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Phase Diagram: Water

How matter self-organized by
varying external conditions.
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Quark-Gluon Plasma (QGP): a
state of matter where the quarks
and gluons are the relevant
degrees of freedom, exist at few
us after the Big-Bang

§3§ - %

Relativistic heavy-ion collisions
are a unique tool to create and
study hot QCD matter and its
phase transition under controlled
conditions

Sn g oo final detected
Relativistic Heavy-Ion Collisions particles distributions
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l :
S g T.D. Lee and G. C. Wick, Phys. Rev. D 9, 2291 (1974).
ceiE o ilinvE 0 e LETYAl  \/acuum stability and vacuum excitation in a spin-0 field theory.
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Temperature T (MeV)

Hadron Gas Gas-Liquid

-— ions, electrons

~&—— electrons, neutrons, nuclei

neukron-prbton Fermi liquid
few % electron Fermi gas

Baryonic Chemical Potential ug (MeV)

Y. Aoki et al., Nature 443, 675 (2006) ; A. Bazavov et al, PRD 85, 054503 (2012).
K. Fukushima and C. Sasaki, Prog. Part. Nucl. Phys, 72, 99 (2013).
A. Bzdak et al., Phys. Rep. 853, 1 (2020).

duﬁrl{ élubn plasma?

Key question : is there a QCD critical point at finite baryon density region?

Its confirmation will greatly enhance our understanding of the universe
evolution and structure of visible matter.
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Location of CP : Theoretical Prediction

A preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)

3002 624 39 27 196 171 145 115 77 72 6.2 52 45 39 35 32 30  Vsny (GeV)
patiee Compilation by X. Luo & Y.G. Huang

---- LI: F. Karsch et al., NPA 956, 352 (2016) el
%  L2: Fordor & Katz, JHEP, 0404, 050 (2004) (Reweighting) - -
%  L3: Gavai & Gupta, NPA 904, 883c (2013) (Taylor Expansion) g -
FRG us/T <2 ol o
F1: Weijie Fu et al., Phys. Rev. D 101, 054032 (2020) e -
F2: Defu Hou et al., PRD 96, 114029 (2017) // -
DSE L1 pp/T > 2
DI: Y.X. Liu et al., PRD 90, 076006 (2014) il Jots
D2: Y.X. Liu et al., PRD 94, 076009 (2016) - -
D3: Y.X. Liu et al., PRL 106, 172301 (2011) vl -
D4: Hong-shi Zong et al., JHEP 07, 014 (2014) //’ - ” I»IB/T =3
D5: C. S. Fischer et al., PRD 90, 034022 (2014) /,L’Z (360, 162) -
D6: F. Gao, J. M. Pawlowski, PRD 102, 034027 (2020) L3 (279,155) . -~
PNIL * 7
P : Mei Huang et al., EPJC 79, 245 (2019)
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Large uncertainties for the theoretical estimation of CP location.

|
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Current and Future Facilities for exploring the QCD Phase Structure

CERN SPS Construction....

Superconducting

Time Projection
Chambers — 4

Fix target \ ch/ C

ollider

sy = 5-17 GeV ;‘5 ® sy =4-11 GeV (2023-)
SPS
CEE@Lanzhou ®
BNL/RHIC STAR e z dPARC@Japan
BES-I (2010-2017)

Construction....

BES-II (2018-2021)'is ongoing.

The
_ Compressed
: 45 Baryonic
" S b Matter experiment

. Fix target
Collider sy, = 7.7-200 GeV Vs = 2-5 GeV (2025-)
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- RHIC: The high energy heavy-ion collider \/s 200 - 5 GeV
- RHIC: The highest energy polarized proton collider (500 GeV)
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STAR Detector System

» Large, uniform acceptance at mid-rapidity
(211 azimuthal, |n|<1)
‘ 1 > Excellent Particle ldentification
. — E—
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RHIC Beam Energy Scan -1(2010-2017)

Au+Au Collisions Uniform acceptance at Mid-rapidity
----- 77GeV__ _30GeV 200 GeV
2010 166 9| 3 aiaEe L Al
> :
624 46 2010 73 165 3 o £
544 1200 2017 83 165 c
39 86 2010 112 164 2 e ey 3
27 30 2011 156 162 % i
196 15 2011 206 160 % A
145 13 2014 264 156 g g ey ait ]
M5 7 2010 315 152 z
77 3 2010 420 140 = . A 1

