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Introduction

Two distinct phases of matter confirmed
Crossover at low p, (ug/T < 2)

Predictions of 1%t order phase transition
at high u,

RHIC collider energies cover up to 420
(MeV) i,

RHIC FXT extends coverage up to 750
(MeV) i,

CBM experiment at FAIR extends
coverage even further
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B. Mohanty, N. Xu, arXiv:2101.09210
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STAR Experiment

/
L X4
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>

DS
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STAR: Solenoidal Tracker At RHIC.

Heavy ion collisions of Au,Cu,Zr,Ru
etc ...

Energy range from 3 GeV - 200 GeV

(VS )-

BES-II, detector upgraded, high
statistics data recorded.

Experiment has Collider and
Fixed-Target modes.

s & & FTEE Ly Ry 82T ealGew
i fees- [BEsi BrxT ]
—-— 34
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> - 324
01 02 03 04 05 06 07
iy (GeV)
https://www.star.bnl.gov
+* Located at Brookhaven National

Laboratory (BNL).
* Long Island, New York, USA.
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STAR Detector

% Multiple sub detector systems

% Excellent particle identification
capabilities

%  Full azimuthal acceptance

n=-2.0
BBC

VPD East

East
BTOF

BEMC iTPC E%EA;@;
eTOF BSMD Inl <15 % -4
=R psagqe 1)<a EEMC
1<np<2
TOF 7/ ; ﬂ VPD
Inl <1 { 1 .5<n<4 42<|n|<5.1
ECal FCS
25<n<4
Magnet
MTD
In] <0.5
EPD
2.1<|n <5.1 BBC HCal FCS
3.9<|n|<5 25<n<4
Target (Fixed Target mode)
Fixed Target o
=21 ik % Gold Target fixed at west end of the
detector
Yellow beam
—— < TPC Acceptance:
West > n:[-2,0] (lab frame)
West
<  PID Acceptance (TPC + ToF):
> n:[-1.5,0] (lab frame)
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Critical Point Searches STAR

Results:
Proton Multiplicity Fluctuations
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Proton Multiplicity Cumulants

CumUIantS: n = net-proton multiplicity
Cl =n >

Cg =< dn? >

Cumulants quantify

in an event characteristics of distributions:

m=n—<n>

C3 =< on3 >

C, =< én* > -3 < én? >

Skewness: C3/C2

Factorial Cumulants:

k1
k2
k3
k4

Cy Kurtosis: C,/C,
_Cl —+ Cz
201 —3C5 + C3 oy

—6C7 +11Cy — 6C5 + C4
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Negative Skew

Positive Skew

Positive Kurtosis
Leptokurtic

«——— Normal Distribution
Mesokurtic




Cumulants for CP Search

Cumulants are related to the correlation length

Cy ~ (?
Cy~(’

Cumulants ratios are related to ratios of
susceptibilities

C'4q . X4

C2q Xg

C,/Cy( = ko?)

baseline

I I \/g

—
—

Non-monotonic dependence on collision

energy ()/E) predicted to be a signature
of critical behaviour
M. A. Stephanov, PRL 107 (2011) 052301
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AV

BES-1 Measurement of Kurtosis S1AR
“‘éi}f:“
4_' B T ' LR ]
e Observed hint of % Most Central Au+Au collisions
. ) Net-proton -
non-monotonous trend in _— 5¢ _ 0.4<p_<20GeV/c,lyl<05 _
<X}
BES-I (30) < S @ STAR Data g
CC> 2_§ 3 Projected BES-Il  —
e Robust conclusion requires 5 | I i } stet. incomakity. |
confirmation from precision Q- ----
e
measurement from BES-II. 2 -
oM .
e Extend reach to even lower d | BEh
collision energies with FXT wn B | |
energies 2 5 10 20 50 100 200

Collision Energy \sy, (GeV)

STAR : PRL 127, 262301 (2021), PRC 104, 24902 (2021) ,PRL 128, 202302 (2022),
PRC 107, 24908 (2023)
HADES: PRC 102, 024914 (2020) 9
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BES-Il Scan of Proton Cumulants

Net-proton Distributions:

Raw net-proton distributions
from BES-II (Collider):
Uncorrected for detector
efficiency.

