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Phase Structure of Strong Interactions

“Notes on Thermodynamics and Statistics” (1953)
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For given degrees of freedom, phase diagram
tells us how matter (re)organized itself under
external conditions.
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High-Energy Nuclear Collisions and QCD Phase Diagram

LHC RHIC BES FAIR, NICA, ...
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High baryon density:
Inner structure of
compact stars
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High temperature:
Early Universe evolution

Temperature T (MeV)

outer crust 0.3-0.5 km
-— ions, electrons

inner crust 1-2 km
~&—— electrons, neutrons, nuclei

-

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

) 500 1000 1500
Baryonic-chemical Potential M (MeV)

inner core 0-3 km
quark gluon plasma?

1) At up = 0, smooth crossover (LGT);

2) Large ugp, 1%t order phase transition — QCD critical point
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Nu Xu

LGT Calculations: QCD Phase Structure

TTriC TCEP

KB
H.T. Ding, F. Karsch et al., 2020

s

1) QCD transition temperature:
Tpc = 156.5 + 1.5 MeV

2) Chiral crossover line

2 4
Tpc(Mg) = Tpc [1 — Ky (THTB) — K4 (;lTB) ]
PC

PC

k,= 0.012(4), k,= 0.00(4)
3) Chiral transition temperature:
Tc= 13273 MeV

4) QCD critical end point:
TEP< T,  ngEP = 3T

HotQCD:  Phys.Lett.B795, 15(2019);

Phys. Rev. Lett. 123, 062002(2019)
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Can We Discover the QCD Critical Point at RHIC ?

RIKEN BNL Research Center Workshop... » = 3 T NI;’T;:S ;Q((Z}(I”OI;%;PGK
- : 3306

https://www .bnl.gov/riken/QCDRhic/default.asp

March 9-10, 2006 st Brookhaven National Laboratory March, 2006

Organizers: T.Ludlam, H. Ritter, G. Stephans, M. Gazdzicki, B. Friman, F. Videbaek, T. Satogata, K. Rajagopal, L. McLerran
Motivation & Plans

The workshop is motivated by a growing body of theoretical and experimental evidence that the critical point on the QCD phase diagram, if it exists, should appear on the QGP transition
boundary at baryo-chemical potential ~100 - 500 MeV, corresponding to heavy ion collisions with c.m. energy in the range 5 - 50 GeV/u. Identifying and pinning down this point with
experimental measurements would be a major step forward in the world-wide effort to determine the properties of QCD at high temperature and density.

Thursday, March 9 Frig;y,‘ M;r;/ltil(;) -
20_0- - ; air: F. Videbae
8‘30Ch 90(;, I dllReglstratlon 8:30 -9:30 Low energy operation of RHIC:
9:00 a;r 1 0‘ L ‘{;In 1 T Ludl 10 AGS low energy extraction performance N. Tsoupas (15+5)
U elcome - Ludlam Luminosity monitoring issues A. Drees (15+5)
9:10 —9:50 Introduction and overview K. Rajagopal (35+5) Low eneregv electron cooling A. Fedotov (15+5)

Motivation & Plans

The workshop 1s motivated by a growing body of theoretical and experimental
evidence that the critical point on the QCD phase diagram, if it exists, should appear
on the QGP transition boundary at baryo-chemical potential ~100 - 500 MeV,
corresponding to heavy ion collisions with c.m. energy in the range 5 - 50 GeV/u.
Identifying and pinning down this point with experimental measurements would be a
major step forward in the world-wide effort to determine the properties of QCD at
high temperature and density.


https://www.bnl.gov/riken/QCDRhic/default.asp

https://www.bnl.ecov/riken/OCDRhic/default.asp

K. Rajagopal, https://www.bnl.gov/riken/QCDRhic/linked_files/talks/RHICQCD_rajagopal.pdf

CAN WE DISCLOVER THE QD CRIT/CAL
PoluT AT RHIC?
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» Collider upgrade;
> Detector upgrades;

» Theory efforts
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https://www.bnl.gov/riken/QCDRhic/default.asp

STAR Detector System
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- Large acceptance
- Excellent PID with uniform efficiency
- Modest rates




CBM Phase-0 Exp eTOF at STAR

Au Target
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Install, commission and use 10% of the CBM TOF mod/alesv,\v
including the read-out chains at STAR, started to work in 2019

2019

CBM participating in RHIC Beam Energy BES-II in 2019-2021:

- Complementary to part of CBM physics program: Phase-0 CBM
Vsyn =3 - 7.2 GeV (750 = g =420 MeV), especially for the study of strange
hadrons, hyper-nuclei production and baryon-correlations



Particle Identification with TOF
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. TPC_.