*(us, 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

Particle Rapidity

» Access the QCD phase diagram: vary collision energies and/or system size.
RHIC BES-I : 25 < ug <420 MeV

.
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Chemical freeze-out and QCD phase boundary

By courtesy of Dr. N. Xu

I \‘ I I L || 1 L ‘ I I | ! 1 ! bonobosdond | ‘ I I I I ‘ I I I
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3 O 0-5% @ 0-5% []60-80% T ¢ ++ A
o Lattice fit o 01} / k& |
Q 50l attice Tits | '®)) ./ ‘A
o A. Andronic, et al., NPA834, 237(10) c | . i 1
= J. Cleymans, et al., PRC73, 34905(06) © : \L Thermal fits
S O Ll ‘ L Ll L] | L I ‘ L I ‘ 5 O | ///V/:/A/\‘ T L ‘ L I ‘ L
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Chemical Potential ug (MeV) Collision Energy Vs, (GeV)

» The chemical freeze-out T and gz (GCE) are close to the phase boundary
determined from Lattice QCD with ug < 300 MeV.

» The peak of K*/11* ratio around 8 GeV can be well described by thermal model,
where the system start to enter into “high baryon density region”. (< 8 GeV, lg> 420 MeV)

STAR : PRC96, 044904 (2017); PRC 102, 034909 (2020). ALICE : PRL 109, 252301 (2012), PRC 88, 044910 (2013).

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nature 561, 321 (2018). X. Luo, S. Shi, N. Xu and Y. Zhang, Particle 3, 278 (2020); K.

Fukushima, B. Mohanty, N. Xu, arXiv: 2009.03006; J. Randrup et al., Phys. Rev. C74, 047901(2006).
|
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Sensitive observables for QCD phase transition

In the vicinity of critical point and/or
15t order phase transition

-

Large density fluctuations and Baryon clustering

Higher moments of
conserved charge
(B, Q, S) distributions

light nuclei production

Experimental Signatures:
Non-monotonic variation as a function of
collision energy.
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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

3/2
3 2T
N, = N 1+C
d = 5172 <m0Teff> p<n>( np)

3 3
proton _ 32 21 2

{ Ny = . (moTeff) Np(n) (1+An+ 2Cyp)
’ New observable : Yield ratio of light nuclei
deuteron

N¢ - Np/N§ ~ g(1 + An)

triton

Neutron density fluctuations An = ((6n)?)/(n)?
g=0.29 ' -

Yield ratio of light nuclei is sensitive to the baryon density fluctuations and can be used to
probe the signature of 1st order phase transition and/or critical point in heavy-ion collisions.

K.J. Sun, LW. Chen, C.M. Ko, and Z.B. Xu, PLB 774, 103 (2017);
K.J. Sun, LW. 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).
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Light Nuclei production

in high energy nuclear collisions

- FT 1 ™ T L B B B
E 9 a 160 3:3 ”:e O:K! “93‘1 ; 103 E_“n K+ Pb'Pb \SNN=2'76 TeV =
- ' E - . . E
§ 8 1%t \Region . 20573 2oy & 2 N central collisions .
S 7 deal, N stable nuclides 2.380 % F h 'p' A ]
< [ He . = 10F ., - =
i p Fusion | Fission = E w = 3
B 61/s LT - - © 1k q)“ .
§5q ™ 3 .8

2 1ok = g
£ > = :
5 3- 34 1072 3 3
§2_33H° oo Data ALICE §
2 - e particles “3He 3
2 1Py 10*E = antiparticles ""!t-\ 1

0700 28 e il o o e oy B S e 10’5;— Statistical Hadronization b
20 40 60 80 100 120 140 160 180 200 220 240 : ... 4He
Mass number (A} 105 toFaI (aﬁer decays) F ]
E o eeeeeees primordial 3
10_7'....|....l.A..|.‘..1...‘|A...|....1....<
nucleus | rms radius (fm) 0 0.5 1 1.5 2 2.5 3 3.5 4
deuteron | 2.1421+0.0088 Mass (GeV)
triton 1.7591+0.0363
‘He 1.9661+0.0030
4 .
e 16755+0.0028 “Snowball in hell” ?
A .