Mean increases with
decreasing collision energy
(baryon stopping).

Larger width leads to larger
Stat. uncertainties.

Normalized Number of Events
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0.02
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V5o (GeV) Au+Au Collisions at RHIC

NN . 0-5% Centrality, lyl < 0.5
WLT A" % 0.4<p_<2.0GeVic
492 p a7

0115
+14.6
017.3
+19.6
x 27

Net-proton (AN, =N, - Nﬁ)
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BES-Il Vs BES-| sTaR

e/
I I I I LI I I 1 I I L | I
Au+Au Collisions at RHIC Centrality: Refmult3
_ _ Net-proton, lyl < 0.5 O BES-I: 0-5%
% Two different centrality classes shown gl 04<p,<20GeVe _
O(\I T - O BES-I: 70-80%
~~
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BES-Il Vs BES-I

1 I 1 1 1 LI I 1 T 1 I 1 T 1T1 I 1
| Au+Au Collisions at RHIC Centrality: Refmult3 i
< Two different centrality classes shown g’j’f;""’:g’g o O BES-: 0-6%
S 3 AT 0 BES-I: 70-80% =
<% Results consistent between BES-land ~x | STAR ® BES-II: 0-5% i
. O & BES-II: 70-80%
BES-II: o
5 2 .
‘ o O
/5w (GeV) 0-5% 70-80% — a -
c
7.7 1.00 0.90 g 1 -
9
15 0.40 130 g O ® 00w %9 & 3%} %
14.6 220 250 5] i § (X % |
19.6 0.70 0.00 o—------------"----F- L —
27 140 0.20 B | | .
3 10 30 100
% Here on only BES-II results are Collision Energy \fsNN (GeV)
discussed.
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MOdel Com pari sons Net-proton cumulant ratios
' o wor,  STAR

= @ BES-I .
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- w —
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MOdeI_ Com pari sons Net-proton cumulant ratios
' Fmce,  STAR . -

i @ BES-I 4
O BES-I S}
5 Hydro -

1. Smooth variation vs \/SNN in CZ/C1
and 03/C2 observed.

eoo 000 @ ©

2. Non-CP models used for A AT GO o

comparison: @ (2) C/C2  netproton, Iyl <0.5

= 11— 04<p_<20GeVl
o

- .. . -
k= %o .
8 o5 e =
>
£ i %o A
>
o o

L it . ; —]
- (3) C,/C,

10 20 100 200

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021) .
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022) Collision Energy ysy, (GeV)

UrQMD: M. Bleicher et al. J.Phys.G25:1859-1896,(1999) 14
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Net-proton cumulant ratios

Model Comparisons

ramece,  STAR - 7
B @ BES-II -
O BES-I (@]
. . 5k Hydro -
1. Smooth variation vs \/SNN in CZ/C1 --= HRG CE
- -@ -
and C,/C, observed. i
0 e —
2. Non-CR models used for " Mo t——
comparison: @ @) CS/C2  netproton, Iyl <0.5
-% 1 04<p_<20GeVlc ]
o - @@ @ =-. _
5 Yo%y,
HRG CE: Thermal model with E B % 00 g
canonical treatment of baryon charge 3 i e |
0 — 5 : p——
" (3)C,/C, 7
Ih——— —%— — %‘
05 g?_;';"— é Q .
0 - —
. 110 20 160 200
HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021) -
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022) Collision Energy |s,, (GeV)
UrQMD: M. Bleicher et al. J.Phys.G25:1859-1896,(1999) 15
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Net-proton cumulant ratios

°rmew,  STAR. -

Model Comparisons

L @ BES-I o
O BES- ©
- : 5 Hydro |
1. Smooth variation vs \/SNN in C,/C, ":']HRG CE
B UrQMD
e ]
and C,/C, observed. 00-0-000-0-C
(0] o 2]
2. Non-CR models used for B R CalEaE
comparison: @ (2)Cs/C2  netproton, lyl < 0.5
% 1 04<p_<20GeVle ]
o 5 o i
. © 05— ¥ N =
HRG CE: Thermal model with 3z L2 N
canonical treatment of baryon charge & i e |
0 — 2 —
UrQMD: Hadronic transport - (3) C/LC,

I

model _ _— ——— ——%—
0.5—— *§§§? ¢ é .

