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QCD Thermodynamics
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Quark-Gluon Plasma

Hadron Gas Gas-Liquid

neutron-proton Fermi liquid
few % electron Fermi gas

Baryonic Chemical Potential ug (MeV)

quark gluon plasma?
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Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)
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BES-I & Il at RHIC (2010-2017, 2018-2021)

Collider mode Au+Au Collisions FXT mode
VSnn Events | BES | Mg Ten VSN Events | BES | g Ten
GeV) | (108 (MeV) | (MeV) (GeV) (106) (MeV) | (MeV)
200 238 2010 50+112 2019+2020
62.4 46 2010 73 165 6.2 118 2020 487 130
54.4 1200 2017 83 165 =2 = Bm— e 15
39 86 2010 112 164
45 108 2020 589 112
27 30 (560) 2011/2018 156 162
3.9 117 2020 633 102
19.6 538 /15 2019/2011 206 160
145  325/13  2019/2014 264 156 3.5 116 2020 666 93
1.5 230/7 2020/2010 315 152 3.2 200 2019 699 86
9.2 160/0.3 2020/2008 355 140 3.0 259 2018 750 80
7.7 100/ 3 2021/2010 420 140 3.0 2000 2021 250 80
17.3 250 2021 230 158 (U8, Ten) : J. Cleymans et al., PRC73, 034905 (2006)

STAR, arXiv:1007.2613
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

» Most precise data to map the QCD phase diagram :
3 < Vsyn €200 GeV, 25 < pg < 750 MeV

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 7


https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

Major Upgrades for BES-II

All 3 detectors fully installed prior to start of Run-19
Very successful and important for BES-II

Full EPD has been installed

iTPC: eTOF: EPD:
» Improves dE/dx

» Extends 7 coverage from 1.0 to 1.5 » PIDatn=09to 1.5

» Lowers pr cut-in from 125 to 60 MeV/c » Borrowed from CBM-FAIR
» Ready in 2019 » Ready in 2019

» Forward rapidity coverage » Improves trigger

» Better centrality & event plane
measurements
» Ready in 2018

1)  Enlarge rapidity acceptance
2) Improve particle identification

. . iTPC: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619
3) Enhance centrality/event plane resolution eTOF: STAR and CBM eTOF group, arXiv: 1609.05102
EPD: J. Adams, et al. Nucl. Instr. Meth. A 968, 163970 (2020)
|
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Fluctuations Probes the QCD Phase Transition

1. Fluctuations signals the QCD Critical Point. sh=>mmpe sEEasREiEL

M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. Lett. 81, 4816 (1998). B > sbE Ty
M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. D 60, 114028 (1999). tl'/‘"“ ﬁbi’gk’%

A E 48 R B -> R IR
2. Fluctuations signals the Quark Deconfinement. @

S. Jeon and V. Koch, Phys. Rev. Lett. 85, 2076(2000).
M. Asakawa, U. Heinz and B. Muller, Phys. Rev. Lett. 85, 2072 (2000).

RRXBKE

Mean p+ fluctuations Particle ratio fluctuations Multiplicity fluctuations
Hg (MeV)
500 400 300 200 100 50 25
— C T T T T T T 7 F o 1.3
X r @ CERES, present data E * STAR Au+Au, 0-5%, TPC+TOF < | Y Pb+Pb
vp— 2} * STAR { 00085_ —*— STAR UrQMD, Au+Au 38 L —&— Grand Canonical Ensemble 0< y(n) <1
W [ —Ramp 1 0.007F ' 1.2
; 5; - UrQMD E = ----A---- STAR HSD, Au+Au —W-— canonical Ensemble
' + ] 0'0065_ 7 B NA49 Pb+Pb, 0-3.5%
1__ l_|/ 1 % 0_005;_ 1‘5 : * :]‘II':I:.:inematic Cuts (Data and Models)
: e 15 0004 T s i e
0sF 1 0.003- ] + S '
e S
; 1 0001 . : 0.8 | |
-0-5_—”|H;:'}"| L R ob—— .1 L B B AP . 5 10 15 20
10 10° 10 10? \/Syy (GeV)
GeV' NN
\Is\n (GeV) VS (GeV)
CERES, Nucl. Phys. A727:97,2003 STAR, Phys. Rev. C 92 (2015) 21901 NA49, Phys. Rev. C 78 (2008) 034914