Braun-Munzinger, Dénigus, NPA 987, 144 (2019).
Benjamin Doénigus, IUMPE 29, 2040001 (2020).

J. Chen, et al., Phys. Rep. 760, 1 (2018)

D. Oliinychenko, et al., Phys. Rev. C 99, 044907 (2019).
Y. Oh, Z.W. Lin, C.M. Ko, Phys. Rev. C 80, 064902 (2009).
S. Sombun et al., Phys. Rev. C 99,014901 (2019).

Light nuclei (d, t, *He): loosely bond object with few MeV
binding energies can be produced in HIC.

Understanding the production mechanism of light nuclei in HIC
will provide baseline to map the QCD phase boundary.
coalescence. microscopic interactions. thermal production ?

|
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Particle Identification

TPC : Low pt TPC+TOF : High pt

><1|o?,,|”, 10

IRARRE RS LR RS RN b [ IR R L L B I
| Au+Au Collisions | (@) T Au+Au Coliisions » L Au+Au ﬁ =200 GeV (0-10%) (b) ]
T Bw=770ev Yy = 200 GeV sk p,: 0.6-0.8 GeV/c -
§ L A N Signal ]
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&) 10F A Signal + Background
E af
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S I
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1) TPC and TOF efficiency correction
2) Energy loss corrections

3) Absorption corrections

4) Background subtraction

|
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Deuteron and triton production from BES-I at RHIC

Deuteron from Au+Au Collision Triton from Au+Au Collisions
1 i%+ 7.7GeV 1 2eeeq,, 11.5 GeV+ 14.5 GeV- [ S, R ' '
- - . - i I S . ”:f.x\., an
L ::"EE‘?'EB? + %;—H_ + % - ] 10°F J;m*\:-::.;ZJ GeV 7 e 11.5 GeV
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S - ce-Ten ] e | wreres] 3| s Gl
‘>\ 10 + I = " 1 0O 1wt + “ T
= + f + t == f = —— + + 1 + ~—t .
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O|o i . T - 1 —=— ] B o : T ) T T b
=107F + —— -+ —— 7 10° STAR Preliminary \_
o . i . ; : f = o ; : + t t + } } .
B 107k - 62.4 GeV+ _%200 GeV ¥ STAR Preliminary Z e )
9\ : :%\ : %‘_ - : L) 0-10:;?»x2: : (\']U 1075? \»\;:bm"’bl‘\GZA GeV\[ :*\:“‘m.: 200 GeV 1 Triton from Au+Au Collision |
oL ‘1."** Eﬂl_._:s_ '_\ ] %** -EE-I-—G—:T._ i & 10-20% x 2° ] o *t:m\\ .::"“@ .ﬁ\:\ ¢ 0-10% x4
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- TS -80° . Y 40-80% x
107k ——— | + 2 in 80% ‘ E 10’7; dh E3 Ty * --- Blast-wave
2 4 2 4 2 4 - ) 3 ) 4 ) 3
Transverse Momentum GeV/c Transverse Momentum p_ (GeV/c
T pT

. . : d?N R sinh mrcosh
Dash lines (blast-wave function fits) : ————« j rdrmrl, (u) K (T—p)
ppoTdy 0 T T

E. Schnedermann, J. Sollfrank, and U. Heinz, PRC 48,2462 (1993).

STAR BES-I data :

Deuteron, Phys. Rev. C 99, 064905 (2019).

