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§ Introduction & motivation

§ Latest results on yields, ratios, and freeze-out at Au+Au
14.5 GeV (                 ) and U+U 193 GeV (                  )

§ Chemical and kinetic freeze-out parameters using data 
from STAR experiment

§ How iTPC upgrade will help in precision measurement of 
freeze-out parameters?

§ Summary
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Outline

22

STAR: arXiv: 
1908.03585 [nucl-ex] Final publication stage
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High-Energy Heavy-Ion Collisions (HICs)

33

The QCD phase diagram -- Phase diagram of strong interactions

§ Understand particle 
production

§ Freeze-out dynamics 
§ Study QGP properties 
§ Explore the QCD phase 

diagram
-- Search for the signals of

phase boundary
-- Search for the possible 

QCD Critical Point
-- Search for the first-order 

phase transition line

The x and y axes depend on the collision energy of the heavy-ions
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Evolution of High-Energy HICs
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Time Evolution of Heavy-ion Collisions:

time
Chemical freeze-out
² Inelastic collisions

cease
² Particle yield fixed

Kinetic freeze-out
² Elastic collisions

cease
² Spectral shape fixed

Statistical thermal 
model: Tch and µB

Blast-wave model:  
Tkin and <b>

Deconfined
state

Colliding ions

Temp.

H
ad

ro
ni

za
tio

n

Tchem Tkin

Initial state QGP and
Hydro. expansion

TC

Freeze-out (FO) 
parameters

Particle Yields and Ratios: provide Information about QCD phase diagram
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The STAR Detector

55

TPCMTDMagnet BEMC BBCEEMC TOF

HFT

Coverage: 
|h|<1, 0 < f <2p
TPC:
Tracking & Momentum
Particle Identification: 
dE/dx & time-of-flight

Au+Au, U+U, d+Au, p+p ...
HIC center-of-mass energy:
7.7 to 200 GeV

Solenoidal Tracker At RHIC (STAR)
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Particle Identification
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Charged particles [p, K, p, and light (anti) 
nuclei] identified via --

(a) Ionization energy 
loss:  

- < dE/dx > ~  A / b2

= A (1 + m2/ p2)

(b) Time-of-flight:   
- < t > =  L / b
= L (1+ m2 / p2)1/2

Momentum p = g b m

Strange particles (L, K0s, X, W,….)
Resonances (K*, f, r…..)
Heavy-flavor (Ds,Bs,J/Y,𝚼…...)
…
through --
(c) decay kinematics/ invariant mass



Lokesh Kumar

Transverse Momentum Distribution
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Au+Au @ 14.5 GeV

Integrating over full pT range gives particle yield (dN/dy)

STAR: arXiv: 1908.03585 [nucl-ex]
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Transverse Momentum Distribution
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STAR Preliminary

U+U @ 193 GeV

Integrating over full pT range gives particle yield (dN/dy)
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Particle Yields 
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-- Increase from peripheral to central collisions (except for 𝑝̅)
-- Fall in the energy dependence trend

STAR: arXiv: 1908.03585 [nucl-ex]

Yields @
14.5 GeV: 

Au+Au @ 14.5 GeVSTAR: PRC 96, 044904 (2017)
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Particle Yields 
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§ Yields increase from peripheral to central collisions 

§ Yields are mostly 
consistent with 
Au+Au 200 GeV 
at similar Npart
within systematic 
uncertainties

§ Centrality 
dependence is 
extended beyond        
Npart > 400

U+U @ 193 GeV

STAR Preliminary
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Energy Dependence: Yields
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§ Yields increase as a function of 
collision energy except for protons

§ Au+Au 14.5 GeV and U+U 193 GeV fit 
well in the trend

§ Higher energies: Similar (pair) 
production of particle and anti-particle

p- > p+, K+ > K-,  𝑝 > 𝑝Lower energies:

STAR: arXiv:1908.03585 [nucl-ex]

STAR: PRC 96, 
044904 (2017)
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Energy Dependence: Ratios
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STAR: PRC 96, 044904 (2017)

§ Ratios show 
interesting trends for 
energy dependence

§ Au+Au 14.5 GeV 
and U+U 193 GeV fit 
well in the trend

§ Higher energies:
Similar (pair) 
production of particle 
and antiparticle

p- > p+, K+ > K-,  𝑝 > 𝑝

Lower energies:

