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We report the measurement of K∗0 meson at midrapidity (|y| < 1.0) in Au+Au collisions at√
sNN = 7.7, 11.5, 14.5, 19.6, 27 and 39 GeV collected by the STAR experiment during the RHIC

beam energy scan (BES) program. The transverse momentum spectra, yield, and average transverse
momentum of K∗0 are presented as functions of collision centrality and beam energy. The K∗0/K
yield ratios are presented for different collision centrality intervals and beam energies. The K∗0/K
ratio in heavy-ion collisions are observed to be smaller than that in small system collisions (e+e and
p+p). The K∗0/K ratio follows a similar centrality dependence to that observed in previous RHIC
and LHC measurements. The data favor the scenario of the dominance of hadronic rescattering over
regeneration for K∗0 production in the hadronic phase of the medium.

PACS numbers: 25.75.Ld117

I. INTRODUCTION118

Resonances are very short-lived particles and119

provide an excellent probe of properties of QCD120

medium in heavy-ion collisions (HIC) [1]. They121

decay through strong interactions within roughly122

10−23 seconds or a few fm/c which is of a simi-123

lar order to the lifetime of the medium created in124

heavy-ion collisions. Due to their short lifetime,125

some resonances decay within the medium. Hence,126

they are subjected to in-medium interactions. Dur-127

ing the evolution of HIC, the chemical (CFO) and128

kinetic (KFO) freeze-out temperatures play impor-129

tant roles. At CFO, the inelastic interactions among130

the constituents are expected to cease [2–7]. Af-131

terward, the constituents can interact among them-132

selves via elastic (or pseudo-elastic) interactions un-133

til the KFO, when their mean free path increases134

and all interactions cease. Between CFO and KFO,135

there can be two competing effects, rescattering and136

regeneration. The momentum of resonance daugh-137

ters (e.g pions and kaons from K∗0) can be altered138

due to the scattering with other hadrons present in139

the medium. Thus the parent resonance (e.g. K∗0)140

is not reconstructible using the re-scattered daugh-141

ters. This may result in a reduced resonance yield.142

On the other hand, resonances may be regenerated143

via pseudo-elastic interactions (e.g. πK ↔ K∗0) un-144

til KFO is reached. Such regeneration may result in145

an increase of resonance yield. TheK∗0 regeneration146

depends on the kaon-pion interaction cross section147

(σKπ), the time scale allowed for this re-generation,148

and the medium density. The rescattering depends149

on resonance lifetime, daughter particle’s interaction150

cross-section with the medium (e.g. σKπ, ππ, KK),151

the medium density, and the time scale between152

CFO and KFO. The final resonance (e.g. K∗0) yield153

is affected by the relative strength of these two com-154

peting processes. Since the σππ is about a factor of155

five larger than σKπ [8–10], one naively expects a loss156

of K∗0 signal due to rescattering over regeneration.157

Furthermore, the mass peak position and width of158

resonances may be modified due to in-medium ef-159

fects and late stage rescattering.160

Due to the short lifetime of about 4.16 fm/c, the161

K∗0 meson is one of the ideal candidates to probe162

the hadronic phase of the medium between CFO and163

KFO. If rescattering plays a dominant role, then one164

naively expects a smaller resonance to non-resonance165

particle yield ratio (e.g. K∗0/K) in central collisions166

compared to that in peripheral and small system167

(p+p) collisions. On the contrary, if regeneration is168

dominant, the above ratio is expected to be larger in169

central compared to peripheral (and small system)170

collisions. In previous RHIC [11–15], SPS [16, 17],171

and LHC [18–24] measurements, it is observed that172

the K∗0/K ratio is indeed smaller in central heavy-173

ion collisions than in peripheral, and elementary174

(e.g. p+p) collisions. The observation indicates the175

dominance of hadronic rescattering over regenera-176

tion. Such an observation is also supported by sev-177

eral transport model calculations [25–27]. The mea-178

surement of K∗0 in the Beam Energy Scan range179

can provide information on the interactions in the180

hadronic phase of the medium at these energies.181

In this article, we report on the measurement of182

K∗0 mesons at midrapidity (|y| < 1.0) using data183

from Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5,184

19.6, 27 and 39 GeV collected by the STAR ex-185

periment during 2010-2014 in the 1st phase of the186

Beam Energy Scan (called BES-I) program. The187

paper is organized as follows: Section II briefly de-188

scribes the sub-detectors of STAR used in this anal-189

ysis. The event and track selection criteria and the190

data-analysis methods are discussed in Section III-191

IV. The results for K∗0 mesons, which include trans-192

verse momentum (pT) spectra, yield (dN/dy), aver-193

age transverse momentum (〈pT〉) and ratios to non-194

resonances are discussed in section V. The results195

are summarized in Section VI.196
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II. EXPERIMENTAL DETAILS AND DATA197