Triton : Dingwei Zhang (for STAR), QM2019 [arXiv : 2002.10677]; Hui Liu, Poster, QM2019.
-
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Energy dependence of d/p and t/p ratios

E T LI | T T T L | T T T L U T E .
i « STAR(@P) Auvau 0 ORI Thermal model inputs:
107'E o © STAR(Up) Au+Au o PHENIX(d/p) Au+Au i
o = a,  STARPreliminary o ALICE@p)PosPb 3§ Tep = Tcp"/(1+ exp(2.60 — In(y/syy)/0.45))
- ~ A ]
o = . o NA49(°He/p) Pb+Pb . =a/(1+ 0.288+/s5vv
S 102k N ALICECHe/p) Po+Pb - HE /( ww)
— & Xoww & s 3 With /sy in GeV
L - - TAM = 158.4 MeV and a = 1307.5 MeV
0 1073 — Thermal fits —
E - N - dlp . A. Andronic, P. Braun-Munzinger, J. Stachel,
S B * 7 H. Stdcker, PLB 697 (2011) 203.
A 10_4 = @ —1t/p E
- ® 3
B o 1 Proton yield corrected for weak decay feed down
107 = Central Collisions e <  based on a STAR paper using UrQMD + GEANT simulation :
= L . o ? ol . . = https://journals.aps.org/pri/supplemental/10.1103/PhysRevLett.121.032301
45 10 2030 100 20 10002000

VSxn (GeV)

» The d/p ratios from LHC. RHIC down to AGS energies can be well described by
thermal model.

> t/p and 3He/p ratios are significant deviation and below the thermal model
expectations at RHIC and SPS energies.
ALICE data : Phys. Rev. C 93, 024917 (2016)
STAR data : Deuteron, Phys. Rev. C 99, 064905 (2019).

Triton : Dingwei Zhang (for STAR), QM2019 [arXiv : 2002.10677]; Hui Liu, Poster, QM2019.
C_____________________________________________________________________________________________________________|
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https://journals.aps.org/prl/supplemental/10.1103/PhysRevLett.121.032301

Dingwei Zhang (STAR), QM2019 [arXiv: 2002.10677]

Energy Dependence of Light Nuclei Yield Ratio

The yield ratio is related to neutron
density fluctuations.

N¢ - Np/NG = g(1 + An),
with g = 0.29

Proton yield corrected for weak decay feed down used in the left

plot based on a STAR paper using UrQMD + GEANT simulation :
https://journals.aps.org/prl/supplemental/10.1103/PhysRevLett.121.032301

T T T T T | T T T T T T T | T ]
- | JAM (b <3 fm), AP, = 0.3 GeVi/c Au + Au Collisions 1
0.7 AR, =4.0 fm, AR, = 3.4 fm STAR Preliminary |
N - ; i
w06 * o .
Z e .
= E ; ® = .
Zo. 05 = E huat ,; + 8+ —
X r o % = - .
< 04l -
03[~ @ STAR (0-10%) ® -
T -5-NA49 from PLB 781,499 (2018) | -

4 567 10 20 30 40 100 200

Collision Energy s, (GeV)

> Yield ratio shows a non-monotonic dependence on collision energy in 0-10% Au + Au
collisions, with a peak around 20-30 GeV.

> Flat energy dependence of yield ratio observed in JAM, AMPT, UrQMD, hybrid model.

JAM : H. Liu et al, Phys. Lett. B 805, 135452 (2020).
AMPT : K. Sun, C. M. Ko, arXiv: 2005.00182.

Hydro + transport + coal. : W. Zhao et al., arXiv: 2009.06959
UrQMD: X. G. Deng, Y. G. Ma, Phys. Lett. B 808, 135668 (2020)
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Higher Moments of Conserved Quantities (B, Q, S)

1. Higher order cumulants/moments: describe the Event-by-Event Distribution

shape of distributions and quantify fluctuations. S e e e T
(sensitive to the correlation length (€)) {HERLL 20D GBS * 0-5%
D 405 | 04<P <08 (GeVLe) ) " 30-40%
e o o
i o ly|<0.5 r* .-** o
< (SN >= j\f_ < A“\/‘ > L[>_| 104 -’ .** ® 70-80%
*
Br=M=aNo 3 45 4 7 © 10° e ¢ .- "
~ £ ~ *
Cy = 0® =< (N)* > ((on)') =g, (6N)') =€ | 2 e .
. 0 [
Cs = So3 =< (6N)® > £ 10° L A
Cy = ko' =< (0N)* > =3 < (0N)? >? Z 10 g ¢ "
I\ 1. T y i
1 T [ I. d [ PRV UL N G e [T .+.ll PR
M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009). 20 -10 0 10 20

M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009).
M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011).