. 20 100 200
HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)

1
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022) Collision Energy |s, (GeV)
UrQMD: M. Bleicher et al. J.Phys.G25:1859-1896,(1999)
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Model Comparisons

1. Smooth variation vs \/SNN in CZ/C1
and 03/C2 observed.

2. Non-CP models used for
comparison:

HRG CE: Thermal model with
canonical treatment of baryon charge

UrQMD: Hadronic transport
model

3. Qualitative trend described by model except
for C 4/C2. Quantitative differences exist b/w data
and non-CP model.

Cumulant Ratios

10

0.5

-

0.5

0

Net-proton cumulant ratios

(1) é/C,

@ BES-I S TAR

O BES- ©
Hydro
--- HRG CE
[ JuramD

oo-0-000 0"

[ (2 cy0e,

0-5% Au+Au Collisions
net-proton, lyl < 0.5
0.4 <P, <2.0GeV/ie

WF;T.\'; ~~
@

™ (3).6,/0;

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)
UrQMD: M. Bleicher et al. J.Phys.G25:1859-1896,(1999)
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Conclusions STAR

T T | T T | R I T T | T T | R L I T '_I I T 1 ] R L] I 1 1 I 1 1 LI | 1 )
| AusAu Collisions at RHIC @ BES-II: 0-5% | Au+Au Collisions at RHIC ' 04 rotst Gevic)
2 Net-proton, lyl < 0.5 O BES-I: 0-5% 3t '
0.4 2.0 GeV/ . e B UrQMD (5% collisions)
& i Al v BES-li: 70-80% ON ol- STAR Romcritical A HRG-CE NPA1008(2021) —
(@) i ¢ BES-I: 70-80% ] < @ Hydro PRC105(2022)
\ﬁ' <3
S | STAR & 5
= 1————————————%“ C O e W
e SR I . o o 3 o m:.
o Pl o @0 A S et
= T . © A A
© ii 35 -2— \& i for =]
3 -g ‘i\ ! "l .
g 0 [ T ] (/)] "3 “’Nl 4
- Hydro ]
© 9 --- H)IIRG CE 0C -4 . du ref n —
& S l ‘ -1 C4/C2 - C4/C2
sy . UrQMD: 0-5% -5+ - O Data: 70-80% collisions
1_ o 3 I = L 1 L 1 { I 1 1 1 1 ! I | l L
- 1 1 ool 1 ! PR T S N B 1 2 5 10 20 50 100 20
3 10 30 100

Colision Energy {s (GeV) Collision Energy \s,,, (GeV)

C,/C, shows minimum around ~20 GeV comparing to non-CP models, 70-80% data

1. Maximum deviation: 3.2 -4.70 at \/SNN =19.6 GeV (1.3 - 2.00 for BES-I)
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Factorial Cumulants

1. Factorial cumulants for
protons and antiprotons.

2. Proton factorial cumulant
ratios deviates from poisson
baseline at 0.

3. Antiproton |(3/|(1,|(4/|(1 closer to
0.

Factorial Cumulant Ratios

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)
UrQMD: M. Bleicher et al. J.Phys.G25:1859-1896,(1999)
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O~ ) \\::\\;\_;;::
0

10 20 160 200
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BES-Il data Vs Theory

Density plot of the quartic cumulant
of the order parameter obtained by
mapping of the Ising equation of
state onto the QCD equation of
state near the critical point.

The freeze out point moves along
the dashed yellow line as ‘/SNN is

varied during the beam energy scan.