STAR, Phys. Rev. C 99 (2019) 44918  NA49, Phys. Rev. Lett. 86 (2001) 1965

Tl QCDYIEHTA B RS EE AT HEE S ARTHS, 202247H29-31H 9



Higher Order Fluctuations of Conserved Quantities (B, Q, S)

1. Higher order cumulants/moments: describe the shape of distributions

' > 1 > Kk<0|/ \
<(6N)3>C ~ 54.5 ; <(6N)4 >C ~ 57 Negative Skew Positive Skew :j J/ x&

2,

and quantify fluctuations. (sensitive to the correlation length (g))

<ON>=N-<N > Kurtosis (K) — Sharpness
Ci=M=<N > Skewness (S) — asymmetry T T 1T T T T Tz17

Cy =02 =< (§N)? > e . k>0

< > ’
03 — SO" =< ((S:\/ ) 0.5t I
Ci= kot =g (UN)*>=3< (0N)? > ﬂ

M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009); 107, 0562301 (2011).
M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009).

1.2 8

Kl
Direct connect to the susceptibility of the system 1 nadfon fesonance gas
stout cont.

4 3 08 | HISQ, N,=6 -
X C X C -
_q2:K62:ﬁ _q2:50:i’ 06 1 data: o |
}(q C2,q %q C2,q ol grr\éhﬁi:geld-ccw

, 1 d"(p/TN4)
Z; ' = —3 X Cn,q = n q = BaQ’S 0.2 1 free quark gas |

VT’ 8(,I.Lq) .  TMev]
120 140 160 180 200 220 240 260 280

Cheng et al, PRD (2009) 074505. F. Karsch and K. Redlich, PLB 695, 136 (2011).
S. Gupta, et al., Science, 332, 1525(2012). A. Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., PRL111, 062005(13)

- J "
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Signals of QCD Critical Point : Theory/Model

Caveats : Non-equilibrium, finite size/time effects

Assume "Static and Infinite” medium , )
M. Asakawa, M. Kitazawa, B. Mller, PRC 101, 034913 (2020).
T S Mukherjee, R. Venugopalan, Y Yin, PRL 117, 222301 (2016).
S. Wu, Z. Wu, H. Song, PRC 99, 064902 (2019).
critical Ko2
=~~~ aram point Quark Gluon Plasma
19

baseline

1 Vs

ko’ =1 (Poisson Fluctuations)

hadron gas

Characteristic signature of CP:
Non-monotonic energy dependence

M. Stephanov, PRL107, 052301 (2011); J. Phys. G 38, 124147 (2011).
Schaefer et al., PRD 85, 034027 (2012); W. Fu et al., PRD 94, 116020 (2016).

J.W. Chen, J. Deng, et al., PRD 93, 034037 (2016). PRD 95,014038 (2017). “Oscillation Pattern”
W. K. Fan, X. Luo, H.S. Zong, IJMPA 32, 1750061 (2017); . i
G. Shao et al., EPJC 78, 138 (2018) ; Z. Li et al., EPJC 79, 245 (2019). Especially the Peak at low energies