STAR: arXiv: 1908.03585 [nucl-ex]
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Chemical Freeze-out
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Inelastic collisions among the particles cease; the particle yields and ratios 
gets fixed
Statistical thermal model:

b≅1/T; -1(+1) for fermions (bosons), 
Z - partition function; 
mi - mass of hadron species i; 

V - volume; T - Temperature; 
K2 - 2nd-order Bessel function; 
gi - degeneracy; µi - chemical potential

Experimental particle yields or ratios are input to the thermal model to
extract the freeze-out parameters, mainly, Tch and µB

J. Cleymans et al., Comp. Phys. Comm. 180, 84 (2009)

(Grand canonical 
ensemble)

Model Features: Assumes
q Non-interacting hadrons and resonances
q Thermodynamically equilibrium system



Table 3.14: The conditions used in THERMUS for the decay contribution to the particle yields
used in fit. ”1” represents that the higher mass particle is taken as stable, whereas ”0” represents
it is taken as unstable and contributes to the measured yields.
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conditions used in THERMUS for the decay contribution to the particle yields used in the fit.

In which, ”1” represents that the higher mass particle is taken as stable, whereas ”0” represents

it is taken as unstable and contributes to the measured yields.

Figure 3.21 presents a comparison between experimental data and thermal model fits to

particle yields (left panel) and particle ratios (right panel) in GCE and SCE for the most central

0-5% Au+Au collisions at
p
sNN = 14.5 GeV. The lower part of each plot presents deviations

defined as (model�data)/(error on data). It can be observed that for the thermal model fits,

particle yields and ratios remain well within 2 on this scale, indicating fits of acceptable quality.

The extracted chemical freeze-out parameters T
ch

, µB, µS , �S and R as a function of hNparti
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Figure 3.21: The upper panel of each figure shows the thermal model fits with GCE and SCE
to particle yields (left panel) and particle ratios (right panel) for 0-5% centrality in Au+Au
collisions at

p
sNN = 14.5 GeV in mid-rapidity (|y| < 0.1). The lower panels show the

deviation of particle yields and ratios from experimental data.
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Thermal Model Fits
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§ Good description by statistical thermal model
§ Results are consistent between different studied cases

Table 3.14: The conditions used in THERMUS for the decay contribution to the particle yields
used in fit. ”1” represents that the higher mass particle is taken as stable, whereas ”0” represents
it is taken as unstable and contributes to the measured yields.

K

0

S ⇤ ⌃

+

⌃

�
⌅

0

⌅

�
⌦

⇡

± 1 1 1 1 1 1 1
K

± 1 1 1 1 1 1 1
p(p̄) 1 0 0 1 0 0 1
⇤(

¯

⇤) 1 1 1 1 1 1 1
⌅(

¯

⌅) 1 1 1 1 1 1 1

K

+, K�, p, p̄, ⇤�, ¯

⇤

+, ⌅�, ¯

⌅

+. Out of these particles, p and p̄ are not feed-down corrected,

whereas ⇡, ⇤ and ⌅ particles are feed-down corrected. The particle ratio combinations used are

⇡

�
/⇡

+, K�
/K

+, p̄/p, ¯⇤/⇤, ⌅+

/⌅

�, K�
/⇡

�, p̄/⇡�, ⇤/⇡� and ⌅

+

/⇡

�. Table 3.14 lists the

conditions used in THERMUS for the decay contribution to the particle yields used in the fit.

In which, ”1” represents that the higher mass particle is taken as stable, whereas ”0” represents

it is taken as unstable and contributes to the measured yields.

Figure 3.21 presents a comparison between experimental data and thermal model fits to

particle yields (left panel) and particle ratios (right panel) in GCE and SCE for the most central

0-5% Au+Au collisions at
p
sNN = 14.5 GeV. The lower part of each plot presents deviations

defined as (model�data)/(error on data). It can be observed that for the thermal model fits,

particle yields and ratios remain well within 2 on this scale, indicating fits of acceptable quality.