Susceptibilities extracted from
universal EOS

Rutik Manikandhan, FAIRNess 2024, Croatia

(universal EOS) critical x 1 : fg{g@ N
=
Freezeout line
=8
—
Critical Point
7 =4
Pmax < UCP IJ
A.Bzdak et. al. Phys.Rept. 853 (2020) 20




BES-Il data Vs Theory

SNN

wso — baseline

<  Density plot of the quartic cumulant
of the order parameter obtained by
mapping of the Ising equation of
state onto the QCD equation of
state near the critical point. SNN

w3 — baseline

%  The freeze out point moves along
the dashed yellow line as ‘/SNN is
varied during the beam energy scan.

< Susceptibilities extracted from iB
universal EOS T

s - sa
% Susceptibilities along the freezeout ws — baseline

line.

>

M. Stephanov SQM ‘24 KB
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. y STAR
(universal EOS) critical x 1 : %{% Nd
=2
Freezeout line
=3
—
Critical Point
7 —4
Pmax < UCP Il
A.Bzdak et. al. Phys.Rept. 853 (2020) 21



BES-Il data Vs Theory

% Susceptibilities along the freezeout
line.

< Expected signatures: bumpinw,
and w,, dip thenbump inw,
for CP at y, > 420 MeV

SNN

omiloasd — cw

SNN

oriloesd — ¢w

Factorial Cumulant Ratios

SNN

>

omiloesd — pw

a4
M. Stephanov SQM ‘24
A.Bzdak et. al. Phys.Rept. 853 (2020)

Proton/antiproton AV

factorial cumulant ratios STAR

K

0.05

0.5

0.251

o

-0.25}

_ B o gy |
P © _

L o®®

pe @) [

— , BES-Il [ BES-I UrQMD  Hyd
— P oo oPES ggtraMP a4
- Kg 0-5% Au+Au Collisions

@ X, (anti-) proton, lyl < 0.5
| 0.4 <P, <20 GeV/c

10 20 100 200
Collision Energy {s,, (GeV)
HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021),,,,

Rutik Manikandhan FAIRNess 2024 Croatia Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)
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Conclusion

Subtract the baseline

Qualitatively agrees with
non-monotonic expectations
from CP, notonlyinn=4
factorial cumulant, butn=3
andn=2.

To produce such signatures the
CP hastobeat uB >420 MeV.
Agreement with recent theory
estimates by different
approaches.

SNN

oriloesd — gw

Factorial Cumulant Ratios

SNN

omiloesd — pw

ay
M. Stephanov SQM ‘24
A.Bzdak et. al. Phys.Rept. 853 (2020)

0.05
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factorial cumulant .ratios

LK 7
(1) % STAR
i 0.9 ®
s
L o®® n
DO ... O/l |
| ﬁ <>BES ] OBESI §§§UrQMD__Hydro |
B Kg 0-5% Au+Au Collisions |
@ K (anti-) proton, lyl < 0.5
| i; 0.4 <pT<2.0 GeV/c
o |
| -
§VE
L A

100 200

1;3 20
Collision Energy |s,,, (GeV)

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)23

Rutik Manikandhan FAlRNESS 2024 Croatia Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)
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Critical Point Searches STAR

Results:
Transverse Momentum
Correlations
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Transverse Momentum Correlations ST@R

% High-energy kinematics and Quantum
Chromodynamics (QCD) generate
correlations between the first partons Cm =< Apt,i . Apt,j >

produced at the onset of a nuclear collision

[1].

< Transverse momentum correlators have < (pt,z- — < p¢ >) (Pt,j — < p¢ >) >
been proposed as a measure of these
correlations and as a probe for the critical ;£ ;

point of quantum chromodynamics [2].
[1]: S. Gavin. Physical Review Letters, 92(16)

[2]: ALICE, Phys. Part. Nuclei 51,2020

25
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Correlator Contributions

DT
/A S

7
%

Correlators have contributions from dynamic
correlations from the first partons produced.

These correlations get erased by scattering and Dyna micC Vs Thermal

thermalization.