A. Bzdak et al., Phys. Rep. 853, 1(2020). D. Mroczek et al, arXiv: 2008.04022.

|
Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 11



sB—hERgEEAMEMAENSESER

Hg (MeV)
720 '4'2'0'1 2!08 54 - 20 10
| @ STARData Au+Au Collisions 1 sl A . N
L O AMPT 0.4<p, <0.8 (GeV/c) : E;KUHUE gmllElexmu;mUEESTAR
2 v yios 1 EETFREESCRPRIET
Nb | O Therminator dip
o O UrQMD n E% STAR, PRL105, 022302(2010).
4 J
1 e e @ T @ -
=+ Vs =89 ‘SEIALABbEL
Future Critical Point Search TJ-?%QCDl m%lﬁ{n? - nglH Hbi{&*ﬁ
SN Sraree PSR N
3456 10 2030 100200 Total citation of the 4 papers : ~ 1500
Syn (GeV)
REF FRER AR EKNF
BES o | | i 2 i é N
T e, TR
2 ' -~ ° o -9 g T ¢ [“b o $
c o8l | - “ 0 * v +
g : § (a) STAR net-proton data g 5 * (a) STAR Net'calla:gz: ﬁ;} -2 — (c) STAR Net-Kaon
E. 0.6 $ O 70-80% @ 0-5% %J 40 Inl<0.5; 0.2<p<2(GeVIc) = 8¢ = 2n
% (1y1<0.5; 0.4<py<0.8(GeVic)) O oot | K 4 ly,<0.5; 0.2<p,<1.6(GeVic) _|
0.4 UrQMD (0 - 5%) 15 —] O 70-80% @ 0-5%
-~ Poisson NBD ‘ ‘
‘ ‘ 5 10 20 50 100 200
Vsyy (GeV) Vs (GeV) Vs (GeV)

STAR, PRL 112, 032302 (2014). STAR, PRL113, 092301 (2014). STAR, PLB 785, 551 (2018).
S ——|
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Enlarge pr Acceptance

Multi-Particle Correlations : Larger acceptance -> Larger signal
B. Ling, M. Stephanov, Phys. Rev. C 93, 034915 (2016)

p. (GeV/c)

N
I|IIII|IIII|:IIII|IIII|

|

|

001001000 0000 0 o0 70 660 (07 060 000 0 00 0 D T 0 D OO 0 O
hfa] 000 YT 0 T 0T 0 T O O O OO O

IARERRRRRRNATE
IIIII 1

Proton Rapidity

Acceptance: |y| £0.5,0.4 < pr <2 GeVic
Efficiency corrections:

O TPC (0.4 <p;<0.8 GeVic): Erpc~ 0.8
p*q (GeV/c) TPC+TOF (0.8 <p; <2 GeVic): €rpc €tor ~ 0.5
X. Luo, N. Xu, Nucl. Sci. Tech. 28, 112 (2017) [#5]295)X] X. Luo, Phys. Rev. C 91, 034907 (2015).

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 13



FRFEHRENSMENE (FEHENE: 0.4~2 GeVic)

S 14 K AT == . |~ E8 =0
S 2 4R Hiths: hFEsES
4 _| T T T 1T TT | T T |. .l 1T TT | T |_

‘b | Central Au+ Au Collisions at RHIC | 2

v KO

8 3 @ STAR net-proton T

C - mm Statistic uncertainty -

g o @ Systmatic uncertainty |

(qv] % % Il Projected BES-II .

> | % 1 q baseline
X 1———— ——— — ———¢—— [r== = s
2 I N L ]

S ¢

@) 0 | Y _sTARFxT_ ' # ____________________________________ |

T

S L MPD@NICA HRG T o°F - \/g
>z .

_1 | CBM@FAIR UrQMD net-proton ] O | |
CEE@HIAF |
2 5 10 20 50 100 200
Collision Energy \s,, (GeV) M. Stephanov, PRL107, 052301(2011); JPG 38, 124147 (2011).