2 -1 0 1 2
p*q (GeVic) Proton Rapidity
Kinetic cuts 0.2<pr<20GeV/c, Inl<0.5 02<pr<1.6GeV/c, lygl<0.5 02<pr<1.6GeVic, ly,l<0.5
Particle identifications  Reject spallation p at pr< 2.0 GeV/c TPC: 0.2 <pr<0.4 GeV/c TPC: 04 <pr<0.8GeV/c
TPC/TOF: 04 <pr<1.6 GeV/c TPC/TOF: 0.8 <pr<2.0GeV/c
Efficiency corrections TPC: erpc~0.8; TPC+TOF: erpcstor~ 0.5
Centrality Definitions =~ Un-corrected charge particles Un-corrected charge particles and Un-corrected charge particles and

05<Inl<1.0 reject Kaons, Inl<1.0 reject p and anti-p, Inl<1.0



Data-sets for BES-I Program o10-2017)

,
Vsay | Events | Year g #Ty — 7.7 GeV 3 gev 200 GeV
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L ’ S —~ 4
11.5 7 2010 315 152 L ki
(V5] ::—‘5 :"\s ;"2
c ) |
7.7 4 2010 420 140 S |. p

*(uB, Tep) : J. Cleymans et al., PRC73, 034905(2006) = R L R " Rapidty

STAR, arXiv:1007.2613 : -

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493./sn0598 { Particle Ra p! d Ity

1) Largest data sets versus collision energy

2) STAR: Large and homogeneous acceptance, excellent particle identification
capabilities. Especially important for fluctuation analysis



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

Bulk Properties at Freeze-out

" R R A \ b | | R
<> 2001 (a) Chemical Freeze-out 1 Qos| (b) N(K)/N( ) Ratio Kt Ko/ .
) = @ A
é 1501 -0 i3 Q‘%‘\ g - Data .
S X € 02 iy 8
|— ~ e Y-y f/, i\\#\+\ - N ]
O o0l Pb+PbatLHC Au+Au at RHIC o ¢ + +**1
= O 0-5% @ 0-5% [J60-80% £ | ‘ :;*ZZ*:#"“"' B
g 5ol Lattice fits B % 01 .’/ k A+ N
o A. Andronic, et al., NPA834, 237(10) c i / ‘A e S ]
E J. Cleymans, et al., PRC73, 34905(06) 9 PY // A \L Thermal fits
|9 olul Ll ] L] SR B SR ]
1 10 100 1000 1 5 10 50 100
Chemical Potential ug (MeV) Collision Energy Vs, (GeV)
Chemical Freeze-out: (GCE) - The K*/mratio peaks at Vsyy ~ 8 GeV
- Weak te?mperature dependence where model also predicted the peak of
- Centrality dependence pp! baryon density
- . ?
LGT: CP about up = 500 MeV? - HBDR: (Vsyy < 8 GeV, ug = 420 MeV)

- ALICE: B.Abelev et al., PRL 109, 252301(12); PR C88,044910(13).
- STAR: J. Adams, et al., NPA757, 102(05); PR €96, 044904(17); X.L. Zhu, NPA931, c1098(14); L. Kumar, NPA931, c1114(14).