7
%

7
%

The rapid expansion and short lifetime of the
system fight the forces of isotropization,
preventing certain correlations from being
completely thermalized.

7
%

To understand early correlations, study rapidity
dependence!

26
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Correlator Contributions

oG G-
Correlators have contributions from dynamic

correlations from the initial partons produced.

7
%

7
%

These correlations get erased by scattering and —N Collision probabilit
thermalization. S X € ( P y)

7
%

The rapid expansion and short lifetime of the
system fight the forces of isotropization,

preventing certain correlations from being —
completely thermalized. < 5pT 5pT >

7
L X4

Determined by particle production
mechanisms.

S. Gavin, Phys. Rev. Lett. 92, 162301

7
L X4

Determined by thermalization and

equilibrium fluctuations. o: original

N oge . 27
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Correlator Contributions

< Transverse momentum fluctuations have contributions
from multiplicity fluctuations as well

> Ristherobust variance and dependsonN__

> Measures deviation from Poissonian statistics

> Robust quantity (independent of detector
efficiency)

> Roughly constant for a given centrality <N(N— 1) >—<N>2
class. R — 2
<N>

C. Pruneau et. al. Phys.Rev.C 66 (2002)
044904

Rutik Manikandhan, FAIRNess 2024, Croatia
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Correlator Baseline Expectations

R
><Apt'4z7Aptg> F<pt;

% Approximation

> F(CT) function of ratio of the
correlation length () to the
transverse size.

\/<Apt,iaApt,j> F R
< Assumptions: :( (¢r) )1/2
> Central collisions are <p:> 1+R

locally thermalized

> Ratio of correlation length CONST of Collision Energy
(BASELINE)

(€;) to the transverse size

remains constant.
S. Gavin, Phys. Rev. Lett. 92, 162301

. 29
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Correlator Vs Collision energy

The correlation observable may
have a dependence on energy, so
we scale it with <<p_>>.

Efficiency independent observable.

Make a direct comparison with the
CERES and ALICE.

No dependence on collision energy
observed. (CONST!)

| § P o g 1 | T 1 LU Il T T | B R O B II 1 T T I—
Q 0.016 =
S 0.014] -
V E i
\/ 0.012 -
B o o i
3001 + + + y =
& C + e
< 0.008- .
& 0.006F .
a B o ALICEPb-Pb, 0-5%
> 0.004 = STAR Au-Au, 05% -
- + CERES Pb-Au, 0-6.5%
0.002[ "
o:lllll | 1 lllllll 1 L lllllll 1 1 lll:
10 10 10°
VSw (GeV)
STAR, Phys.Rev.C72:044902,2005
ALICE, Eur. Phys. J. C 74, 2014
CERES, Nucl.Phys.A811:179-196,2008

Rutik Manikandhan, FAIRNess 2024, Croatia
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Correlator Vs Collision energy

s Boltzmann-Langevin implies
thermalized systems.

% UrQMD deviates from data

consistently at all energies. 0-5%

3 * STAR Au+Au
- I Statistical error | © CERES Pb+Pb
. I Systematic error | " ALICE Pb+Pb

/

III]III|III|IIIIIIIIIII|III|III

% Asignificant beam energy _ _oUQMD
! ! ¢ Boltzmann-Langevin
dependence was found for opbe

p; correlations. Joue (GeV)

STAR, Phys.Rev.C 99, 2019
CERES, Nucl.Phys.A811:179-196,2008
ALICE, Eur. Phys. J. C 74, 2014
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Correlator Vs Collision energy sjgg

e
<% Wesee adeparture from Gliakaed.hadions | Statistical Error
mo n Oto n icity \o 2 — ﬁAR PRELIMINARY Systematic Error 7
A ' 0-5 % Centrality
% Changein correlation length o | 2
CT? :\/\_ 1 o ® ® ¢ B
. 2- oy i by & @
< p;fluctuations has oF &
. . TAR Au+Au FXT (-0. .
contributions from 2 o e p @ STARAU+AUFXT (0.5<n, <05)
o e e B STAR Au+Au (Published) (-0.5 0.5) 7
temperature and multiplicity = * AT FERISEC) 0 S = C-C
. UrQMD 0-5%
fluctuations. +ua
< UrQMD 0-10%