JW Chen, J. Deng et al.,, PRD93, 034037 (2016);

STAR, Phys. Rev. Lett. 126, 092301 (2021),
Phys. Rev. C 104, 024902 (2021),
HADES, Phys. Rev. C 102, 024914 (2020),

1) Non-monotonic energy dependence in central Au+Au collisions, 3.10 effect
2) Need precise measurement below 20 GeV: BES-Il, CBM, NICA etc.
3) Gap between 3-7.7 GeV : important for critical point search.

|
Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 14



Fixed Target
z=201m

— e O

2.0 cm radius Be Beam Pipe Yellow
| Inner Sectors ¥ Beam
| (13 pad rows) 1
Outer Sectors E s
. ~ . PATITORN
— | SEHL: B : 250 BLK

ToF ¢ — REIEIEETPCHL : Z=201 cm

HIiIEEEEEEEEIE Vswy | Events Ten
(GeV) | (10°) (MeV)
3.0 259 80

2018 750

AT AEEREFZERNHEE X
STAR#1T 7 ElE#LL5E
3 GeV is the lowest energy of STAR fixed target experiment
which extends the coverage of ug up to 750 MeV !

3.0 2000 2021 750 80
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Energy Dependence of Fourth-order Fluctuations

4 | 1 | | L O L I | | | L I.I l. I | 1]

| Central Au + Au Collisions .

3 o STAR (0 - 5%)

& F ;’,A 3 @ nhet-proton =

L\) 2 —§§ 4 | O proton ]

O‘r | £=¢ i | (Iy| <05, 0.4 <p (GeVic)<2.0)

O ———- P T i
it o ey s

g L : LN _

S IR RTIRRSOP | YR L. RIS -

i (GCE

- HRG _ _ _ R .

o - net-proton_|
(0.5<y<0) UrQMD

(0.4 < p_(GeV/c) < 2.0) ¢ proton |

| | | | I [ | | | 1 L1 1 1 | | |
2 5 10 20 20 1086 20

Collision Energy s, (GeV)

» The suppression of C,/C, is consistent with fluctuations driven by baryon number
conservation which indicates a hadronic interaction dominated region in the top 5%
central Au+Au collisions at 3 GeV.

» The QCD critical point, if exists in heavy ion collisions, could likely be

at energy higher than 3 GeV. STAR, Phys. Rev. Lett. 128, 202303 (2022)

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 16



Higher-order baryon number fluctuations

42 [GeV]: 200 62.4 54.4 39 27

- 1 " T F 2 T - T )
NLO, RE, (Tpo) .
1} RE,(Tpo) Lattice

HotQCD, Phys. Rev. D 101, 074502 (2020)

6
(6]
TTI[T11

L

o!

;
.
o

STAR Au+Au Collisions
lyl<0.5,0.4 < P, (GeV/c)<2.0

s\ (GeV) 27 54.4 200 ®
Data + O @
Theory

urQuD [J

LacD Il +

Net-proton Cumulant Ratio C /C,
|
o &

LR
o

olllllllllllllllll

C1/Co
I L« %% o I . 3 . !

160 200 300 0 01 02 03 04 05 06 07 0.8
Average Number of Participant Nucleons (Npa W

STAR, Phys. Rev. Lett. 127, 262301 (2021) T =i#(hotQCD )3, Phys. Rev. D 101, 074502 (2020);

1 1 1 1 1

» First principle Lattice QCD calculation predicts C4/C, < 0.
» C6/C2 progressively negative from peripheral to central collisions

Indicate smooth crossover at 200 GeV.

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 17



Different Collision System Size

Lattice QCD and FRG Model : Negative C¢ when T ~ Tc could serve as
experimental evidence of chiral crossover.