ANALYSIS198

A. STAR detector199

The details of the STAR detector system are dis-200

cussed in [28]. The detector configuration during201

2010 and 2011 are similar, while during 2014 the202

Heavy Flavor Tracker [29] was installed inside the203

TPC. Minimum-bias events are selected using the204

scintillator-based Beam Beam Counter (BBC) detec-205

tors. The BBCs are located on the two sides of the206

beam pipe in the pseudo-rapidity range 3.3 < |η| <207

5.0. The Time Projection Chamber (TPC) [30] is the208

main tracking detector in STAR and is used for track209

reconstruction for the decay daughters of K∗0. The210

TPC has an acceptance of ± 1.0 in pseudo-rapidity211

and 2π in azimuth. With the TPC, one can identify212

particles in the low momentum range by utilizing en-213

ergy loss (dE/dx) and momentum information. The214

Time of Flight (TOF) [31, 32] detector can be used215

to identify particles in the momentum region where216

the TPC dE/dx bands for pions and kaons over-217

lap. The TOF works on the principle of Multigap218

Resistive Plate Chamber (MRPC) technology and219

provides pseudorapidity coverage |η| < 0.9 with full220

2π azimuth.221

B. Event selection222

Minimum-bias events are selected using the co-223

incidence between the BBC detectors [33]. The pri-224

mary vertex of each event is reconstructed by finding225

the best common point from which most of the pri-226

mary tracks originate. The vertex position along227

the beam direction (Vz) is required to be within228

± 50 cm for
√
sNN ≥ 11.5 GeV and ± 70 cm for229

7.7 GeV in a coordinate system whose origin is at230

the center of TPC. The vertex in radial direction231

(Vr =
√
V 2
x + V 2

y ) is required to be smaller than 2.0232

cm for all energies except 14.5 GeV where the vertex233

is not centered at (0, 0) in the xy plane and slightly234

offset at (0.0, -0.89). Hence the Vr is selected to be235

Vr =
√
V 2
x + (Vy + 0.89)2 < 1 cm for 14.5 GeV [34].236

The Vr selection excludes events where the incoming237

Au nuclei collide with the beam pipe. The above ver-238

tex selection criteria also ensure uniform acceptance239

within the η range (|η| < 1.0) studied. A typical ver-240

tex resolution 350 µm can be achieved using about241

1000 tracks with a maximum 45 hit points in TPC242

[35]. The number of good events selected after these243

criteria are listed in Table I.244

TABLE I: Au+Au collision datasets, vertex position Vz

and Vr selection, number of events analyzed.

Year Energy |VZ | (cm) Vr (cm) Events (M)

2010 7.7 GeV < 70 < 2 4.7
2010 11.5 GeV < 50 < 2 12.1
2014 14.5 GeV < 50 < 1 15.3
2011 19.6 GeV < 50 < 2 27.7
2011 27 GeV < 50 < 2 53.7
2010 39 GeV < 50 < 2 128.5

C. Centrality selection245

The collision centrality is determined via a fit to246

the charged particle distribution within |η| < 0.5247

in the TPC using a Glauber Monte Carlo simula-248

tion [36]. The minimum bias triggered events are249

divided into nine different intervals as 0 – 5%, 5 –250

10%, 10 – 20%, 20 – 30%, 30 – 40%, 40 – 50%, 50 –251

60%, 60 – 70% and 70 – 80%. The average number252

of participant nucleons 〈Npart〉 for BES-I energies253

are evaluated using a Glauber simulation and are254

reported in [34, 37].255

D. Track selection256

Good quality tracks are selected by requiring at257

least 15 hit points in the TPC. In order to re-258

duce track splitting, the tracks are required to in-259

clude more than 55% of the maximum number of260

hits possible for their geometry. Particles are re-261

quired to have transverse momentum greater than262

0.15 GeV/c. To reduce contamination from sec-263

ondary particles (e.g. weak decay contributions), the264

distance of closest approach (DCA) to the primary265

vertex is required to be smaller than 2 cm. Lastly,266

to ensure uniform acceptance, tracks are required to267

fall within ±1 in pseudo-rapidity.268

E. Particle identification269

Particle identification (PID) is carried out utiliz-270

ing both the TPC and TOF detectors. The pion and271

kaon candidates are identified using the energy loss272

dE/dx of the particles inside the TPC. In the STAR273

TPC, pions and kaons can be distinguished up to274

about 0.7 GeV/c in momenta, while (anti-) protons275

can be distinguished up to about 1.1 GeV/c in mo-276

menta. Particle tracks in the TPC are characterized277

by the Nσ variable, which is defined as:278
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FIG. 1: The track-rotation combinatorial background subtracted Kπ invariant mass distribution for the 1.2 < pT <
1.6 GeV/c (14.5 and 39 GeV). The data are fitted with a Breit-Wigner function plus a first-order polynomial (as
given in equation 3) by the solid line. The dashed line represents the residual background only. The uncertainties
on the data points are statistical only and shown by bars.