3 10 30 50 100
Sumit Basu et. al., Phys.Rev.C 94, 2016 Collision Energy \sy (GeV)

S. Gavin, Phys. Rev. Lett. 92, 162301 39
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Correlator Vs Collision energy

< F(Z;) and R to be constant
as a function of collision N
energy. !
% F(g,)=0.046 =
4._
% R=0.0037 (Central Au+Au |2
at 200 GeV) =

(

S. Gavin, Phys. Rev. Lett. 92, 162301

F
M)l/2 — Constant(- = =)
1+R baseline

o

dh qp
C{}c{}ﬂ: qp

% -9 STAR Au+Au FXT (-0.5<n__ <0.5)

-§- STAR Au+Au (Published) (-0.5 <n<0.5) ]

<L UrQMD 0-5%
£~ UrQMD 0-10%

'STAR
Charged hadrons
I Statistical Error
2 * Systematic Error 7]
STAR PRELIMINARY
0-5 % Centrality

@
1 o ® ® o © |

P

10 30 50 100
Collision Energy Vs, (GeV)
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Conclusions

First measurement of Ap_-Ap_
correlators at high baryon density
region

> Ap.-Ap; show a non-monotonic
behaviour.

(Ap, Ap KLp ))%

> Possibility of correlation length
changing in between?

We need to delve deeper into the
disparity observed between UrQMD
and experimental data at Fixed-Target
(FXT) energies.

—
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(I:harged hadrons

7STAR PRELIMINARY

s g qF &

b
% -9 STAR Au+Au FXT (0.5 <1 <0.5)
-9- STAR Au+Au (Published) (-0.5 <1 <0.5) ]
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-2 UrQMD 0-10%

I Statistical Error

Systematic Error

0-5 % Centrality
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Summary

Precision measurement of net-proton number
fluctuations in Au+Au collisions from STAR BES-II
reported. Centrality and energy dependence
discussed.

Measured net-proton C,/C, in 0-5% central
collisions shows clear deviation at ‘/SNN =19.6 GeV
for all non-CP model calculations with a
significance level of 3.2 -4.70

Factorial Cumulants are qualitatively described by
CP signatures.

First measurement of Ap_-Ap_ correlators at high
baryon density region.

Ap.-Ap_ show a non-monotonic behaviour in 0-5%
central collisions a function of collision energy.

Cumulant Ratio C,/C,

T L B L | T T L B L | T

Au+Au Collisions at RHIC @ BES-Il: 0-5%
Net-proton, lyl < 0.5 O BES-I: 0-5%
0.4 <P, <2.0 GeV/c & BES-II: 70-80%

O BES-I: 70-80%

Hydro
---HRG CE }
[ |uramD: 0-5%

T . R |
10 30 100
Collision Energy sy, (GeV)
A stayTuned!

éharged hadrons

7STKR PRELIMINARY

I Statistical Error
Systematic Error
0-5 % Centrality

[ ]
o ©
o 5
o +

i
dh ar

@ STAR Au+Au FXT (0.5 <n_ <0.5)

<+ UrQMD 0-5%
| < UrQMD 0-10%

-§- STAR Au+Au (Published) (-0.5 <1 <0.5) ]
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Correlator Vs Acceptance

% Longrange rapidity correlations
imply early correlations [1].

% Early correlations from hadronic or
partonic interactions?
% Delve deeper into source for early

correlations.