The extracted chemical freeze-out parameters T
ch

, µB, µS , �S and R as a function of hNparti
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Figure 3.21: The upper panel of each figure shows the thermal model fits with GCE and SCE
to particle yields (left panel) and particle ratios (right panel) for 0-5% centrality in Au+Au
collisions at

p
sNN = 14.5 GeV in mid-rapidity (|y| < 0.1). The lower panels show the

deviation of particle yields and ratios from experimental data.
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Thermal model fit: Grand Canonical / Strangeness Canonical Ensemble
using Yield and Ratios Fits

Au+Au @ 14.5 GeV

STAR: arXiv: 1908.03585 [nucl-ex]

D. Mishra (STAR Collaboration) 
Nucl. Phys. A 956, 292 (2016)
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CFO Parameters
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Thermal model fit: Grand Canonical Ensemble using yield fits

0 100 200 300

 (
M

e
V

)
ch

T

140

150

160

170

0 100 200 300

 (
M

e
V

)
S

µ
0

50

100

7.7 GeV
11.5 GeV

62.4 GeV14.5 GeV
19.6 GeV

39 GeV
27 GeV

200 GeV

Au+Au

Model : Grand Canonical Ensemble

Fit to Particle Yields

STAR Preliminary

〉
part

N〈
0 100 200 300

 (
M

e
V

)
B

µ

0

100

200

300

400

〉
part

N〈
0 100 200 300

Sγ

0.4

0.6

0.8

1

1.2

〉
part

N〈
0 100 200 300

R
 (

fm
)

2

4

6

8

Figure 3.22: T
ch

, µB, µS , �S , and R as a function of hNparti from thermal model fit to particle
yields in GCE for Au+Au collisions at

p
sNN = 14.5 GeV. The results are compared with the

corresponding results from Au+Au collisions at
p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4 and 200

GeV measured by STAR in earlier runs [6].

from the thermal model fits to particle yields in GCE for Au+Au collisions at
p
sNN = 14.5

GeV are presented in Fig. 3.22. The results are compared with corresponding results in Au+Au

collisions at
p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4 and 200 GeV measured by STAR detector

at RHIC [6]. It can be observed that T
ch

have similar values within errors for all centrality

classes in Au+Au collisions at
p
sNN = 14.5 GeV. T

ch

shows a slight increase with collision

energy from 7.7-19.6 GeV, after which it remains almost constant. Baryon chemical potential

µB increases from peripheral collisions to central collisions. An energy dependence is also

observed for µB, as it decreases with increasing collision energy. The strangeness chemical

potential increases slowly from peripheral to central collisions. µs has a similar dependence on

collision energy as µB. The strangeness saturation factor �S increases with increasing centrality

for Au+Au collisions at
p
sNN = 14.5 GeV. Values of �s do not significantly change with

collision energy. The fireball radius R increases from peripheral to central collisions and has a

very minor increase with collision energy. All the patterns for Au+Au collisions at
p
sNN =

14.5 GeV are consistent with previous observations [6].

The extracted chemical freeze-out parameters T

ch

, µB, µS and �S as a function of hNparti

from the thermal model fits to particle ratios in GCE for Au+Au collisions at
p
sNN = 14.5

139

14.5 GeV CFO parameters follow energy dependence trend

Au+Au @ 14.5 GeVSTAR: PRC 96, 044904 (2017)
D. Mishra (STAR Collaboration) 
Nucl. Phys. A 956, 292 (2016)
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CFO Results – Comparison with TC
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7

significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e� collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters T

CF

and
µ
B

has been determined [41, 51, 74, 79–82]. While µ
B

de-
creases smoothly with increasing energy, the dependence
of T

CF

on energy exhibits a striking feature which is il-
lustrated in Fig. 3: T

CF

increases with increasing energy
(decreasing µ

B

) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

p
sNN > 20 GeV. The

slight increase of this value compared to T
CF

= 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small di↵erence are currently not fully understood.