Nσ(π,K) =
1

R
log

(dE/dx)meas.

〈dE/dx〉theo.
, (1)

where the (dE/dx)meas. is the measured energy279

loss inside the TPC for a track, 〈dE/dx〉theo. is the280

expected mean energy loss from a parameterized281

Bichsel function [38], and R is the dE/dx resolution282

which is about 8.1%. The Nσ distribution is nearly283

Gaussian at a given momentum and calibrated to284

be centered at zero for each particle species with a285

width of unity [39].286

The TOF detector extends the particle identifica-
tion capabilities to intermediate and high pT. The
TOF system consists of TOF trays and Vertex Po-
sition Detectors (VPDs). By measuring the time of
flight of each particle, we can calculate mass-squared
(m2) of the corresponding track,

m2 = p2((tTOF × c/l)2 − 1), (2)

where p is the momentum, tTOF is the time of flight,287

c is the speed of light in vacuum and l is the flight288

path length of the particle. The time resolution of289

TOF is about ≈ 80 – 100 ps. Using the information290

from the TOF, pions and kaons can be separated291

up to p ≈ 1.6 GeV/c, and protons and kaons up292

to p ≈ 3.0 GeV/c [39]. If the TOF-information is293

available, −0.2 < m2 < 0.15 (GeV/c2)2 and 0.16 <294

m2 < 0.36 (GeV/c2)2 is required for selecting pions295

and kaons respectively. Otherwise we use the TPC296

|Nσ(π/K)| < 2.0 to select pions or kaons.297

F. K∗0 reconstruction298

The K∗0 (and its antiparticle K
∗0

) is re-299

constructed from its hadronic decay channel300

K∗0(K
∗0

) → π−K+(π+K−) (branching ratio301

66%) [40]. The measurements are performed with302

the same collision centrality intervals (10%) for all303

energies except for
√
sNN = 7.7 GeV, where the in-304

tervals are changed from 10% to 20% due to the305

low charged particle multiplicity at this energy. The306

analysis is done by combining both K∗0 and K
∗0

,307

which in the text is denoted by K∗0, unless speci-308

fied.309

In a typical event, it is impossible to distinguish310

the decay daughters of K∗0 from other primary311

tracks. First, the invariant mass is reconstructed312

from the unlike sign Kπ pairs in an event (called313

same-event pairs). The resultant invariant mass dis-314

tribution contains true K∗0 signal and a large ran-315

dom combinatorial background. Due to the large316

combinatorial background, the K∗0 invariant mass317

peak is not visible. The typical signal to background318

ratio is within the range 0.002 - 0.02. Hence, the319
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background must be subtracted from the same event320

distribution. The random combinatorial background321

is estimated using the daughter track rotation tech-322

nique. In this analysis, the azimuthal angle of kaon323

track is rotated by 180°in a plane normal to parti-324

cle’s momentum vector, which breaks the correlation325

among the pairs originating from same parent par-326

ticle. The K∗0 invariant mass peak is obtained after327

subtracting the invariant mass distribution of the328

rotated tracks from the same event invariant mass329

distribution. The signal peak is observed on top of a330

residual background. The significance of K∗0 signal331

is within the range 5-80 for all beam energies and332

centralities. It has been observed that the residual333

background may originate from correlated real Kπ334

pairs from particle decays, correlated pairs from jets,335

or correlated mis-identified pairs [12].336

Figure 1 presents the K∗0 invariant mass signal
in the range 1.2 < pT < 1.6 GeV/c for two beam
energies,

√
sNN = 14.5 and 39 GeV, and for two

centralities, 0-10% and 60-80%. The K∗0 invariant
mass distribution is obtained in different transverse
momentum bins for different collision centrality in-
tervals for six colliding beam energies. It is fitted
with a Breit-Wigner and a first order polynomial
function and is defined by,

dN

dmπK
=

Y

2π
× Γ0

(mπK −M0)2 +
Γ2
0

4

+ (AmπK +B),

(3)