*An : Acceptance window around
mid-rapidity

Charged hadrons at |'s,, = 3.0 GeV Au+Au Collisions }@%\%
< 15F i
= é o STAR PRELIMINARY
~ ° o
Q_I—'
s T o .
a” °
< o5 -
bri -@ 0-5 % Centrality
I Statistical Error
2
An
detection
freeze out

latest correlation

: L. Mclerran et. al. Nucl.Phys.A810:91-108, 2008 38
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Facility for Anti-proton and lon Research STAR

T. Galatyuk, Nucl.Phys.A 982 (2019) 163-169

'ﬁ'1 08 E T T T T T T 1T l T T T T T LI I T ?
5 2 = S Heavy ion collisions 7
010 T E
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% Interaction rates upto 10 G107 g ooeny acEeLg
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Collision energy sy, [GeV]

< Good low p_ coverage
% Mid-rapidity coverage

MuCh
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BES-Il Scan of Proton Cumulants S1AR
e
. . . [ I I I I T T T I T T T I I T T | I T T I I I ]
Central ity Definition: [ AutAuat |5, = 19.6 GeV m Refmult3 (BES-I)
w 10725 = = = Glauber fit =
e Defined using charged particle multiplicity S -\ i 0 o :
g & o F W s Refmult3X (BES-Il) -
measured by STAR i [ e Glauber fit I
B sl . i 0-5% |
e Exclude protons and antiprotons toavoid ¢ 107 -~ RefmulS(BES) 5
self correlation - - |
@
N i Il
e Refmult3: Charged particle multiplicity g 104 .
excluding protons measured within |n| < s : 5
1.0 Z Z ]
e Refmult3X: Charged particle multiplicity 10°E | | =
excluding protons measured within |n| < ~ 200 400 1000
1.6 Refmult3/3X
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RHIC Beam Energy Scan

7
L. %4

7
4%*

7
4%*

BES-II collider program at the Relativistic o
Heavy-lon Collider scans phase space of o :g\c;f;\,‘;\, ol o
QCD matter by colliding gold ions at § Pl '
varying energies. ©

Q

Q
Seeking to map onset of deconfinement, §

and the predicted QCD critical point.

The BES-II collider program provided the
energies Vs, >=7.7 GeV and the BES-II FXT
program provided the ones below, down to
Vs, = 3.0 GeV.

Quark-
Gluon
Plasma

1st Order Phase Transition

>

Baryon Chemical Potential

Hg
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Centrality resolution dependence on C4/C2 5)

Cumulant Ratio C4/C2

T I
Au+Au Collisions at RHIC
Net-proton, lyl < 0.5

IIII

O Data: 0-5%, Refmult3
¢ Data: 70-80%, Refmult3

- 04<p_<20GeV/c
T @ Data: 0-5%, Refmult3X

S TAR O Data: 70-80%, Refmult3X
1 " T jL

0 %

2888 0 ¢

E : 2 e

O e

I|3H|H1O

1 ! IIIII|
30 100

Collision Energy |s,, (GeV)

1. 0-5% centrality results show
good agreement between
Refmult3 and Refmult3X

2. Weak effect of centrality
resolution on C4/C2 for
central collisions.

3. BES-II results shown
hereafter are with Refmult3X
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Closure Test

Y/
L X4

Y/
L X4

Y/
L X4

Y/
L X4

The relative uncertainties w/Cm/<<pT>> on are
generally smaller than those on C_ because most
of the sources of uncertainties lead to correlated
variations of <<p_>>and C_ that tend to cancelin
the ratio.

Closure test was performed with UrQMD data, by
incorporating 3.0 GeV efficiency curves.

We see closure within the statistical error bars.

No efficiency correction was employed on STAR
Data.

\<Ap, AP, K(p))%

\<Ap, AR (P IIVSN,_

Au + Au \j S\ =3 GeV;

a-
. CM frame:- n :[-0.5,0.5] , p,: [0.2,2.0] GeV/c

N UrQMD

t

- ¢ ¢

100 150 200 250 300

<Npan>
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Correlator Vs Centrality

< Monotonicincrease in

decreasing centrality.

% UrQMD underpredicts the
data at both energies.

% Power law able to describe

these energies, need to delve
deeper into centrality bin

width dependence.