- J. Randrup and J. Cleymans, PR C74, 047901(06)
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, BES-II Whitepaper (2014)
Studying the Phase

Diagram of QCD </ - \ (3GeV) 7.7 GeV < /syy < 19.6 GeV
Matter at RHIC |

A STAR white paper summarizing

1) Accelerator upgrade — increase luminosity;
2) Detector upgrades — increase efficiency, improve

mearentunderundngand QRN IS el precision and widen acceptance;
01une 2014 SO Ny 3) Main physics goal is to search for the illusive QCD
S | =2 critical point with Collectivity, Chirality and
Criticality

PRL110, 142301(13), v,

—— 7.7GeV: enhancement
| PRL121, 032301(18), Rep

AR pa Y 1 — : :
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strong suppression due to QGP formation
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The emergent properties of QCD matter

Collectivity

oul(etp)utu¥ - pgt'1 =0
o,[sut]=0

7]

d2N 1 dN
prdprde  2mprdpy

{1 + ) 2u(pr)cosln(p - %)1}
n=1

— v; Directed flow;
— v, Elliptic flow; — v3 Triangle flow




Anisotropy Parameter v,

coordinate-space-anisotropy s momentum-space-anisotropy

Py

Sensitive to initial/final conditions, EoS and degrees of freedom




Partonic Collectivity at RHIC

Vs = 200 GeV "’Au+"*"Au Collisions at RHIC

I | v' Low pr(= 2 GeV/e):
25 [~ (a) Light quarks (b) Strange quarks . .
+ * hydrodynamic mass ordering

20 A & . Y
2 s 0@602@24 *A* + v' High pr (> 2 GeV/c): number of
g i‘é o OQ*O"O'"C) """" ‘II’ """ quarks scaling (NCQ)

5 : O n ! 4 o ¢ u- , d-, and s-quarks flow!

Ap QA A Q
ol

o 1 2 3 4 50 1 2 3 a4 s » Partonic Collectivity!
Transverse Momentum p; (GeV/c) > De-confinement Au+Au

STAR: PRL116, 62301(2016) collisions at RHIC!

STAR: PRL116, 62301(2016)

______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________|
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Heavy Flavor Hadron DV Collectivity at HRIC
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1) First application of MAPS technology in high energy collisions, excellent position resolution;
2) Measured D%, D%, D;—r, A and obtained two conclusions:
» “These results suggest that charm quarks have achieved local thermal equilibrium with the medium created
in such (200GeV Au+Au) collisions”

» Hadronization via quark coalescence process
STAR: PRL113, 142301(14); PRC99,034908(19); PRL118,212301(17); PRL123, 162301(19); PRL124, 172301(20)
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\/SNN = 3 GeV (FXT) Au+Au Collisions
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Criticality
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Conserved Quantities (B, Q, S)

1) In strong interactions, baryons (B), charges (Q) and strangeness (S) are conserved;
2) Higher order moments/cumulants describe the shape of distributions and quantify

fluctuations. They are sensitive to the correlation length &, phase structure;
3) Direct connection to theoretical calculations of susceptibilities.

Measured multiplicity N, (6N) = N — (N)

mean: M = (N) = Cl / skewness (.5)
variance: o% = ((6N)?) =C, IR — asymmetry
skewness: S = ((6N)?)/ o> = Cq /Cg/ 2

kurtosis: k = ((6N)*)/ o3 -3 = C,/C4 —

I £ — kurtosis (k)
Moments, cumulants and susceptibilities: ‘ — sharpness
27 order: o62/M C,/Cy = X2/x1
31 order: So C3/Cy = x3/X2

41 order: ko C4/ C, Xa/X2

2
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Expectations for QCD Critical Point

0.6 0.6
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expected for the QCD critical point but the
exact shape depends on the location of freeze-
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» Critical Region (CR)

p.B) - M. Stephanov, PRL107,052301(2011) - V. Skokov, Quark Matter 2012
- J.W. Chen, J. Deng, H. Kohyyama, Phys. Rev. D93 (2016) 034037
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Normalized Number of Events

Analysis Methods amd Corrections
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Nu Xu

" (g)54.4 GeV

200 400 600 800

" (h) 62.4 GeV

200 400 600 800

I
(i) 200 GeV

200 400 600 800

Reference Charged Particle Multiplicity

Physics Department, BNL, May 4th, 2021

Au+Au Collisions

B 0-5%
- Data
= = = Glauber simulation

L L
500400 600 800

1) Centrality bin correction;
2) Efficiency corrections;