2. Direct connect to the susceptibility of the system. First Measurement : 2009-2010
STAR, PRL105, 022302 (2010).

Net Proton (AN;)

4 3
X C X C
2=got=—4 2 =S =—4,
X C,, X C,, > Net-Proton: N, -N,
(proxy: Net-Baryon)
n A
2" =——xC,, _IPITY) L _pos » Net-Charge: N, -N,
" k)
S. Ejiri et al,Phys.Lett. B 633 (2006) 275. Cheng et al, PRD (2009) 074505. B. Friman et > Net-Kaon: N —N
K* K~

al., EPJC 71 (2011) 1694. 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)

(proxy: Net-Strangeness)
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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. Muller, 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 Ka*
= point Quark Gluon Plasma
10— _

GCE HRG baseline

hadron gas

Nz

ko> =1 (Poisson Fluctuations)

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.
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(Anti-) Proton PID and Acceptance

Extend the phase space coverage by TOF.
Doubled the accepted number of proton/anti-proton

ly|<0.5, 0.4 < p;(GeV/c) < 0.8 (Low py, TPC PID)
0.8 < pr (GeV/c)< 2 (High pt, TPC+TOF PID)

10*

102

p. (GeV/c)

PR [ ST S T TR T NN T ST TR T N TS S N R
-2 -1 0 1 2

p/z (GeV/c)

1 Proton Rapidity

» Purity of proton and anti-proton identification > 97%.
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Event-by-Event Net-Proton Distributions (0-5%)
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Efficiency uncorrected.

STAR, arXiv: 2001.02852

Mean values increase when decreasing energy:
Interplay between baryon stopping and pair production.
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Analysis Details

E T I T T T T T T T T I T T T T I T T T T I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 3
F Au+Au\ S = 14.5GeV STAR Preliminary
10° 0.2 <p, < 2 (GeV/c),Inl <0.5L 0.2 <p, < 1.2(GeV/c),IyI <0.5 0.4 <p, < 2ﬁ('GeV/c),IyI <05 |
2] F o 0-5% - :
S 10° ko 80-40% O% n ]
Lﬁ E % 70-80% Dk, ! . ;
i - oy ]
5 10* F m;oo * o DO*C% D*qj -
— F o o < o Dg o 3
o [ ox ° & o” o
o 10°F o o © 219 50 9 E
F * o o o LA 3
e - & o & Do o °
> o o @
=Z 10° ° o O* o ok o |
: oH % - o = *Ho o O %
10F % * i Q % *E'O o D@; Q 3
: . o
1 I 1 1 1 1 I 1 1 1 II I 1 ? 1 I 1 1 1 D I D? 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 % I 1 1 1 h
-50 0 50 -50 0 50 -50 0] 50
Net-Charge (AN, ) Net-Kaon (AN ) Net-proton (AN )

1. Statistical errors estimation : Delta theorem or bootstrap
2. Avoid auto-correlation effects: New centrality definition.
3. Suppress volume fluctuation: Centrality bin width correction (CBWC)

4. Detector efficiency correction : Binomial model
Review Article : X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017).

X.Luo, J. Phys. G39, 025008 (2012); A. Bzdak and V. Koch, PRC86, 044904 (2012); X.Luo, et al. J. Phys. G40,105104(2013); X.Luo, Phys. Rev. C 91,
034907 (2015); A . Bzdak and V. Koch, PRC91, 027901 (2015). T. Nonaka et al., PRC95, 064912 (2017). M. Kitazawa and X. Luo, PRC96, 024910 (2017).
S. He, X. Luo, Chin. Phys. C43, 104001 (2018), X. Luo and T. Nonaka, PRC99, 044917 (2019); Arghya Chatterjee, et al. PRC 101,034902 (2020)
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Energy Dependence of Net-Proton Cumulant (C; — C,)
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= | 1 | YEh pdEmEmaee STAR: arXiv: 2001.02852 (short version)
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S “or 3)Cs 7 100 (4)Cs ] A long paper is prepared and under review
o o~} 1 e s sy process within collaboration.
f.’_; ol . 1 eof H ‘ . 1) Net-p, proton and anti-proton cumulants
o | . i + Q 2) Correlation functions of protons and anti-protons
< 10 ¢ ® — i + ] ;
[ starext ~ 1 2} od i 3) Energy, Centrality, acceptance dependence (p, Y).
okl coscoem o of-odlaflom o] 4) Compare the data with various model results .