The saturation of T
CF

observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental e↵ort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of T

CF

and µ
B

there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly di↵erent c.m. energies in
the K+/⇡+ and ⇤/⇡+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µ

B

, T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µ

B

, T ) / exp(Bµ
B

/T ). Consequently, the
ratios p/⇡+ and d/p scale as exp(µ

B

/T ), whereas the
corresponding anti-particle ratios scale as exp(�µ

B

/T ).
From Fig. 3, it is apparent that µ

B

/T
CF

decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µ

S

= µ
S

(µ
B

). As a consequence, the yields
of K+ and K� increase and, respectively, decrease with
µ
B

/T . At higher energies, where T and hence pion densi-
ties saturate, the ⇤/⇡+ and K+/⇡+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter T

CF

is determined by the
QCD pseudo-critical temperature and the value of µ

B

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (T

CF

,µ
B

) values, these
points can be used to construct a T vs. µ

B

diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µ

B

= 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 5. Phenomenological phase diagram of strongly inter-
acting matter constructed from chemical freeze-out points
resulting from statistical hadronization analysis of hadron
yields for central collisions at di↵erent energies. The freeze-
out points extracted from experimental data sets in our own
analysis (squares) and other similar analyses [74, 79, 91, 92]
are compared to predictions from LQCD [30, 93] shown as a
band. The inverted triangle marks the value for ground state
nuclear matter (atomic nuclei).

A. Andronic et al., Nature 561, 321 (2018)

Central collisions
§ The experimentally 

measured phase diagram 

§ These points constitute 
the freeze-out curve

§ STAR results cover a 
large range of µB

§ CFO parameters from 
thermal model are 
consistent with recent 
lattice calculations of Tc
-- Transition temperature

is close to freeze-out
temperature?

Quark Gluon Matter

Hadronic Matter

A. Bazavov et al. PRD 90, 094503 (2014)
S. Borsanyi et al. JHEP 1208, 053 (2012)



Lokesh Kumar

CFO Results Using Models 
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The volume-independent ratios of susceptibilities from lattice QCD are 
related to the moments of conserved quantities from the experiment ---

Relation of Lattice QCD observables with experimental observables:

Lokesh Kumar @ ATHIC-2016 

Freeze-out Using Lattice QCD 

19 19 

Relation between Lattice QCD and Experiment: Products of moments of 
the conserved quantities such as net-proton, net-charge, net-strangeness 
measured experimentally can be related to the susceptibilities calculated 
in the Lattice QCD S. Gupta et al. Science 332, 1525 (2011); STAR: PRL 105, 022302 (2010); 

M. Stephanov, PRL 102, 032301 (2009); F. Karsch et al., PLB 696, 136 (2011)  

FO parameters using Lattice+Experiment: 
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A. Bazavov et al. PRL 109, 
192302  (2012) 
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Using R12 and R31 at a given experimental energy, allows to 
extract freeze-out parameters – Tch and µB

A. Bazavov et al. Phys. Rev. Lett.  
109, 192302 (2012)
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CFO Results Using Models 
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§ Experimental kinematic acceptance cannot be taken into account
§ Available only for small chemical potentials.

Limitations:

§ Model results agree with 
experimental ratios

§ Isospin randomization 
issue below 11.5 GeV.

§ Extracted FO parameters 
depend on the hadron 
spectrum included in HRG

§ Can be used with similar experimental kinematic acceptance to 
calculate fluctuation observables

§ Allows to expand the range of µB

Hadron Resonance Gas (HRG):

 1

 10

 100

 10  100

χ 2
/χ

1

√s (GeV)

HRG model, net-charge

STAR data, net-charge

HRG model, net-proton

STAR data, net-proton

Figure 1: (Color online) Comparison between HRG model results
and experimental data for the most central collisions (0� 5%) (from
Refs. [9, 10]) for �2/M of net-electric charge (blue, upper symbols)
and net protons (red, lower symbols). The experimental data have
been used in the HRG model in order to extract a freeze-out tem-
perature and baryo-chemical potential for each collision energy.

of collision energy per nucleon pair
p
s (from Refs. [9, 10])

together with our results for the first choice of fluctua-
tion observables, i.e. the combined �2/M datasets. We
find that it is possible to extract, for each collision en-
ergy, a freeze-out temperature and baryo-chemical poten-
tial, which allow to simultaneously reproduce the ratios of
the lowest-order susceptibilities for net protons and net-
electric charge. The smallest collision energy we consider
is

p
s = 11.5 GeV: below this energy we expect that the

isospin randomization is not realized [24, 38, 39]. We note
that for the determination of these freeze-out parameters
the inclusion of the KA-corrections for �2/M of net pro-
tons, in accordance with Ref. [24], is essential.

