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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 Relativistic Heavy Ion Collider
(RHIC) beam energy scan 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
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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 Large Hadron Collider 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.

DOI: 10.1103/PhysRevC.107.034907

I. INTRODUCTION

Resonances are very short-lived particles and provide an
excellent probe of properties of QCD medium in heavy-ion
collisions (HIC) [1]. They decay through strong interactions
within roughly 10−23 seconds or a few fm/c which is of
a similar order to the lifetime of the medium created in
heavy-ion collisions. Due to their short lifetime, some reso-
nances decay within the medium. Hence, they are subjected
to in-medium interactions. During the evolution of HIC, the
chemical (CFO) and kinetic (KFO) freeze-out temperatures
play important roles. At CFO, the inelastic interactions among
the constituents are expected to cease [2–7]. Afterward, the
constituents can interact among themselves via elastic (or
pseudoelastic) interactions until the KFO, when their mean
free path increases and all interactions cease. Between CFO
and KFO, there can be two competing effects, rescattering and
regeneration. The momentum of resonance daughters (e.g.,
pions and kaons from K∗0) can be altered due to the scat-
tering with other hadrons present in the medium. Thus the
parent resonance (e.g., K∗0) is not reconstructible using the
rescattered daughters. This may result in a reduced resonance
yield. On the other hand, resonances may be regenerated
via pseudoelastic interactions (e.g., πK ↔ K∗0) until KFO
is reached. Such regeneration may result in an increase of
resonance yield. The K∗0 regeneration depends on the kaon-
pion interaction cross section (σKπ ), the timescale allowed for
this regeneration, and the medium density. The rescattering
depends on resonance lifetime, daughter particle’s interaction
cross section with the medium (e.g., σKπ, ππ, KK ), the medium
density, and the timescale between CFO and KFO. The final
resonance (e.g., K∗0) yield is affected by the relative strength
of these two competing processes. Since the σππ is about
a factor of five larger than σKπ [8–10], one naively expects
a loss of K∗0 signal due to rescattering over regeneration.
Furthermore, the mass peak position and width of resonances
may be modified due to in-medium effects and late-stage
rescattering.

Due to the short lifetime of about 4.16 fm/c, the K∗0 meson
is one of the ideal candidates to probe the hadronic phase of
the medium between CFO and KFO. If rescattering plays a
dominant role, then one naively expects a smaller resonance to
nonresonance particle yield ratio (e.g., K∗0/K) in central colli-
sions compared to that in peripheral and small-system (p + p)
collisions. On the contrary, if regeneration is dominant, then
the above ratio is expected to be larger in central compared
to peripheral (and small-system) collisions. In previous Rel-
ativistic Heavy Ion Collider (RHIC) [11–15], SPS [16,17],
and Large Hadron Collider (LHC) [18–24] measurements, it
is observed that the K∗0/K ratio is indeed smaller in central

heavy-ion collisions than in peripheral and elementary (e.g.,
p + p) collisions. The observation indicates the dominance
of hadronic rescattering over regeneration. Such an observa-
tion is also supported by several transport model calculations
[25–27]. The measurement of K∗0 in the beam energy scan
(BES) range can provide information on the interactions in
the hadronic phase of the medium at these energies.

In this article, we report on the measurement of K∗0 mesons
at midrapidity (|y| < 1.0) using data from Au + Au collisions
at

√
sNN = 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV collected

by the STAR experiment during 2010-2014 in the first phase
of the beam energy scan (called BES-I) program. The paper
is organized as follows: Section II briefly describes the sub-
detectors of STAR used in this analysis along with the event
and track selection criteria and the data-analysis methods. The
results for K∗0 mesons, which include transverse momentum
(pT) spectra, yield (dN/dy), average transverse momentum
(〈pT〉) and ratios to nonresonances are discussed in Sec. III.
The results are summarized in Sec. IV.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

A. STAR detector

The details of the STAR detector system are discussed in
Reference [28]. The detector configuration during 2010 and
2011 are similar, while during 2014 the Heavy Flavor Tracker
[29] was installed inside the Time Projection Chamber (TPC).
Minimum-bias events are selected using the scintillator-based
Beam Beam Counter (BBC) detectors. The BBCs are located
on the two sides of the beam pipe in the pseudorapidity range
3.3 < |η| < 5.0. The TPC [30] is the main tracking detector
in STAR and is used for track reconstruction for the decay
daughters of K∗0. The TPC has an acceptance of ±1.0 in
pseudorapidity and 2π in azimuth. With the TPC, one can
identify particles in the low-momentum range by utilizing en-
ergy loss (dE/dx) and momentum information. The Time of
Flight (TOF) [31,32] detector can be used to identify particles
in the momentum region where the TPC dE/dx bands for
pions and kaons overlap. The TOF works on the principle of
Multigap Resistive Plate Chamber technology and provides
pseudorapidity coverage |η| < 0.9 with full 2π azimuth.