510 20 50 100 200 S0 20 50 100 200
Collision Energy \sy, (GeV)

» Cumulants of net-proton distributions from 0-5% central and 70-80% peripheral collisions.

» Mean values increase when energy decreases due to baryon stopping.

» Cumulants can be decomposed into various order correlation functions, which will provide
additional information for underlying physics.

|
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Energy Dependence of Cumulant Ratios : So and ko?
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XL 0.4|- EEHRG 0-5% | m Stat. uncertainty
S ' UrQMD 0-5% O i i
-— i ] 1_0 I —— e —— —— —— —f—————— . — —
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C'l | Net-proton i ™ T
m lyl <05, 04<p <20 (GeVi LSTARFXT
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» HRG (GCE) and transport model predicted monotonical energy dependence.
Suppression at low energy due to conservation.

» Observe a non-monotonic energy dependence (7.7-62.4 GeV) in 0-5% net-proton
Ko? with a significant of 3.10
HADES, PRC 102, 024914 (2020)

s there a peak structure below 20 GeV ? STAR, arXiv: 2001.02852

Need precise measurement at STAR (BES-Il), CBM, NICA etc.

|
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Comparison between model calculations and exp. data

T IIIIIII T T IIIIIII T I_ 4.O—I T IIIIII| T T IIIIII| T I_

—
o
I

(72}
*GE) I (1) So | | (2) ko2 STAR |
@ 0-5%

g 0.8~ | 3.0 O 70 - 80% —
= i T Bl Stat. uncertainty
— 0.6} _ i Syst. uncertainty
O i 1 20 Projected BES-II
T B HRG GCE | stat. uncertainty
c 04 = HRG CE . -
) L 18 HRG EV (r=0.5fm) 1 10
S o2 Au+Au Collisions 1 - ﬁ:t&@ "5@3 é
_E' L Net-proton - -~ @ ]

lyl<0.5, 04 2.0 (GeV/c)
% O_O__y_f_______<_IiT_<_____?__C_ __________ — OO_ ______________ é. _________________ —]

Il Il | -] II Il Il Il | -] II Il Il 1 1 1 Ll L II 1 1

5 10 20 50 100 200 2 5 10 20 50 100 20
Qi ‘/ HADES, PRC 102, 024914 (2020)
Collision Energy SNN (GeV) STAR, arXiv: 2001.02852

> PBM et al. proposed the Canonical Ensemble (CE) for describing the system at high baryon density
(baryon number conservation). Their calculations are consistent with transport model results.

» Excluded volume (EV) approach also leads to suppression at high baryon region.
‘repulsive force’ suppress the fluctuations. ‘Attractive’ of protons at the 7.7 GeV collisions ?

» Goodness of the description between data and model results are evaluated

with the p values obtained from x? test. p values from x2 test below 27 GeV
PBM et al., arXiv: 2007.02463, S. He et al., PLB 762 296 (2016). Moments| HRG GCE| HRG EV |HRG CE | UrQMD
J.H. Fu, PLB 722, 144 (2013), A. Bhattacharyya et al., PRC 90, 034909(2014). (r=0.5 fm)
HRG+VDW: Vovchenko et al., PRC92,054901 (2015); PRL118,182301 (2017). So <0.001 | <0.001 | 0.0754 |<0.001
RMF: K. Fukushima, PRC91 044910 (2015) ko | 0.00553 | 0.0450 | 0.0145 | 0.0221

-
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Net-charge and Net-kaon Fluctuations