The Breit-Wigner function describes the signal337

distribution while the first order polynomial is in-338

cluded to account for the residual background. Here339

Y is the area under the Breit-Wigner function; M0340

and Γ0 are the mass and width of K∗0. The K∗0
341

invariant mass distribution is fitted within 0.77 <342

mπK < 1.04 GeV/c2. The invariant mass peak343

and width of K∗0 are found to be consistent within344

uncertainty with previously published STAR mea-345

surements in Au+Au and p+p collisions (not shown346

here) at
√
sNN = 200 GeV [11–14]. Since the mass347

and width are consistent between heavy-ion and p+p348

collisions, it indicate that the K∗0 line shape may349

not offer sensitivity to in-medium interactions and350

rescattering. Since the K∗0 width is consistent with351

PDG value within uncertainty, the yield is calculated352

by keeping the width fixed to the vacuum value to353

avoid any statistical fluctuation. The boundary of354

the fitting range is varied within 0.01-0.02 GeV/c2.355

The resulting variation in the K∗0 yield is incorpo-356

rated into the systematic uncertainties. The varia-357

tion in residual background functions (first and sec-358

ond order polynomials) is also included in the sys-359

tematic uncertainties. The yield of the K∗0 is ex-360

tracted in each pT and collision centrality interval361

by integrating the background subtracted invariant362

mass distribution in the range of 0.77 < mπK <363

1.04 GeV/c2, subtracting the integral of the residual364

background function in the same range, and correct-365

ing the result to account for the yield outside this re-366

gion by using the fitted Breit-Wigner function. This367

correction is about ≈ 10% of the K∗0 yield. Alterna-368

tively, the yield is extracted by integrating the fitted369

Breit-Wigner function only. The difference in the370

measured yield from various yield extraction method371

is about 5%. As a consistency check, the combinato-372

rial background is also estimated from a mixed event373

technique. The resultant yield of K∗0 after the back-374

ground subtraction is found to be consistent with375

that from the track rotation method within uncer-376

tainties.377

G. Detector acceptance and reconstruction378

and PID efficiency correction379

The detector acceptance and the reconstruction380

efficiency (εacc×rec) is calculated by using the STAR381

embedding method. In this process, first K∗0 is382

generated with uniform rapidity (|y| < 1.0), pT (383

0 < pT < 10 GeV/c) and φ (0 < φ < 2π) dis-384

tribution. The number of K∗0s generated is about385

5% of the total multiplicity of the event. Then the386

K∗0 is decayed and its daughters are passed through387

the STAR detector simulation in GEANT3 and the388

TPC Response Simulator [41]. The simulated elec-389

tronic signals are then combined with real data sig-390

nals to produce a ”combined event”. This combined391

event is then passed through the standard STAR392

reconstruction chain. The reconstruction efficiency393

× acceptance (εacc×rec) is the ratio of the number394

of reconstructed K∗0s after passing through detec-395

tor simulation with the same event/track selection396

parameters used in real data analysis to the input397

simulated number of K∗0s within the same rapidity398

(|y| < 1.0) interval. Figure 2 presents the detector399

acceptance and reconstruction efficiency as a func-400

tion of pT for different collision centrality intervals401

in
√
sNN = 7.7, 11.5, 14.5, 19.6, 27 and 39 GeV colli-402

sions. The absence of clear centrality dependence in403

εacc×rec could be due to the small variation in total404

multiplicity across the collision centrality and beam405

energy studied.406

The particle identification efficiency (εPID) ac-407

counts for loss of particles due to TPC Nσ and TOF408

mass-squared cuts on K∗0 daughters. The εPID is409

the product of efficiencies for each decay daughters.410

The PID efficiency is calculated using the Nσ and411

mass-squared distributions in real data. When the412

Nσ cuts are applied on pions and kaons, εPID for413

TPC is about 91.1% and for TOF it is more than414

95%.415
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FIG. 2: The detector efficiency × acceptance in reconstructing the K∗0 at various collision centralities in Au+Au
collisions at

√
sNN = 7.7, 11.5, 14.5, 19.6, 27 and 39 GeV. The statistical uncertainties are within the marker size.