N(om

Power Law:

<<pp>>

OC< Nparrt >b

(Ap, Ap IK(p ))%

(Ap,Ap, (P ))%

10p

107"

-
T

3.0 GeV Au+Au Collisions

S -
=~ - 10%
~ ~a Centrality bins
-~ ~ .
—p— ~N N~
g o~
e
- ]

o
i STAR PRELIMINARY

Statistical Error included

= + Power Law

60 100 200 300 400
<Npan>

3.2 GeV Au+Au Collisions

— 10%
e - e Centrality bins
e ! -
— Teo
o
- <
r § STAR

§STAR PRELIMINARY

Statistical Error included

| < uraMD

= + Power Law

60 100 200
<Npaﬂ>

300 400
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Partial Thermalization

Scattering among these partons leads
to dissipation that works to erase these
correlations, making the system as
thermal and locally isotropic as
possible.

The rapid expansion and short lifetime
of the system fight the forces of
isotropization, preventing certain
correlations from being completely
thermalized.

‘7\ 1 0-2 E

a8 : @ ALICE Pb+Pb 2760 GeV
% - B STAR Au+Au 200 GeV
o i STAR Au+Au 19.6 GeV
- 3

a10°F el

(=] T

v ~

T IT1IIIII

10_4 = = = » local equilibrium flow

IT]]I[

m— partial thermalization

T 102 10° dN/dy

-
o

FIG. 1. (color online) Transverse momentum fluctuations
as a function of the charged-particle rapidity density dN/dy
for partial thermalization (solid curves) and local equilibrium
flow (dashed curves). Data (circles, squares, and triangles)
are from Refs. [27] [31], and [32, 33|, respectively.
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Correlator Vs Centrality STAR
R
10 [ M N T T M T M 1 ]
L Charged Hadrons ]
. . . :
Power law implies uncorrelated X I ¢ eey I
~ @,
sources (b=-0.5). = o e, i
\Q/- I o ®e
@-..
STAR data from 200 GeV Au+Au X Sl
collision shows minimal deviation. o~ 'F ¢ o -
< [ § STARAu+Au3.0GeV .
Deviation increases as we go down Q” | -4 STARAu+Au200 GeV *STAR PRELIMINARY * ]
.. < | _
the collision energy ~ - STARAEEAD 7.7/CeN
| % ALICE Pb+Pb 2.76 TeV "
Deviation holds at STAR 3.0 GeV gl Povertaw Soitelfroeluded
and 3.2 GeV Au+Au collisions as 20 >0 N 100 200 300
well. = part”
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Correlator Vs Centrality

O/
0’0

O/
0’0

O/
0’0

Power law seems to describe the data
at 200 GeV, implying an independent
sources scenario.

Most sources of p_. fluctuations are
stochastic, encompassing fluctuations
in nucleon and parton

positions within the initial state [1].

UrQMD tends to underpredict the
data at all energies.

Nom

<<pp>>

Power Law:

10

0.1}

11.5 GeV 14.5 GeV

I Statistical error
I Systematic error

OC< Npart >b

STAR, Phys.Rev.C 99, 2019

[1] : ATLAS-CONF-2023-061
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7/
0‘0

%
=5
o

UrQMD with asymmetric Acceptance STan
: A p.- A p_ Correlator for charged hadrons at |/s,, = 11.5 GeV
To verlfy the UrQMD  Pr P, Correlator for charged hadrons at S = 115 ¢ °
calculations, the
analysis was carried 3l @ UurQMD .
out at a published A O
energy. Q_" 21 ? +-1:10.,1] =
¥ ®
: 5] 11 ® o -
The analysis was also © o o
done with an oL i
asymmetric . . . . . .
acceptance Ofn : [0,1] 0 50 100 150Npan200 250 300 350
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Auto Correlation Studies

¢ refMult
¥ refMult2

62.4 GeV
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https://groups.nscl.msu.edu/nscl_library/Thesis/Novak,%20John.pdf
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T : R
Contributions to temperature fluctuations %Eé@

AMPT AutAu 0-10% centrality
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