STAR Data NJL Model calculations
10~ ilet-charge " cJC. m® | omQ@ my(S) |
~ 5 " " |
S o~ #*E """""" + = e | _ [ ;
g Ll * (a) STAR Net-charge | g : ' :
- 8¢ =2n 100 100 100 A
% -10 Inl<0.5; 0.2<p,<2(GeV/c) \ !
O 70-80% @ 0-5% . @ 50
15 |
NBD ¥ | e, |
2| $ $ = ii $ ¢ | Baryon (B) Charge (Q) Strangeness (S)
N —_
© 0
;é 1 Net-kaon W. Fan, X. Luo, H.S. Zong, IUMPA 32, 1750061 (2017).
4;-"3 2 — (c) STAR Net-Kaon |
= .l 14,1405 0.2<p-<1 6(00VI0) | Critical signals: B>Q>S
i O 70-80% @ 0-5% | (Due to the mass of strange quark is much larger than
5 10 20 50 100 200 u,d quarks, mgs>>m, )
Vs (GeV)
o’ 1
STAR : Phys. Rev. Lett. 113 092301 (2014). error(kG™>) oc —
Phys. Lett. B 785, 551 (2018). E" N\

1) Within errors, the results of net-Q and net-Kaon show flat energy dependence.
2) More statistics are needed, especially at low energies (BES-II will help).
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Propose to take the data of Au+Au collisions at 17.1 GeV

Au+Au Net-Proton

sl ] § ]
B _ C JAM (b < 3 fm), AP, = 0.3 GeV/c Au + Au Collisions 7
: lyl <0.50.4 <p_<2.0[GeV/c] : 0.7 AR, = 4.0 fm, AR, = 3.4 fm STAR Preliminary
I uamp ek ¢ " -
L0 ® BES-| I < L - = .
g 1 Z 05 g ° % —
B B 4 L E:] "Jf [ -
1,... .................................... I-L ............................................. i z‘_‘ : :
I ¢ E? ] 041 B
ol $ - 03[ @STAR (0-10%) ® -
- . T =-NA49 from PLB 781,499 (2018) | -
I~ | | | | | L ‘ ‘7 1 1 1 1 11 1 1 1 1 1 1 11 1 1

30 40 50 100 200 4 567 10 20 30 40 100 200

sy (GeV) Collision Energy s, (GeV)

STAR: arXiv: 2001.02852 Dingwei Zhang (STAR), QM2019 [arXiv: 2002.10677]

1. Value jumps between 19.6 and 14.5 GeV in both net-proton flu. and light nuclei yield ratio.
2. STAR has proposed to take a new energy point in 2021 (Run 21) : 17.1 GeV (ug~ 235
MeV) with pg lie between 14.5 (ug ~ 266 MeV) and 19.6 GeV (ug~ 205 MeV ).

Model calculations trying to explain both observations :
Pre-cluster at chemical freeze-out due to attractive NN potential : Propose to take data of Au+Au 17.1 GeV in Run 21

Edward Shuryak, Juan M. Torres-Rincon, PRC 100, 024903 (2019); : 2.5 Weeks with ~250 million events.
PRC 101, 034914 (2020); EPJA 56, 241 (2020).
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Higher-order baryon number fluctuations: PQM+FRG Model
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» Higher-order fluctuations are more sensitive to QCD phase transition.
> Atug =0, C5;~ 0 ornegative, and Cg become negative when chemical
freeze-out temperature close to Tc.

: . . Wei-jie Fu et al., In preparation.
-> could serve as experimental evidence of chiral crossover.
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Net-proton C; measurement
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> Results from three energies are consistent in peripheral collisions.

» Cg/C, >0 at 54.4 GeV and C4z/C, < 0 at 200 GeV in 0-40% central collisions.
Ashish and Toshihiro, QM2019
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BES-II at RHIC (2019-2021)

STAR arX|v 2001 02852

(GeV) (1 06) i o lyl <0.5, 0.4 < p, <2 (GeV/c) ]
19.6 538 2019 / 2011 (e § =% et
14.6 325 2019 / 2014 b I g . oneerencensivregon
11.5 230 2020 / 2010 : i $ |
9.2 160 2020 / 2008 oL >
7.7 100 2021 /2010 o<—> H ] |
17.1 250 2021 (proposed) 2 345 ”1|o 2030 ”1'c|)o 200

Collision Energy \|'syy (GeV)
» BES-II: 10-20 times higher statistics than BES-I.