In Fig. 2, we show the freeze-out temperature (upper
panel) and baryo-chemical potential (lower panel) corre-
sponding to this set of analyzed cumulant ratios, as func-
tions of

p
s. The precision in the experimental results

allows a rather precise determination of these parameters.
The error bars shown in Fig. 2 are based on HRG model
calculations using the upper and lower uncertainty limits
in the experimental data. Our values for Tch are lower
than those found in Ref. [28]: even for the highest RHIC
energies, our results are close to the lower bound for Tc

determined in lattice QCD simulations [2]. This is evident
in Fig. 3, where we show a comparison between the freeze-
out points in the (T � µB) plane obtained in the present
analysis and the curve of Ref. [28].

Using these freeze-out conditions, we now proceed to
calculate the higher-order susceptibility ratios �3/�2 and
�4/�2 for net protons and net-electric charge. The results
are shown in the di↵erent panels of Fig. 4 in comparison
with the experimental data. It is evident that, with the
obtained freeze-out conditions, one can reproduce all ex-
perimental results for the net-electric charge fluctuations
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Figure 2: Freeze-out temperature (upper panel) and baryo-chemical
potential (lower panel) as functions of the collision energy, extracted
from the data in Fig. 1. The corresponding values are listed in Ta-
ble 1.
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Figure 3: (Color online) Freeze-out parameters in the (T � µB)
plane: comparison between the curve obtained in Ref. [28] (red band)
and the values obtained from the combined analysis of �2/M for net-
electric charge and net protons (blue symbols) presented here.

(left panels). As already mentioned, the agreement be-
tween our results and the experimental data for the net-
proton S� becomes less accurate with decreasing collision
energy (upper right panel). For �2, our HRG model can-

4

S. Chatterjee et al. Phys. Rev. C  96, 054907 (2017)

P. Alba et al., Phys. Lett. B738 305, (2014)
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CFO Results – Particle Dependence
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Freeze-out parameters dependence on the particle type:
§ The FO parameters 

depend on the particle 
yields fitted in the 
statistical thermal model

§ Strange and non-strange 
particle yields give 
different freeze-out 
temperature

§ Massive strange particle 
yields lead to higher FO 
temperature

BULK PROPERTIES OF THE MEDIUM PRODUCED IN . . . PHYSICAL REVIEW C 96, 044904 (2017)
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The observation is consistent with 2CFO (separate strange and non-
strange) freeze-out models –

Lokesh Kumar @ ATHIC-2016 

Few Proposed Remedies and Explanations 

15 15 

Non-equilibrium Thermal Model: Chemically equilibrated QGP source 
breaks up directly into hadrons. 

-  Explains all hadrons  
  Caveats: 
- Introduced additional free parameters 
-  less particles used in the fit 
-  Nuclei not well described   

Multiple freeze-out: Different freeze-out time for strange and non-strange 
particles - Good description of hadrons and nuclei  

- Caveat: Introduced additional free parameters 

M. Petran et al. PRC 88, 034907 (2013) 
J. Rafelski et al. Acta.Phys.Pol.Supp. 7, 35 (2014) 
V. Begun et al. PRC 90, 014906 (2014) 
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§ STAR freeze-out 
results from 
THERMUS

§ LQCD results 
obtained by 
comparing with 
STAR ratio of 
susceptibilities

§ HRG model results 
from ratio of 
susceptibilities

§ Freeze-out from 
2CFO model

Lokesh Kumar

Chemical Freeze-out : Summary
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Kinetic Freeze-out
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Blast-Wave (BW) Model:

² Momentum distributions are fitted simultaneously with BW
² Two main parameters: Tkin and <b> 

Elastic collisions among the particles cease and the momentum 
distribution gets fixed

I0, K1: Modified Bessel functions
r(r) = tanh-1b, r/R: relative radial position; R: radius of fireball
b: transverse radial flow velocity, Tkin: Kinetic freeze-out temperature

E. Schnedermann, J. Sollfrank, and U. 
W. Heinz, Phys. Rev. C 48, 2462 (1993). 

Model Features: 
q Hydrodynamic based model
q Assumes particles are locally thermal at a kinetic freeze-out

temperature and moving with a common radial flow velocity
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Blast-Wave Fit

22

§ Blast-wave model well describes the p, K, p spectra simultaneously
§ Extracted parameters: Tkin and <b> 

BW Fit and KFO Parameters 
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Blast –Wave Fit 

�  Tk decreases, whereas � increases as we go 
from peripheral to central collision. 