H. Systematic uncertainty416

The systematic uncertainties are evaluated bin-417

by-bin for pT spectra, yield and 〈pT〉 of K∗0. The418

sources of systematic uncertainties in the measure-419

ment are (i) signal extraction, (ii) yield extraction,420

(iii) event and track selections, (iv) particle identifi-421

cation and (v) global tracking efficiency. The sys-422

tematic uncertainties due to signal extraction are423

assessed by varying the invariant mass fit range,424

residual background function (1st order versus 2nd425

order polynomial) and the invariant mass fit func-426

tion (non-relativistic versus p-wave relativistic Breit-427

Wigner function [12]). The systematic in yield cal-428

culation is obtained by using histogram integration429

versus functional integration of the invariant mass430

distributions. Furthermore, the yield is calculated431

by keeping the width as a free parameter and fixed432

to the vacuum value. The variation in the yields433

are incorporated into the systematic uncertainties.434

The bounds of event, track quality, and particle435

identification selection cuts are varied by ≈ 10–20%436

(e.g. Vz selection variation; number of hits in TPC,437

|DCA|, |Nσ| and TOF-mass2 variations), and the438

resulting difference is included into systematic un-439

certainties. The uncertainty due to global tracking440

efficiency is estimated to be 5% for charged parti-441

cles [37], which results in 7.1% for track pairs for442

K∗0. The systematic uncertainty in dN/dy and 〈pT〉443

due to the low pT extrapolations are obtained by us-444

ing different fit functions (pT and mT exponential,445

and Boltzmann [37]) compared to the default Tsal-446

lis fit function [42]. The systematic uncertainties for447

each of the above sources are calculated as (maxi-448

mum - minimum)/
√

12 assuming uniform probabil-449

ity distributions between the maximum and mini-450

mum values. The final systematic uncertainty is451

the quadratic sum of the systematic uncertainties452

for each of the above sources ((i)-(v)). The typi-453

cal average systematic uncertainties in pT spectra,454

dN/dy and 〈pT〉 from the above sources are listed in455

Table II.456

III. RESULTS457

A. Transverse momentum spectra458

The raw yield of K∗0 is normalized to the number
of events (Nevt), corrected for detector acceptance ×
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FIG. 3: K∗0 transverse momentum (pT) spectra at mid-rapidity (|y| < 1) for various collision centrality intervals in
Au+Au collisions at

√
sNN = 7.7, 11.5, 14.5, 19.6, 27 and 39 GeV. The solid and dashed lines indicate the Tsallis fit

to the data and its extrapolation to the un-measured low pT region. The statistical and systematic uncertainties are
within the marker size.

reconstruction efficiency (εacc×rec), particle identifi-
cation efficiency (εPID) and branching ratio (BR),

d2N

dpTdy
=

1

Nevt
× N raw

dydpT
× 1

εacc×rec × εPID × BR
,(4)

Figure 3 presents the K∗0 pT spectra at mid ra-459

pidity (|y| < 1.0) for various collision centrality in-460

tervals in Au+Au collisions at
√
sNN = 7.7, 11.5,461

14.5, 19.6, 27 and 39 GeV. The data are fitted with462

a Tsallis function [42] and defined by,463

d2N

dpTdy
= pT

(n− 1)(n− 2)

nT + (nT +m(n− 2))

dN

dy
(1+

mT −m
nT

)n,

(5)

where mT =
√
m2 + p2

T, T is the inverse slope pa-464

rameter and n is the exponent. The Tsallis func-465

tion describes both the exponential shape at low pT466

and power law at high pT. The Tsallis function is467

found to fit the spectra reasonably well across all the468

collision centrality intervals and beam energies with469

χ2/NDF < 2. The Tsallis fit is used to extrapolate470

the yield in the un-measured pT regions. The typ-471

ical range of fit parameters obtained are 12-100 for472

n and 150-285 MeV for T , respectively.473

B. Yield and mean transverse momentum474

The K∗0 dN/dy is calculated using measured pT475

spectra and assuming Tsallis fit function for extrap-476

olation into the un-measured pT region. The low477

pT extrapolation accounts for 20-40% of K∗0 yield.478
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FIG. 4: Mid-rapidity yield of K∗0 as a function of average number of participating nucleons in Au+Au collisions at√
sNN = 7.7, 11.5, 14.5, 19.6, 27 and 39 GeV. The vertical bars and open boxes respectively denote the statistical

and systematic uncertainties.

TABLE II: Systematic uncertainties for the pT spectra,
dN/dy and 〈pT〉 of K∗0 at

√
sNN = 7.7 - 39 GeV.

Systematic uncertainties spectra dN/dy 〈pT〉
fitting region 1-3% 1% 1%

residual background 2-4% 1-2% 1%
fitting function ≈ 1% ≈ 1% ≈ 1%
yield extraction 4% 4% 1%