3) Statistical uncertainty
estimation;

4) Pileup correction (FXT)

X.F. Luo, J.Phys.G Nucl.Part.Phys. 40, 105104(13)

X.F. Luo, PRC91,034907(15); T. Nonaka et al., PRC95,
044917(17); X.E. Luo et al., PRC99, 044917(19)

X.F. Luo, J.Phys.G Nucl.Part.Phys. 39, 025008(12)

T. Nonaka et al., NIMA984, 164632(20)
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Event-by-Event Net-Proton Distributions (raw)
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STAR: Phys.Rev.Lett. 126, 092301(2021) NS eI{elsNANEN N NERN )
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Net-proton Cumulants vs. Energy and Centrality
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Energy Dependence of Net-p Cumulants

STAR: Phys.Rev.Lett. 126, 092301(2021)
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“Nonmonotonic Energy Dependence of Net-Proton Number Fluctuations™
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1) HRG and transport model predicted monotonical energy dependence: AMPT, JAM,
UrQMD. Suppression at low energy due to conservation;

2) The 3rd and 4™ orders: deviate from the Poisson limit in the most central collisions!
3) ‘Attractive’ of protons at the 7.7 GeV collisions?
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“Nonmonotonic Energy Dependence of Net-Proton Number Fluctuations™
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* M. Stephanov, PRL102,022301(09)

Nu Xu Physics Department, BNL, May 4th, 2021 27 /38




Statistical Tests

Energy Range C‘I;I:t‘illim HRG GCE[4]  HRG CE[l] (}IffoEsva]) UrQMD [2]
C,/Cy <0.001 <0.001 <0.001 <0.001
7.7 =27 GeV Cy/Cy <0.001 7.54¢3 <0.001 <0.001
C,/C, 5.53¢3 4.50e3 1.45¢2 2.21e3
C,/Cy <0.001 <0.001 <0.001 <0.001

7.7 -624

GeV Cy/Cy <0.001 <0.001 <0.001 <0.001
C.,/C, <0.001 1.28¢! 1.07¢>2 5.77¢3

» Models predict monotonical energy dependence: Statistically do not agree with data,
especially at finite baryon density region
» Statistical analysis = non-monotonic energy dependence

[1] P. Braun-Munzinger et al., Nucl.Phys. A1008, 122141(2021); [2] S. He et al., Phys. Lett. B762, 296(2016)
[3]1J.H. Fu, Phys. Lett. B722, 144(2013); [4] A. Bhattacharyya et al., Phys. Rev. C90, 034909(2014)
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Comparison Between 200 GeV p+p and Au+Au Collisions
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Sl [0eVI: 200 624504 39 27 1) In 200GeV p+p collisions, high order cumulants ratios of net-

NLO, R, (Tpo) + protons are found to be positive for , C4/C,, C5/C, and Cg/Cy;
1} REaT0 -

STAR preliminary: R, £

Y | 2) For QCD matter, LGT predicted negative net-baryon Cs/C, and
\ Co/C;
Al EIJ | 3) Direct evidence for the QGP formation in 200GeV Au+Au

B, M2 central collisions!
0 01 02 03 04 05 06 07 08 HotQCD Collaboration, PRD101, 074502 (2020)
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Proton High Moments at High Baryon Density Region

STAR: PRL126, 092301(21)

LHC SPS AGS SIS CSR
I
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< A > e
8 33 @ STAR net-proton (lyl < 0.5) @O Quark-Gluon Plasma
(- - :i mm Statistic uncertainty n \E_, M"/T.'- : p /T=3
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o 2 M Projected BES-II o (B
> [ =
% E
" o
k%) O 78 |
O ol:p-$3MREX . R Q
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1) HADES data and hadronic transport model UrQMD predicted negative
C,/C, at 3 GeV — Hadronic interactions dominant;
2) Fill the gap 2 < +/syy < 7.7 GeV and pin down QCD critical point
— CBM EXperiment at FAIR HADES: PRC102, 024914(20)
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BES-II and Beyond
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STAR