B. Event selection

Minimum-bias events are selected using the coincidence
between the BBC detectors [33]. The primary vertex of each
event is reconstructed by finding the best common point from
which most of the primary tracks originate. The vertex po-
sition along the beam direction (Vz) is required to be within
±50 cm for

√
sNN � 11.5 GeV and ±70 cm for 7.7 GeV
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TABLE I. Au+Au collision datasets, vertex position Vz and Vr

selection, number of events analyzed.

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

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

in a coordinate system whose origin is at the center of TPC.

The vertex in radial direction (Vr =
√

V 2
x + V 2

y ) is required

to be smaller than 2.0 cm for all energies except 14.5 GeV
where the vertex is not centered at (0, 0) in the xy plane and
slightly offset at (0.0, −0.89). Hence the Vr is selected to
be Vr = √

V 2
x + (Vy + 0.89)2 < 1 cm for 14.5 GeV [34]. The

Vr selection excludes events where the incoming Au nuclei
collide with the beam pipe. The above vertex selection criteria
also ensure uniform acceptance within the η range (|η| < 1.0)
studied. A typical vertex resolution 350 µm can be achieved
using about 1000 tracks with a maximum 45 hit points in TPC
[35]. The number of good events selected after these criteria
are listed in Table I.

C. Centrality selection

The collision centrality is determined via a fit to the
charged particle distribution within |η| < 0.5 in the TPC using
a Glauber Monte Carlo simulation [36]. The minimum bias
triggered events are divided into nine different intervals as 0–
5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–60%,
60–70%, and 70–80%. The average number of participant
nucleons 〈Npart〉 for BES-I energies are evaluated using a
Glauber simulation and are reported in Refs. [34,37].

D. Track selection

Good quality tracks are selected by requiring at least 15 hit
points in the TPC. In order to reduce track splitting, the tracks
are required to include more than 55% of the maximum num-
ber of hits possible for their geometry. Particles are required
to have transverse momentum greater than 0.15 GeV/c. To
reduce contamination from secondary particles (e.g., weak
decay contributions), the distance of closest approach (DCA)
to the primary vertex is required to be smaller than 2 cm. Last,
to ensure uniform acceptance, tracks are required to fall within
±1 in pseudorapidity.

E. Particle identification

Particle identification (PID) is carried out utilizing both
the TPC and TOF detectors. The pion and kaon candidates
are identified using the energy loss dE/dx of the particles
inside the TPC. In the STAR TPC, pions and kaons can
be distinguished up to about 0.7 GeV/c in momenta, while
(anti-) protons can be distinguished up to about 1.1 GeV/c in
momenta. Particle tracks in the TPC are characterized by the

Nσ variable, which is defined as:

Nσ (π, K ) = 1

R
log

(dE/dx)meas.

〈dE/dx〉theo.

, (1)

where the (dE/dx)meas. is the measured energy loss inside the
TPC for a track, 〈dE/dx〉theo. is the expected mean energy
loss from a parameterized Bichsel function [38], and R is the
dE/dx resolution which is about 8.1%. The Nσ distribution
is nearly Gaussian at a given momentum and calibrated to be
centered at zero for each particle species with a width of unity
[39].

The TOF detector extends the particle identification capa-
bilities to intermediate and high pT . The TOF system consists
of TOF trays and Vertex Position Detectors. 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, c is the
speed of light in vacuum, and l is the flight path length of
the particle. The time resolution of TOF is about ≈80–100 ps.
Using the information from the TOF, pions and kaons can be
separated up to p ≈ 1.6 GeV/c, and protons and kaons up
to p ≈ 3.0 GeV/c [39]. If the TOF-information is available,
then −0.2 < m2 < 0.15 [GeV/c2]2 and 0.16 < m2 < 0.36
[GeV/c2]2 is required for selecting pions and kaons, respec-
tively. Otherwise we use the TPC |Nσ (π/K )| < 2.0 to select
pions or kaons.