particle identification 2-5% 1-2% 1-2%
track selection 1-3% 1-2% 1-2%

tracking efficiency 7.1% 7.1% 7.1%
low pT extrapolation – 5-6% 3%

width fix/free 2-3% 2-3% 1%
Total 9-12% 10-11% 8-8.5%

Figure 4 presents the K∗0 dN/dy as a function of av-479

erage number of participating nucleons (〈Npart〉) in480

Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5, 19.6, 27481

and 39 GeV. The dN/dy is approximately linear with482

〈Npart〉. Figure 5 presents the centrality dependence483

of dN/dy per average number of participant nucleons484

for K∗0. Results are compared with corresponding485

BES-I measurements of K±, p and p̄[34, 37]. On486

the contrary to K± and p, the normalized K∗0 yield487

shows a weak dependence on centrality similar to p̄.488

489

In Figure 6, the K∗0 〈pT〉 is estimated using490

measured pT spectra and extrapolated to the un-491

measured pT regions. TheK∗0 〈pT〉 is also compared492

with other identified particle species: π, K, and p as493

shown in Figure 7. The 〈pT〉 of K∗0 is higher than494

pions and kaons, and consistent with that of pro-495

tons [34, 37]. The trend suggests that the 〈pT〉 is496

strongly coupled with the mass of the particle and497

consistent with previous RHIC observations [12–14].498

Considering the systematic uncertainty that is not499

correlated in centrality bins (i.e. excluding the un-500

certainty in tracking efficiency ≈ 7.1% which is cor-501

related among all centrality bins), the observed in-502

crease in 〈pT〉 from peripheral to central collisions is503

consistent with expectations from increasing radial504

flow in more central collisions. Moreover, the contri-505

butions from hadronic rescattering can also increase506

〈pT〉 in central collisions [26]. Table III presents the507

dN/dy and 〈pT〉 of K∗0 + K
∗0

at different collision508

centrality intervals and beam energies.509

C. Particle ratios510

The ratios of resonances (K∗0 and φ ) to the non-511

resonances have been studied previously in small512

system (e+e, p+p, p+A and d+A) and heavy-ion513

(A+A) collisions. Such ratios are useful in under-514

standing the late stage interactions in heavy ion col-515

lisions. Since the lifetime of K∗0 and φ differ by516

about a factor of ten, their production can shed517

light on the different time scales of the evolution518

of the system in HIC. It is observed by the STAR,519

ALICE and NA49 experiments that the K∗0/K520

ratio is smaller in central collisions than in pe-521

ripheral (and small system) collisions. While the522

φ/K ratio is observed to be independent of cen-523
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trality, which is expected due to the longer life-524 time of φ mesons. Figure 8 presents the K∗0/K525
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(= (K∗0 +K
∗0

)/(K+ +K−)) ratio as a function of526

〈Npart〉 for six different beam energies. The charged527

kaon yields are taken from [34, 37]. The BES-I re-528

sults are compared with previously published STAR529
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TABLE III: dN/dy and 〈pT〉 of K∗0+K
∗0

, (K∗0+K
∗0

)/(K++K−) ratio at
√
sNN = 7.7 - 39 GeV. The uncertainties

represent statistical and systematic uncertainties, respectively.

√
sNN (GeV) Centrality dN/dy 〈pT〉 (GeV/c) K∗0/K

0-20% 3.86 ± 1.52 ± 0.43 0.725 ± 0.052 ± 0.057 0.167 ± 0.066 ± 0.018
20-40% 1.71 ± 0.59 ± 0.2 0.705 ± 0.048 ± 0.054 0.178 ± 0.062 ± 0.021

7.7 40-60% 0.70 ± 0.23 ± 0.07 0.684 ± 0.045 ± 0.054 0.203 ± 0.068 ± 0.027
60-80% 0.24 ± 0.10 ± 0.04 0.581 ± 0.051 ± 0.051 0.297 ± 0.122 ± 0.060

0-10% 5.92 ± 1.98 ± 0.76 0.750 ± 0.045 ± 0.069 0.173 ± 0.058 ± 0.022
10-20% 3.94 ± 1.22 ± 0.41 0.786 ± 0.042 ± 0.063 0.177 ± 0.055 ± 0.018

11.5 20-30% 3.19 ± 0.78 ± 0.30 0.737 ± 0.035 ± 0.057 0.220 ± 0.054 ± 0.022
30-40% 2.13 ± 0.53 ± 0.21 0.707 ± 0.034 ± 0.054 0.230 ± 0.058 ± 0.025
40-60% 1.03 ± 0.20 ± 0.10 0.679 ± 0.025 ± 0.054 0.238 ± 0.046 ± 0.031
60-80% 0.37 ± 0.08 ± 0.04 0.605 ± 0.028 ± 0.049 0.332 ± 0.075 ± 0.063

0-10% 6.49 ± 2.13 ± 0.70 0.784 ± 0.045 ± 0.061 0.170 ± 0.056 ± 0.018
10-20% 4.77 ± 1.34 ± 0.46 0.760 ± 0.038 ± 0.060 0.184 ± 0.051 ± 0.018