�  An anti-correlation have been observed 
between Tk and � for U+U collisions at 
√sNN = 193 GeV. 

²  B. I. Abelev et al., Phys. Rev. C 79 034909, (2009) 
²  L. Adamczyk et al., Phys. Rev. C 96, 044904, (2017) 

Au+Au @ 14.5 GeV U+U @ 193 GeV

STAR: arXiv: 1908.03585 [nucl-ex]
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Figure 3.27: Simultaneous blast-wave model fits to the pT -spectra of ⇡±, K±, p(p̄) for 0-5%,
40-50% and 70-80% centrality class within mid-rapidity (|y| < 0.1) for Au+Au collisions atp
sNN = 14.5 GeV.

different centralities for Au+Au collisions at
p
sNN = 14.5 GeV. The low pT region of the

pion spectra is affected by resonance decays, and therefore the pion spectra are fitted above

pT > 0.5 GeV/c. However, the blast-wave model is not very suitable for fitting the high pT

region of the pT spectra [51]. Hence, the blast-wave model fits are very sensitive to the pT

range used [52]. The previously optimized pT ranges [6, 18, 52] are used for Au+Au collisions

at
p
sNN = 14.5 GeV to extract the kinetic freeze-out parameters.
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Figure 3.28: Left panel: Tk as a function of hN
part

i. Middle panel: � as a function of hN
part

i.
Right panel: variation of Tk with �. All three panels, present results in mid-rapidity (|y| < 0.1)
for Au+Au collisions at

p
sNN = 14.5 GeV are shown in comparison with the same quantities

for Au+Au collisions at
p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4 and 200 GeV measured by STAR

in earlier runs [6]. Statistical and systematic errors are added in quadrature.

Figure 3.28 presents the kinetic freeze-out parameters Tk (left) and h�i (middle) as a func-

tion of Npart along with the correlation between Tk and � (right) for Au+Au collisions at
p
sNN = 14.5 GeV. These results are compared with the corresponding published results for

Au+Au collisions at
p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4 and 200 GeV measured by STAR

detector at RHIC [6, 18]. Tk shows a dependence on Npart and it decreases from peripheral

to central collisions. This observation supports the prediction of a short-lived fireball in the

144



KFO Parameters 
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�  Tk decreases from peripheral to central collision supporting the fact of  shorter lived fireball in 
case of  peripheral collisions. 

�  � increases as we go from peripheral to central collision suggesting more rapid expansion in 
central collisions. 

�  An anti-correlation have been observed between Tk and � for Au+Au collisions at √sNN = 14.5 
GeV. 

²  arXiv:1908.03585 [nucl-ex], (2019), J. Adam  et al. (STAR Collaboration) 

Lokesh Kumar

KFO Parameters
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§ Tk decreases and β increases from peripheral to central collisions
§ Anticorrelation observed between Tk and β
§ 14.5 GeV results show similar Npart dependence as at other 

energies

Au+Au @ 14.5 GeV STAR: PRC 96, 044904 (2017)

STAR Preliminary STAR Preliminary

STAR Preliminary

STAR: arXiv: 1908.03585 [nucl-ex]
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KFO Parameters
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BW Fit and KFO Parameters 
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Blast –Wave Fit 

�  Tk decreases, whereas � increases as we go 
from peripheral to central collision. 

�  An anti-correlation have been observed 
between Tk and � for U+U collisions at 
√sNN = 193 GeV. 