F. K∗0 reconstruction

The K∗0 (and its antiparticle K
∗0

) is reconstructed from its
hadronic decay channel K∗0(K

∗0
) → π−K+(π+K−) (branch-

ing ratio 66%) [40]. The measurements are performed with
the same collision centrality intervals (10%) for all energies
except for

√
sNN = 7.7 GeV, where the intervals are changed

from 10% to 20% due to the low charged particle multiplicity
at this energy. The analysis is done by combining both K∗0

and K
∗0

, which in the text is denoted by K∗0, unless specified.
In a typical event, it is impossible to distinguish the de-

cay daughters of K∗0 from other primary tracks. First, the
invariant mass is reconstructed from the unlike sign Kπ pairs
in an event (called same-event pairs). The resultant invari-
ant mass distribution contains true K∗0 signal and a large
random combinatorial background. Due to the large com-
binatorial background, the K∗0 invariant mass peak is not
visible. The typical signal-to-background ratio is within the
range 0.002–0.02. Hence, the background must be subtracted
from the same event distribution. The random combinatorial
background is estimated using the daughter track rotation
technique. In this analysis, the azimuthal angle of kaon track
is rotated by 180◦ in a plane normal to particle’s momentum
vector, which breaks the correlation among the pairs originat-
ing from same parent particle. The K∗0 invariant mass peak is
obtained after subtracting the invariant mass distribution of the
rotated tracks from the same event invariant mass distribution.
The signal peak is observed on top of a residual background.
The significance of K∗0 signal is within the range 5–80 for
all beam energies and centralities. It has been observed that
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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 Eq. (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.

the residual background may originate from correlated real
Kπ pairs from particle decays, correlated pairs from jets, or
correlated misidentified pairs [12].

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
intervals 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
× �0

(mπK − M0)2 + �2
0

4

+ (AmπK + B), (3)

The Breit-Wigner function describes the signal distribu-
tion while the first-order polynomial is included to account
for the residual background. Here Y is the area under the
Breit-Wigner function and M0 and �0 are the mass and width
of K∗0. The K∗0 invariant mass distribution is fitted within
0.77 < mπK < 1.04 GeV/c2. The invariant mass peak and
width of K∗0 are found to be consistent within uncertainty
with previously published STAR measurements in Au + Au
and p + p collisions (not shown here) at

√
sNN = 200 GeV

[11–14]. Since the mass and width are consistent between
heavy-ion and p + p collisions, it indicates that the K∗0 line
shape may not offer sensitivity to in-medium interactions and
rescattering. Since the K∗0 width is consistent with PDG value

within uncertainty, the yield is calculated by keeping the width
fixed to the vacuum value to avoid any statistical fluctuation.
The boundary of the fitting range is varied within 0.01–0.02
GeV/c2. The resulting variation in the K∗0 yield is incor-
porated into the systematic uncertainties. The variation in
residual background functions (first- and second-order poly-
nomials) is also included in the systematic uncertainties. The
yield of the K∗0 is extracted in each pT and collision centrality
interval by integrating the background subtracted invariant
mass distribution in the range of 0.77 < mπK < 1.04 GeV/c2,
subtracting the integral of the residual background function
in the same range, and correcting the result to account for
the yield outside this region by using the fitted Breit-Wigner
function. This correction is about ≈ 10% of the K∗0 yield.
Alternatively, the yield is extracted by integrating the fitted
Breit-Wigner function only. The difference in the measured
yield from various yield extraction method is about 5%. As
a consistency check, the combinatorial background is also
estimated from a mixed event technique. The resultant yield of
K∗0 after the background subtraction is found to be consistent
with that from the track rotation method within uncertainties.

G. Detector acceptance and reconstruction
and PID efficiency correction

The detector acceptance and the reconstruction efficiency
(εacc×rec) is calculated by using the STAR embedding method.
In this process, first K∗0 is generated with uniform rapidity
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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.