14.5 20-30% 3.04 ± 0.84 ± 0.30 0.809 ± 0.038 ± 0.060 0.178 ± 0.049 ± 0.018
30-40% 2.40 ± 0.53 ± 0.24 0.736 ± 0.030 ± 0.056 0.220 ± 0.048 ± 0.022
40-60% 1.23 ± 0.20 ± 0.12 0.702 ± 0.022 ± 0.055 0.246 ± 0.040 ± 0.024
60-80% 0.36 ± 0.07 ± 0.03 0.650 ± 0.025 ± 0.052 0.261 ± 0.050 ± 0.026

0-10% 6.83 ± 1.47 ± 0.75 0.845 ± 0.031 ± 0.062 0.154 ± 0.033 ± 0.017
10-20% 5.33 ± 0.95 ± 0.53 0.813 ± 0.026 ± 0.061 0.180 ± 0.032 ± 0.018

19.6 20-30% 4.08 ± 0.67 ± 0.40 0.775 ± 0.023 ± 0.058 0.201 ± 0.033 ± 0.021
30-40% 2.77 ± 0.50 ± 0.28 0.755 ± 0.024 ± 0.058 0.213 ± 0.038 ± 0.024
40-60% 1.48 ± 0.16 ± 0.15 0.718 ± 0.015 ± 0.057 0.238 ± 0.026 ± 0.031
60-80% 0.52 ± 0.06 ± 0.05 0.641 ± 0.014 ± 0.051 0.312 ± 0.035 ± 0.056

0-10% 9.60 ± 1.56 ± 0.93 0.826 ± 0.018 ± 0.063 0.195 ± 0.032 ± 0.018
10-20% 7.11 ± 1.28 ± 0.73 0.788 ± 0.022 ± 0.062 0.209 ± 0.038 ± 0.021

27 20-30% 4.95 ± 0.72 ± 0.49 0.777 ± 0.016 ± 0.060 0.216 ± 0.031 ± 0.022
30-40% 3.31 ± 0.36 ± 0.32 0.774 ± 0.015 ± 0.058 0.228 ± 0.025 ± 0.024
40-60% 1.69 ± 0.14 ± 0.18 0.750 ± 0.011 ± 0.060 0.240 ± 0.020 ± 0.031
60-80% 0.57 ± 0.04 ± 0.06 0.670 ± 0.010 ± 0.053 0.300 ± 0.023 ± 0.058

0-10% 10.04 ± 1.04 ± 1.21 0.837 ± 0.021 ± 0.067 0.191 ± 0.020 ± 0.022
10-20% 7.02 ± 0.65 ± 0.71 0.830 ± 0.019 ± 0.065 0.194 ± 0.018 ± 0.020

39 20-30% 4.92 ± 0.33 ± 0.49 0.828 ± 0.012 ± 0.064 0.202 ± 0.013 ± 0.021
30-40% 3.54 ± 0.25 ± 0.33 0.791 ± 0.010 ± 0.060 0.225 ± 0.016 ± 0.023
40-60% 1.87 ± 0.09 ± 0.19 0.751 ± 0.006 ± 0.060 0.241 ± 0.012 ± 0.031
60-80% 0.63 ± 0.03 ± 0.06 0.681 ± 0.006 ± 0.053 0.290 ± 0.015 ± 0.052

measurements in Au+Au collisions at
√
sNN = 62.4530

and 200 GeV [12, 14]. The BES-I measurements531

follow the same centrality dependence as observed532

in previous measurements. From HBT studies, the533

variable 〈dNch/dy〉1/3 can be considered as a proxy534

for the system radius in heavy ion collisions. If one535

assumes that the strength of rescattering is related536

to the distance travelled by the resonance decay537

products in the hadronic medium, then one naively538

expects K∗0/K ratio to decrease exponentially with539

〈dNch/dy〉1/3 [18]. Figure 9 presents the K∗0/K ra-540

tio as a function of 〈dNch/dy〉1/3 for BES-I ener-541

gies. These results are compared to previous mea-542

surements of different collision systems and beam543

energies from RHIC [12, 14] and LHC[18–20, 24].544

Although present uncertainties in the data preclude545

any strong conclusion, we observe that the K∗0/K546

ratios from all BES energies follow the same be-547
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FIG. 9: K∗0/K ratio at mid rapidity as a function of 〈dNch/dy〉1/3 in Au+Au collisions at
√
sNN = 7.7, 11.5, 14.5,

19.6, 27 and 39 GeV. The vertical bars and open boxes respectively denote the statistical and systematic uncertainties.
The results are compared with previously published STAR [12, 14] and ALICE [18–20, 24] measurements.