N

Detector

System

- Larger acceptance for
- Even better PID with uniform efficiency
- Modest rates

{ h
=2 PROGRESS

{ REPORT § - iTPC, EPD & eTOF upgrades completed || BES-11
& o - All are in data-taking for BES-II program




Major Upgrades for BES-11

Full EPD has been installed

iTPC:

» Improves dE/dx » Forward rapidity coverage
» Extends 1 coverage from 1.0 to 1.5 » PIDatn=09to 1.5 » Better centrality & event plane
» Lowers pr cut-in from 125 to 60 MeV/c » Provided by CBM-FAIR measurements
» Ready in 2019 » Ready in 2019 » Ready in 2018

EPD:

» Improves trigger

1) Enlarge rapidity acceptance
2) Improve particle identification {TPC: https://drupal star bnl gov/STAR/stamotes/public/sn06 19

3) Enhance centrality/event plane resolution ¢TOF: STAR and CBM eTOF group, arXiv: 1609.05102
EPD: J. Adams, et al. NIM A968, 163970 (2020)



VSNN Events
(GeV) (106)
200 238

RHIC BES-I & II 20102017, 2019-2021)

BES Il / BES | MB Ten
(MeV) (MeV)
25 166

[ minbias-hit-effective |

. x10° ; ; ; ;

2010 e e
62.4 46 2010 73 165 100~
544 1200 2017 83 165 a0l
39 86 2010 112 164 -
27 30 (560) 2011 /2018 156 162 60;_
196  538/15 2019 /2011 206 160 o
173 250 2021 ~227  ~158 20
e e B e T
115 230/7 2020 / 2010 315 152 oty 1124040201 day
9.2 160 /0.3 2020 / 2008 355 140
7.7 100 / 4 2021 /2010 420 140
30 250 + 2B 2021 720 ~80 7.7GeV data goal, 100M, reached on May 1%
(FXT) World largest data set!
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https://www.bnl.ecov/riken/OCDRhic/default.asp

K. Rajagopal, https://www.bnl.gov/riken/QCDRhic/linked_files/talks/RHICQCD_rajagopal.pdf

CAN WE DISCLOVER THE QD CRIT/CAL
PoIuT AT RHIC?

Mapping the phase diagram. Finding
the land warle +hat would go in cny

fdure book on Q¢D, Can RHIC doHhis!

Nes, IF: Ir Yes:
* Accelerator ¥ detector apabilities pernit ] o ‘[Le landwark discovered, Our map
Measurement of the evert - by -eveut of the QD phase W+ +hen
Sluctuations ok the hadronme anchore by experimed.

’ © Asguming reasomable progress
thservables T described, ot o av;:,a'u“{-ﬂwne com parison betweey

sequence of energies like ot T +heoty % experiment for g
described . o FAIR (oud RHIC) Can shudy the
¢ Nature is kind, ond 'P“"S B(ﬁulbl/ S\tet otder phase transidion,

Nu Xu Physics Department, BNL, May 4th, 2021

> YES! Since 2010, RHIC and
STAR have completed upgrades
successfully and carried out the
beam energy scan.

» World largest data sets from
heavy ion collisions have been
collected

» BEST: theory collaboration
» Is Nature kind?
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https://www.bnl.gov/riken/QCDRhic/default.asp

Future Facilities for Heavy Ion Collisions
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The QCD Phase Diagram

SIS CSR

2000 — 2021 BES-I & -1II: search

! RHIC 7 wmre _FX—TL "~ Thiar |
< - for the QCD CP at RHIC
o Quark-Gluon Plasma - Lattice: CP may exist at
2 pB/T=2 Up
156 | L o T =3
= T | ; T
o " - 30 effect: non-monotonic
= collision energy dependence
© JSvn < 20 GeV
O 78 1
Q
qE> 2021 — 2033 BES-III:
— - fixed-target experiments at
0l£ ‘ L 2 < VSNN <5 GeV
0 - 500 1000 1500 - Confirm first-order phase
Baryonic-chemical Potential M (MeV) boundary and the QCD CP
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