shows v3/n
3/2
q 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 v3/n
3/2
q of all the particles to the fit function.

0.4 0.6 0.8 1 1.2 1.4
 (GeV/c)

T
p

0

0.5

1

1.5

2

2.5

)
p(

2
)/

v
φ(

2
v

 = 54.4 GeV
NN

sSTAR, Au+Au (a) 1040%

4080%

0.4 0.6 0.8 1 1.2 1.4
 (GeV/c)

T
p

0

0.5

1

1.5

2

2.5
(b)

54.4 GeV (080%)

200 GeV (080%)

FIG. 14. Left panel shows the ratio of v2 of φ to v2 of p̄ as a function of pT for 10-40% and 40-80% centralities at
√
sNN

= 54.4 GeV. Data points for 10-40% centrality are shifted by 0.05 GeV/c to the right for better visibility. The right panel
shows the comparison of the ratio at

√
sNN = 54.4 GeV and 200 GeV in 0-80% centrality. For 200 GeV [18], the measured

ratio is v2(φ)/v2(p + p̄) .The vertical lines represent the statistical error bars and the shaded bands represent the systematic
uncertainties. Data points at 200 GeV are taken from ref. [18]

√
sNN is more than that in v2. This suggests that v3 dy-587

namics have stronger energy dependence compared to v2.588

A difference in vn(pT ) between baryons and correspond-589

ing antibaryons was observed. The observed difference is590

found to be baryon-type independent within uncertain-591

ties.592

We have studied the nq scaling for both v2 and v3593

and found that the scaling holds for v2 of all the parti-594

cles while the scaling for v3 seems to be violated. One595

interpretation of the observed nq scaling in v2 is that596

parton recombination is the dominant mechanism for597

hadronization at mid-rapidity and the development of598

collectivity occurs during the partonic stage of the sys-599

tem evolution. The ratio v3/v
3/2
2 , which is sensitive to600

the medium properties according to hydrodynamic cal-601

culations, shows weak pT dependence for pT > 1 GeV/c,602

similar to the behaviour of this ratio was found in the603

previous study with U+U collisions at 193 GeV. The604

v2(φ)/v2(p̄) ratio was presented as a function of pT for605

two different centrality classes 10-40% and 40-80%. The606
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v2(φ)/v2(p̄) ratio shows a decreasing trend as a function607

of pT for both collision centralities. The v2(φ)/v2(p̄) ratio608

is also found to be systematically higher for central col-609

lisions 10-40% than non-central collisions 40-80%. This610

could be due the effect of more hadronic rescattering on611

v2 of p̄ compared to φ and hence our measurements are612

consistent with the picture of smaller hadronic rescatter-613

ing and earlier freeze out of the φ mesons.614
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