(|y| < 1.0), pT (0 < pT < 10 GeV/c), and φ (0 < φ < 2π )
distribution. The number of K∗0s generated is about 5% of
the total multiplicity of the event. Then the K∗0 is decayed
and its daughters are passed through the STAR detector simu-
lation in GEANT3 and the TPC Response Simulator [41]. The
simulated electronic signals are then combined with real data
signals to produce a “combined event.” This combined event is
then passed through the standard STAR reconstruction chain.
The reconstruction efficiency × acceptance (εacc×rec) is the ra-
tio of the number of reconstructed K∗0s after passing through
detector simulation with the same event/track selection pa-
rameters used in real data analysis to the input simulated
number of K∗0s within the same rapidity (|y| < 1.0) interval.
Figure 2 presents the detector acceptance and reconstruction
efficiency as a function of pT for different collision centrality
intervals in

√
sNN = 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV col-

lisions. The absence of clear centrality dependence in εacc×rec

could be due to the small variation in total multiplicity across
the collision centrality and beam energy studied.

The particle identification efficiency (εPID) accounts for
loss of particles due to TPC Nσ and TOF mass-squared cuts
on K∗0 daughters. The εPID is the product of efficiencies for
each decay daughters. The PID efficiency is calculated using
the Nσ and mass-squared distributions in real data. When the
Nσ cuts are applied on pions and kaons, εPID for TPC is about
91.1% and for TOF it is more than 95%.

H. Systematic uncertainty

The systematic uncertainties are evaluated bin by bin for
pT spectra, yield, and 〈pT 〉 of K∗0. The sources of systematic

uncertainties in the measurement are (i) signal extraction,
(ii) yield extraction, (iii) event and track selections, (iv) par-
ticle identification, and (v) global tracking efficiency. The
systematic uncertainties due to signal extraction are assessed
by varying the invariant mass fit range, residual background
function (first-order versus second-order polynomial) and the
invariant mass fit function (nonrelativistic versus p-wave rela-
tivistic Breit-Wigner function [12]). The systematic in yield
calculation is obtained by using histogram integration ver-
sus functional integration of the invariant mass distributions.
Furthermore, the yield is calculated by keeping the width
as a free parameter and fixed to the vacuum value. The
variation in the yields are incorporated into the systematic
uncertainties. The bounds of event, track quality, and particle
identification selection cuts are varied by ≈10–20% (e.g.,
Vz selection variation; number of hits in TPC, |DCA|, |Nσ |
and TOF-mass2 variations), and the resulting difference is
included into systematic uncertainties. The uncertainty due to
global tracking efficiency is estimated to be 5% for charged
particles [37], which results in 7.1% for track pairs for K∗0.
The systematic uncertainty in dN/dy and 〈pT 〉 due to the
low pT extrapolations are obtained by using different fit func-
tions (pT and mT exponential and Boltzmann [37]) compared
to the default Tsallis fit function [42]. The systematic un-
certainties for each of the above sources are calculated as
(maximum − minimum)/

√
12 assuming uniform probability

distributions between the maximum and minimum values.
The final systematic uncertainty is the quadratic sum of
the systematic uncertainties for each of the above sources
[(i)–(v)]. The typical average systematic uncertainties in pT
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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%

spectra, dN/dy, and 〈pT 〉 from the above sources are listed
in Table II.

III. RESULTS

A. Transverse momentum spectra

The raw yield of K∗0 is normalized to the number of events
(Nevt), corrected for detector acceptance × reconstruction ef-
ficiency (εacc×rec), particle identification efficiency (εPID), and
branching ratio (BR),

d2N

d pT dy
= 1

Nevt
× N raw

dyd pT
× 1

εacc×rec × εPID × BR
, (4)

Figure 3 presents the K∗0 pT spectra at midrapidity (|y| <

1.0) for various collision centrality intervals in Au + Au col-
lisions at

√
sNN = 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV. The

data are fitted with a Tsallis function [42] and defined by

d2N

d pT dy
= 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 parameter,

and n is the exponent. The Tsallis function describes both
the exponential shape at low pT and power law at high pT .
The Tsallis function is found to fit the spectra reasonably well
across all the collision centrality intervals and beam energies
with χ2/NDF < 2. The Tsallis fit is used to extrapolate the
yield in the unmeasured pT regions. The typical range of fit
parameters obtained are 12–100 for n and 150–285 MeV for
T , respectively.