1.2 C/C, (STAR Preliminary) = 2} CJ/C,(STAR Preliminary) -4 o} C/C, (STAR Preliminary) i
O TP oo o o g e e - P S . 5 e = =1 e — == = — - -
= " sl oaob?‘t 1 ok +oa,,géi d
— > ¢ i o A §
c
= a -25 -
L 06 &S S -2 -
3 ZroRu: e A bl A i A ‘A’; ol J Zr®Ru F. J
041 - — .
g ERG GCE +psp ozZmszr | -4f j
5 Iyl <0.5,0.4 <p_<2.0 GeV/c -4 attice 5 Vs = 200 GeV Net-proton
02+ T - Pythia (8.2) 2 Au+Au *® Ru+Ru o ’
PP | 4 2 2 323500 PRSP T | REPTYT | g 4 5 gossel PN T | —6'—“““1 22 2 22222l A | Nt S
10 100 1000 10 100 1000 10 100 1000

Charged Particle Multiplicity

AuAu: PRC 104 (2021) 024902; PRL 126.092301 (2021), PRL 127 (2021) 262301 (2021).
Isobar data and p+p data : QM2022 (X EE &S EEREREFX)

» Cumulant ratios (up to C6) of net-proton from p+p, Au+Au and isobar data, systematic
decreasing trend with multiplicity, approaching LQCD calculations

» Most central Au+Au collision results become consistent with Lattice QCD prediction for
the formation of thermalized QCD matter and smooth crossover transition.

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 18



Energy Dependence of Fifth- and Sixth-order cumulants

T o C 50_ o ! =
d /C, 1 [ STAR Preliminary] C /C,, 1
10 . 5 1 i 6 2 |
- Au+Au Collisions at RHIC i i
i Net-proton i OF — — — =0 -1l —
| 04< pT<2.0 GeVlc, lyl <0.5 4 r ]
of . [ 1
[ 1 =50 IJlrj »
OF - - 0 O 0-40%
[ 1 -100[ { 70-80% .
5B 4 L [ jLQcD 1
I STAR Preliminary ] _459F —HRGCE -
PR _ T B i L pe—————— | |
2 4 10 20 40 100 200 2 4 10 20 40 100 200

Collision Energy |s,, (GeV)

1. Cs/C4 (0-40%) fluctuates around zero
2. C¢/C, progressively negative with decreasing collision energy down to 7.7 GeV

~ 1.7 sigma to be negative sign.
3. Consistent with lattice QCD with pg <110 MeV.

STAR, arXiv : 2207.09837, submitted to PRL.

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 19



Even higher-order baryon number fluctuations

™ T T T T 1 v |

FRG fRG-LEFT freezeout: STAR Fit Il
10! } { |’ .

10° |- .

2

(i}

Q: 109 b

-10°

TTr 1T
o
=
=
~
D
o
<
—

120 160 200
L

0 ! 1 1
5 N = 80 100 120 140 160 180 200
CHI S G P T[MeV]

{15675, XLZ, Phys. Rev. D 104, (2021) 094047 (Editor Suggestion)

» Higher-order fluctuations are more sensiive to QCD phase transition.
» Negative C5, C6 and C8 - crossover.

» Exp. : Statistical hungry and background effects maybe complicated.

Tl QCDYIEHHTEEE & REAMBEEFARTRE, 202247H29-31H 20



Probe magnetic field in HIC with conserved charge fluctuations

Los O 0 20 30 0 50eB/M2 B-S B-S
' 'S _BS\,S ' T=140 MeV o (all particles) (excl.S-baryon)
(2x17 — xar)/xa T=169 MeV 3~
1| T—211 MeV ~O 201 Ol 10k
v T=281 MeV +—7F— 0 0
0.95 | e = | E & ﬁ& ) - 0 EBSO<S g
5l g P00y o o oS 8- - - 69
UJ = $ G ? @a-10f O C11
9t 0l 2
R n? . ° afecy 4o} s C
0.85 | (ﬁ $ o 1 B-S
¢ (excl. S-meson)
08 1 1 1 1 1 1
0 0.5 leB [Gﬁﬂ] 2 2:5 3 Au + Au 10} 8 o 0 B
0 10 20 30 40 50 eB/M? UrQMD O%é M—
2 H2xnt = X))/ 2 1 %?Geg/ -10t @ 9@
o & <0
18} Bp g =2 B g % @ 4 20t .
1.6 | <}E]E e O v 1 Z. Yang, X. Luo, B. Mohanty,
o o Phys. Rev. C 95 (2017) 1, 014914  Par
14 0 e v 7
ol sy | 1. Off-diagonal cumulant sensitive to mag. field
: ® v T=211 MeV —O—
v s My | 2. Strange baryon, such as Lambda, are
1} N -
o o5 1 15 s 25 3 Iimportant for off-diagonal cumulant analysis
2 . .
<B |GeV'] 3. Look for mag. field effect in Isobar data