havior and those from LHC energies seem to be548

slightly larger. Figure 10 compares the K∗0/K and549

φ/K(= 2φ/(K+ +K−)) [43] ratios in Au+Au colli-550

sions at
√
sNN = 7.7 – 39 GeV. Unlike K∗0/K, the551

φ/K ratio is mostly observed to be independent of552

collision centrality at these energies. The centrality553

dependent trend of K∗0/K and φ/K ratio is con-554

sistent with the expectation of more rescattering in555

more central collisions for K∗0 daughters.556

The measurement ofK∗0/K ratio in a broad beam557

energy range may provide information on production558

mechanisms, especially the energy dependence of559

the relative strength of rescattering and regeneration560

processes. Figure 11 presents the beam energy de-561

pendence of K∗0/K ratio in small systems (e+e [44–562

47], p+p [12, 48–50], d+Au [13] and p+Pb [51, 52])563

and in central heavy-ion (C+C, Si+Si, Au+Au and564

Pb+Pb [12, 14, 16, 18–20]) collisions. The K∗0/K565

ratio is independent of beam energy in small system566

collisions. The data, with combined statistical and567

systematic uncertainties, is fitted to a straight line568

and the resulting value is 0.34 ± 0.01. The K∗0/K569

from STAR BES-I energy is found to be consistent570

with that from Pb+Pb collisions at
√
sNN=17.3 GeV571

by NA49 [16]. Overall, there is a suppression of572

K∗0/K ratio in central heavy-ion collisions relative573

to the small system collisions. The smaller K∗0/K574

ratio in heavy-ion collisions compared to small sys-575

tem collisions is consistent with the expectation from576

the dominance of rescattering over regeneration in577

most-central heavy-ion collisions.578

Due to the dominance of rescattering over regen-
eration, the reaction K∗0 ↔ Kπ may not be in
balance. Experimentally we can not measure the

particle yield ratios at different freeze-outs. Thus
we make the approximation that the (K∗0/K)CFO

and (K∗0/K)KFO are the same as the K∗0/K ra-
tio measured in elementary and heavy-ion collisions
respectively. Furthermore, we assume that (i) all
K∗0 decayed before kinetic freeze-out are lost due
to rescattering and (ii) no K∗0 regeneration occurs
between the chemical and kinetic freeze out. Un-
der these assumptions, the K∗0/K ratio at different
freeze-outs are related in the following way [11],(

K∗0

K

)
KFO

=

(
K∗0

K

)
CFO

× e−∆t/τK∗0 , (6)

where τK∗0 is the lifetime of K∗0 (≈ 4.16 fm/c) and579

∆t is the lower limit of the time difference between580

CFO and KFO. It has been shown by AMPT cal-581

culations that such assumptions are applicable [27].582

Due to the unavailability of small system collisions583

at BES-I energies, the (K∗0/K)CFO is taken from584

the straight line fit through the global small sys-585

tem data (e+e and p+p data shown in Fig 11).586

The (K∗0/K)KFO values are taken from the K∗0/K587

measurements at BES-I energies. The estimated ∆t588

is boosted by the Lorentz factor [27]. Figure 12589

presents the lower limit of the time difference be-590

tween chemical and kinetic freeze-out as a function591

of 〈Npart〉. The ∆t from BES-I energies are com-592

pared with the results from Au+Au collisions at 62.4593

and 200 GeV [12, 14], and Pb+Pb collisions at 5.02594

TeV [20]. The ∆t from BES-I seems to follow the595

trend observed in previous RHIC and LHC data.596

Present uncertainty in BES-I data does not allow597

determination of the energy dependence of ∆t. Fu-598
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ture high-statistics BES-II measurements will offer599

better precision.600

IV. CONCLUSION601

In summary, we presented the pT spectra, dN/dy,602

and 〈pT〉 of K∗0 at mid-rapidity in Au+Au colli-603

sions at
√
sNN = 7.7 - 39 GeV using the 1st phase604

of RHIC beam energy scan data. For BES-I ener-605

gies, the K∗0 〈pT〉 is larger than that of pions and606

kaons and comparable to that of protons, indicating607

a mass dependence of 〈pT〉. The K∗0/K ratio in the608

most-central Au+Au collisions is smaller than the609

same in small system collision data. The K∗0/K610

ratio shows a weak centrality dependence and fol-611

lows the same trend observed by previous RHIC and612

LHC measurements. On the contrary, the φ/K ra-613

tio is mostly independent of centrality. These ob-614

servations support the scenario of the dominance of615
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hadronic rescattering over regeneration for K∗0 at616

BES energies. Based on the K∗0/K ratio, the lower617

limit of the time between chemical and kinetic freeze-618

out at BES energies is estimated. The high statistics619

data from the 2nd phase of BES (BES-II) will allow620

more precise measurements of hadronic resonances621

at these energies.622
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