B. Yield and mean transverse momentum

The K∗0 dN/dy is calculated using measured pT spectra
and assuming Tsallis fit function for extrapolation into the
unmeasured pT region. The low pT extrapolation accounts for
20–40% of K∗0 yield. Figure 4 presents the K∗0 dN/dy as a
function of average number of participating nucleons (〈Npart〉)
in Au + Au collisions at

√
sNN = 7.7, 11.5, 14.5, 19.6, 27,

and 39 GeV. The dN/dy is approximately linear with 〈Npart〉.
Figure 5 presents the centrality dependence of dN/dy per
average number of participant nucleons for K∗0. Results are
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FIG. 3. K∗0 transverse momentum (pT ) spectra at midrapidity (|y| < 1) for various collision centrality intervals in Au + Au collisions
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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

unmeasured low pT region. The statistical and systematic uncertainties are within the marker size.
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compared with corresponding BES-I measurements of K±, p,
and p̄ [34,37]. In contrast to K± and p, the normalized K∗0

yield shows a weak dependence on centrality similar to p̄.
In Fig. 6, the K∗0 〈pT 〉 is estimated using measured pT

spectra and extrapolated to the unmeasured pT regions. The
K∗0 〈pT 〉 is also compared with other identified particle
species: π , K , and p as shown in Fig. 7. The 〈pT 〉 of K∗0

is higher than pions and kaons and consistent with that of
protons [34,37]. The trend suggests that the 〈pT 〉 is strongly
coupled with the mass of the particle and consistent with
previous RHIC observations [12–14]. Considering the sys-
tematic uncertainty that is not correlated in centrality bins
(i.e., excluding the uncertainty in tracking efficiency ≈7.1%
which is correlated among all centrality bins), the observed
increase in 〈pT 〉 from peripheral to central collisions is con-
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FIG. 6. The mean transverse momentum of K∗0 as a function of
〈Npart〉 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.

sistent with expectations from increasing radial flow in more
central collisions. Moreover, the contributions from hadronic
rescattering can also increase 〈pT 〉 in central collisions [26].
Table III presents the dN/dy and 〈pT 〉 of K∗0 + K

∗0
at differ-

ent collision centrality intervals and beam energies.

C. Particle ratios

The ratios of resonances (K∗0 and φ) to the nonresonances
have been studied previously in small-system (e + e, p + p,
p + A, and d + A) and heavy-ion (A + A) collisions. Such
ratios are useful in understanding the late-stage interactions
in heavy-ion collisions. Since the lifetime of K∗0 and φ differ
by about a factor of 10, their production can shed light on
the different timescales of the evolution of the system in HIC.
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√
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respectively.
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It is observed by the STAR, ALICE, and NA49 experiments
that the K∗0/K ratio is smaller in central collisions than in
peripheral (and small-system) collisions. While the φ/K ratio
is observed to be independent of centrality, which is expected
due to the longer lifetime of φ mesons. Figure 8 presents
the K∗0/K [= (K∗0 + K

∗0
)/(K+ + K−)] ratio as a function

of 〈Npart〉 for six different beam energies. The charged kaon
yields are taken from Refs. [34,37]. The BES-I results are
compared with previously published STAR measurements in
Au + Au collisions at

√
sNN = 62.4 and 200 GeV [12,14].

The BES-I measurements follow the same centrality depen-
dence as observed in previous measurements. From hanbury
brown-twiss (HBT) studies, the variable 〈dNch/dy〉1/3 can be
considered as a proxy for the system radius in heavy-ion colli-
sions. If one assumes that the strength of rescattering is related
to the distance traveled by the resonance decay products in
the hadronic medium, then one naively expects K∗0/K ratio
to decrease exponentially with 〈dNch/dy〉1/3 [18]. Figure 9
presents the K∗0/K ratio as a function of 〈dNch/dy〉1/3 for
BES-I energies. These results are compared to previous mea-
surements of different collision systems and beam energies
from RHIC [12,14] and LHC [18–20,24]. Although present
uncertainties in the data preclude any strong conclusion, we
observe that the K∗0/K ratios from all BES energies follow
the same behavior and those from LHC energies seem to be
slightly larger. Figure 10 compares the K∗0/K and φ/K[=
2φ/(K+ + K−)] [43] ratios in Au + Au collisions at

√
sNN =

7.7–39 GeV. Unlike K∗0/K , the φ/K ratio is mostly observed
to be independent of collision centrality at these energies.
The centrality dependent trend of K∗0/K and φ/K ratio is
consistent with the expectation of more rescattering in more
central collisions for K∗0 daughters.