H.-T. Ding, S.-T. Li, Q. Shi,X.-D. Wang, Eur. Phys. J. A 57 (2021) 6, 202
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Light nuclei production as probes of QCD phase structure

Near first order P.T. or critical point : Based on coalescence model:
large density fluctuations and baryon clustering Nt : Np/chi =~ g(l + An)

Neutron density fluctuations An = {(8n)*)/(n)* e —
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dN_/dn (nl<0.5)
W. Zhao, K.J. Sun, C.M. Ko, X. Luo, Phys. Lett. B 820, 136571 (2021)

» The compound yield ratio is a powerful tool to probe the signature of critical point and
distinguish the different production mechanism of light nuclei in heavy-ion collisions

K.J. Sun, LW. Chen, C.M. Ko, and Z.B. Xu, PLB 774, 103 (2017); K.J. Sun, L.W. Chen, C.M. Ko, J. Pu, and Z.B. Xu, PLB781, 499 (2018)

Edward Shuryak, Juan M. Torres-Rincon, PRC 100, 024903 (2019); PRC 101, 034914 (2020); EPJA 56, 241 (2020). H. Liu et al, Phys.

Lett. B 805, 135452 (2020). K. Sun, C. M. Ko, Phys. Rev. C 103,064909 (2021); W. Zhao et al., Phys. Rev. C102, 044912 (2020); X. G.

Deng, Y. G. Ma, Phys. Lett. B 808, 135668 (2020);
I
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Light Nuclei Production in Au + Au Collisions

Au + Au Collisions at Mid-rapidity
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3 GeV STAR data : XI|Z, QM2022 talk

» FXT 3 GeV shows different trend compared to BES-I Au+Au collisions, indicating a
different medium equation of state (EoS) at 3 GeV

» The AMPT model with 1st order P.T. EoS with a critical temperature (~154MeV) shows the
same centrality dependence as that observed by STAR experiment

» BES-I triton paper is under collaboration review. K. J. Sun et al. arXiv: 2205.11010
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Intermittency ([8]&%) for Charged Particle at BES-I

Probing the density fluctuations and long range correlations _
near the QCD critical point via intermittency analysis in 245 (for STAR), ISMD2021
transverse momentum plane.
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AF,(M) < AF, (M)B‘I Scaling exponent exhibits a non-monotonic energy dependence in
| central Au+Au collisions with a minimum around /syy = 20-30 GeV.
Paper is under collaboration review.
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Summary and Outlook

LHC SPS AGS SIS CSR
| . | . | .

"~ | 1) Au+Au collisions at 200 GeV, ug ~ 25
MeV, QGP EOS dominant, smooth
crossover transition.

2) At 3 GeV collisions, ug ~ 750 MeV,

different EOS compare to high energy
hadronic dominated

13) BES-Il (completed !), analysis ongoing.
7.7 ~19.6 GeV (collider)
0 500 1000 500 3~ 7.7 GeV (FXT)

Baryonic Chemical Potential pg (MeV)

4) other sensitive observable !!

Explore the QCD phase structure at high baryon density with high precision:
Future Facilities (Vsyy =2 - 11 GeV) : FAIR/CBM, NICA/MPD, HIAF/CEE, JPARC-HI.

Stay tune for exciting physics at high baryon density !!
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Thank you !
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