> FIX-target mode : Vsyy = 3-7.7 GeV (2018-2021). KO

iTPC, ETOF, EPD upgrade completed. GCE HRG baseline

» Enlarge Acceptance : n coverage from 1.0to 1.5
» Improve dE/dx and forward PID \/g

> Improve centrality/event plane determination
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Future Facilities for Heavy-lon Collisions
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X. Luo, N. Xu, Nucl. Sci. Tech. 28, 112 (2017).

X. Luo, S. Shi, N. Xu and Y. Zhang, Particle 3, 278 (2020)

A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, N. Xu Phys. Rep. 853, 1 (2020).
K. Fukushima, B. Mohanty, N. Xu, arXiv: 2009. 03006

Exploring the QCD phase structure at high baryon density region
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Summary and Outlook

Higher moments of conserved quantities and light nuclei production are sensitive
observables of CP ( large density fluctuations and long range correlations)

> Yield ratio of light nuclei and fourth order net-proton fluctuations (C4/C,) in central
Au+Au collisions shows non-monotonic energy dependence, which could serve
as important experimental basis for critical point search.

» Cg and Cg can be used to probe the chiral crossover at ug=0. Large statistics are
needed to conduct precise measurements.

> Need to study the background/non-equilibrium contributions carefully and build-
up dynamical modeling of heavy-ion collisions with critical fluctuations.

> Explore the QCD phase structure at high baryon density with high precision:
(1) RHIC BES-II : Collider (Vsyy =7.7 - 19.6 GeV) and FXT (Vsyy = 3 - 7.7 GeV) mode.
(2) Future Facilities (Vsyy =2 - 11 GeV) : FAIR/CBM, NICA/MPD, HIAF/CEE, JPARC-HI.
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BES-I & Il at RHIC (2010-2017, 2019-2021)

Collider mode  Au+Au Collisions FXT mode
Vsnn Events IBESI | pg Ten VSnn Events IBESI | pg Ten
GeV) | (108 (MeV) | (MeV) (GeV) (106) (MeV) | (MeV)
200 238 2010 166 50+112 2019+2020
62.4 46 2010 73 165 6.2 118 2020 487 130
54.4 1200 2017 83 165 =2 - - 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 720 80
7.7 100/ 3 2021/2010 420 140 3.0° 2000 2021 790 80
17.17 250 2021 230 158 T, and pg from J. Cleymans et al. PRC73, 034905 (2006)

*New Proposed Energy in Beam User Request 2020/2021.

BES-Il Program:
> Precisely map the QCD phase diagram 200 < pg < 420 MeV
» The FXT program extends pg coverage up to 720 MeV (3 GeV)
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Centrality determination at lower energies
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> At low energies, centrality resolution obtained from charge particle
multiplicities is very poor and CBWC is not efficient.

» New methods, such as machine learning technique could be helpful.
F.P. Lietal, J. Phys. G 47, 115104 (2020). M. O. Kuttan et al., arXiv : 2009.01584

» Volume fluctuations corrections ?

T. Sugiura et al., Phys. Rev. C 100, (2019) 044904; Braun-Munzinger et al., Nucl. Phys. A 960 (2017)114-130
Skokov et al., Phys. Rev. C88 (2013) 034911; HADES, PRC 102, 024914 (2020)
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Non-critical contributions: transport model studies
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UrQMD, JAM, AMPT : Dominated by baryon number conservations at low energies

> Effects of weak decay and hadronic scattering are not significant within uncertainties.
> No significant effects observed for mean field potential and attractive scattering (to simulate
softening of EoS )

Z. Feckova, et al., PRC92, 064908(2015); J. Xu, et. al., PRC94, 024901(2016); X. Luo et al., NPA931, 808(14), P.K. Netrakanti et
al., NPA947, 248(2016), P. Garg et al. PLB 726, 691(2013). S. He, et. al., PLB762, 296 (2016); PLB 774, 623 (2017).

J. Lietal, PRC 97,014902 (2018). H. J. Xu, PLB 765, 188 (2017); Y. X. Ye et al., PRC 98, 054620 (2018). C. Zhou, et al., PRC 96,
014909 (2017). Y. Zhang, et al. PRC101, 034909 (2020). L. Jiang et al., PRC94, 024918 (2016); M. Bluhm, EPJC77, 210 (2017).
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