The measurement of K∗0/K ratio in a broad beam energy
range may provide information on production mechanisms,

especially the energy dependence of the relative strength of
rescattering and regeneration processes. Figure 11 presents
the beam energy dependence of K∗0/K ratio in small-systems
(e + e [44–47], p + p [12,48–50], d + Au [13], and p + Pb
[51,52]) and in central heavy-ion (C + C, Si + Si, Au + Au,
and Pb + Pb [12,14,16,18–20]) collisions. The K∗0/K ratio is
independent of beam energy in small-system collisions. The
data, with combined statistical and systematic uncertainties, is
fitted to a straight line and the resulting value is 0.34 ± 0.01.
The K∗0/K from STAR BES-I energy is found to be consistent
with that from Pb + Pb collisions at

√
sNN = 17.3 GeV by

NA49 [16]. Overall, there is a suppression of K∗0/K ratio
in central heavy-ion collisions relative to the small-system
collisions. The smaller K∗0/K ratio in heavy-ion collisions
compared to small-system collisions is consistent with the
expectation from the dominance of rescattering over regen-
eration in most-central heavy-ion collisions.

Due to the dominance of rescattering over regeneration, the
reaction K∗0 ↔ Kπ may not be in balance. Experimentally,
we cannot 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 ratio measured
in elementary and heavy-ion collisions, respectively. Further-
more, we assume that (i) all K∗0 decayed before kinetic
freeze-out are lost due to rescattering and (ii) no K∗0 regen-
eration occurs between the chemical and kinetic freeze-out.
Under 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) and 	t is the
lower limit of the time difference between CFO and KFO. It
has been shown by AMPT calculations that such assumptions
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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
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FIG. 8. K∗0/K ratio at midrapidity as a function of average
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√
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]
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are applicable [27]. Due to the unavailability of small-system
collisions at BES-I energies, the (K∗0/K )CFO is taken from the
straight-line fit through the global small-system data (e + e
and p + p data shown in Fig. 11). The (K∗0/K )KFO values
are taken from the K∗0/K measurements at BES-I energies.
The estimated 	t is boosted by the Lorentz factor [27]. Fig-
ure 12 presents the lower limit of the time difference between
chemical and kinetic freeze-out as a function of 〈Npart〉. The
	t from BES-I energies are compared with the results from
Au + Au collisions at 62.4 and 200 GeV [12,14] and Pb + Pb
collisions at 5.02 TeV [20]. The 	t from BES-I seems to
follow the trend observed in previous RHIC and LHC data.
Present uncertainty in BES-I data does not allow determina-
tion of the energy dependence of 	t . Future high-statistics
BES-II measurements will offer better precision.
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FIG. 11. The beam energy dependence of K∗0/K ratio in e +
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[18–20] collisions. For e + e and p + p collisions, the bars denote the
quadratic sum of statistical and systematic uncertainties. For p + A
and A + A data, the bars denote the statistical uncertainties and the
boxes denote the systematic uncertainties.
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FIG. 12. The lower limit on the time difference (	t) between
the chemical and kinetic freeze-out as a function of average number
of participating nucleons (〈Npart〉). The results are compared with
previous STAR [12,14] and ALICE [18–20] measurements. The bars
denote combined statistical and systematic uncertainties which is
propagated from the uncertainties in K∗0/K ratio.

IV. CONCLUSION

In summary, we presented the pT spectra, dN/dy, and 〈pT 〉
of K∗0 at midrapidity in Au + Au collisions at

√
sNN = 7.7–

39 GeV using the first phase of RHIC beam energy scan data.
For BES-I energies, the K∗0 〈pT 〉 is larger than that of pions
and kaons and comparable to that of protons, indicating a
mass dependence of 〈pT 〉. The K∗0/K ratio in the most-central
Au + Au collisions is smaller than the same in small-system
collision data. The K∗0/K ratio shows a weak centrality de-
pendence and follows the same trend observed by previous
RHIC and LHC measurements. On the contrary, the φ/K
ratio is mostly independent of centrality. These observations
support the scenario of the dominance of hadronic rescattering
over regeneration for K∗0 at BES energies. Based on the
K∗0/K ratio, the lower limit of the time between chemical
and kinetic freeze-out at BES energies is estimated. The high
statistics data from the second phase of BES (BES-II) will
allow more precise measurements of hadronic resonances at
these energies.
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