²  B. I. Abelev et al., Phys. Rev. C 79 034909, (2009) 
²  L. Adamczyk et al., Phys. Rev. C 96, 044904, (2017) 

U+U @ 193 GeV

§ Tk decreases and β increases from peripheral to central collisions
§ Anticorrelation observed between Tk and β
§ U+U 193 GeV results show similar Npart dependence as at other 

energies and are consistent with 200 GeV
§ Centrality dependence is extended beyond Npart > 400

STAR: PRC 96, 044904 (2017)

STAR Preliminary

STAR Preliminary STAR Preliminary
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Energy Dependence of FO Parameters
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§ Chemical freeze-out temperature 
increases and then saturates with 
beam energy

§ Kinetic freeze-out temperature 
decreases while <b> (collectivity) 
increases with beam energy for 
central collisions

§ New STAR results (at Au+Au 14.5 
GeV and U+U 193 GeV) are 
consistent with energy dependence 

§ Difference between chemical and 
kinetic freeze-out temperatures 
increases with beam energy
-- Suggests system interacts for 

longer duration at higher 
collisions energies

STAR: PRC 96, 044904 (2017)

Central collisions

Tch

Tkin

STAR Preliminary

STAR: arXiv: 1908.03585 [nucl-ex]
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Precision Measurements with iTPC
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STAR TPC upgrade of inner TPC (iTPC) – Successful data taken in 2019

13 padrows 40 padrows

Quantity
Improvement

TPC iTPC
No. of hits per track 45 72
h coverage |h| < 1.0 |h| < 1.5
Low pT acceptance 125 MeV/c 60 MeV/c
Momentum and 
dE/dx resolution

Improved with iTPC

2019/06/13  |  SQM 2019 conference, Bari, Italy  |  Florian Seck  |  17 
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Improvement in FO parameters Estimation

27

§ Current systematic uncertainties on the freeze-out parameters are 
large at STAR

§ The systematic uncertainties on the spectra, yields, and ratios 
depend on track quality, low-pT extrapolation, momentum and 
dE/dx resolution

§ These uncertainties propagate to the extracted freeze-out 
parameters

§ With improvement in these measurements through iTPC upgrade, 
it is expected to have reduction in uncertainties on spectra, yields 
and ratios and hence on freeze-out parameters

§ BES-II is expected to provide freeze-out parameters with more 
precision
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Summary
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q Latest results on particle yields and ratios from STAR at Au+Au 14.5 
GeV and U+U 193 GeV are presented.
-- At 14.5 GeV results follow the similar Npart dependence as other energies

and fit well in energy dependence trend

-- At U+U 193 GeV results follow the similar Npart dependence as Au+Au 200
GeV and are consistent with Au+Au 200 GeV at similar Npart; centrality
dependence is extended beyond Npart > 400

q Chemical and kinetic freeze-out parameters are presented for Au+Au
14.5 GeV
-- The results follow similar centrality dependence as other energies and 

fit well in the energy dependence trend

q Kinetic freeze-out parameters are presented at U+U 193 GeV
-- The results follow similar centrality dependence as Au+Au 200 GeV and

are consistent with Au+Au 200 GeV at similar Npart



Lokesh Kumar

Summary
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q STAR FO results suggest to cover a large range of µB in the phase 
diagram

-- The transition temperature from Lattice seems to be close to Tch

-- Extracted FO parameters from SHM depend on particle type – different
values for strange and non-strange hadrons

-- FO parameters can be extracted using fluctuation of conserved quantities
(net-charge and net-proton) from Lattice and HRG models; Results
consistent with SHM (non-strange hadrons)

q BES-II with upgraded iTPC will help in precision measurements of FO 
parameters at STAR at RHIC

Thank You
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Back up
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Maximum Baryon Density
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J. Randrup & J. Cleymans,
Phys. Rev. C 74 (2006) 047901

RHIC BES

31

Phys.Lett. B738 (2014) 305-
310
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Ensembles: Heavy-ion Experiments
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Statistical Thermal Model: THERMUS Package
Grand Canonical Ensemble: The energy and quantum numbers or particle 
numbers are conserved on average through the temperature and 
chemical potentials.
-- Widely used in high energy heavy-ion collisions
-- Chemical potential for particle species i is given by: 

Strangeness Canonical Ensemble: The strangeness (S) in the system is 
fixed exactly by its initial value of S, while the baryon and charge contents 
are treated grand-canonically.
-- At lower energies, low production of strange particles requires 

canonical treatment of strangeness
-- Chemical potential for particle species i is given by

Bi,Qi,Si : baryon, charge, strangeness number

J. Cleymans et al., Comp. 
Phys. Comm. 180, 84 (2009)


