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M T BT AL IS

LHC, Pb+Pb@-+s = 5500 GeV, ALICE,ATLAS,CMS,LHCb

i3

RHIC, Au+Au@n's = 200 GeV, STAR

FAIR, U+tU@Elab = 40A GeV, CBM CSR, U+U@Elab = 0.6A GeV, CEE
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QGP&Z 5
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auT”W =0 (ReI=EFE)
g,n* =0 (ﬁ%%{i’%"ﬁ)
T = —Pg*’ + (e + P)utu?, n* = ngut, u,ut =1

+ Equation of state e(P) (QGP or Hadron gas from QCD thermodynamics)
= u, (x), T(x), ug(x), P(x)
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Probes of OCD Phases - /

‘ Collective flow | i
@ Jet quenching | L %1
® Quarkonium suppression -~ 4 5 =.
A pB @ Dileptons Yo
@ Strangeness enhancement......

@ Chiral magnetic effect (CME)

@ Chiral vortical effect (CVE)

n
deconfined = \ )

confined . Quantum quctuations]

\ >

[Probes of the chiral critical point: / ]

Dynamical fluctuations of conserved charges.
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Dvnamical Fluctuations around Critical Point

@® Correlation length ¢ — oo at a critical point, strong dynamical fluctuations!

@® Order parameter field g (x)
fluctuation distribution P[g] ~ e ~2(0)/T
Cumulants:
C,=(oy)~&, Cy=(oy)~&, ...
High order cumulants are more sensitive to the fluctuations and cab be

used to sensitively probe the critical point.
M.Stephanov, PRL102, 032301(2009)

M.Asakava, S.Ejiri, M.Kitazawa, PRL103, 262301(2009)

® The sign of ¢, (C,/C,) depends on which side of the critical point we are.

120 “T " Central Au + Au Collisions
M.Stephanov, PRL107, 052301(201 100} - als : STAR (0 5%)
80 r o[ ;Ag @ het-proton B
FarfromCP: (C,=0 60l Q 243y a proton —
. Q ®) | £ (lyl <05, 0.4 <p_(GeV/c) <2.0)]
Crossover side: €, < 0 m: o L l:’ g
First order side: C, > 0 0} St # """""" q LA T
A T -
0 < . e Lo A
-20 ! : : : -1 05<y<0 net-protony
~04 -02 00 02 04 06 | | Geep e <o UEOMD L proton
L 1 1 L1l LI 1 1 1 ) T I 1 1

f 2 5 10 20 50 100 200

STAR (B e, 448 %), PRL12S,202303(2022)  Colision Energy |y, (GeV)
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Collective Flow & Jet Quenching

ALICE 40-50% Pb-Pb \'s,, = 2.76 TeV

PZ—D5

® Collective flow v, = ——=
Px'l‘Py

,  CMS VSaw = 2.76 TeV
E - nl<2 E
18 #
[ = o il
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= L g o
@ Jet suppression B 9-°f @ -~ 2 ]
= E i
ik % .
.o . OAA i B
Nuclear modification factor R4y = —=—— - ++ ]
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Heavy Flavor as a Probe of QGP

® QCD - NRQCD — pNRQCD, a relatively solid calculation

Regenerated J/i in QGP

@® Medium-independent heavy-quark mass Initially created J/p
l\Freeze—Oul
UL B AL LA T I ™
Higgs Vacuum o ]
. 105,,Etemm eak,symetw breaking .
> 1
2 5
S g0 L 2 .................... i dron Ga
é c
< 103 E.
g s
o 10° g 6P
3 | <1 fmic
T 10 L ; d i QCD Vacyum il >
4 '.L'.'.'.'.'.'.:'.'.'.?:'.'." % Symmetry breaking % ((\ P 7
fu ] &2 2
. a i © 2
1 10 1°  10° 10" 10°

QCD quark mass (MeV)

— Initially produced heavy quarks pass through the QGP and carry its information.

s

®
o @

electrons as a probe of nucleon structure heavy quarks as a probe of QGP structure
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[/ 144 and v,

J.Zhao, K.Zhou, S.Chen and PZ,
Prog.Part.Nucl.Phys.114 (2020),103801
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... as a Borromean Ring and an Efimov State
J.Zhao and PZ, PLB775,84(2017)
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r [fm] A challenge to experimentalists:
short range potential at high T ! Discovery of Q... and its Borromean state in A+A !
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Exotic Hadrons
J.Zhao, S.Shiand PZ, PRD102, 114001 (2020)

@ 2022: ATLAS, CMS and LHCb announced the discovery of fully-heavy tetraquarks in p+p!

@ HIC: Plenty of charm quarks and coalescence — exotic hadron enhancement in A+Al

CcCCC
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7-206
_ d— “eo08 e.8e s 6.921
T \‘_6908 _—isgi—:_ 28
E '[io(al fit Al 6.804
% —— = Interference | & o 6.441 & 1s
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- I
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1 9. B 2my
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do do . .
~770pb » (—] ~ 78pb  4-body Schroedinger equation

A challenge to experimentalists: Discovery of exotic hadrons and their structure !
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Chiral Magnetic Effect

D.Kharzeev and J.Liao, Nature Rev. Phys. 3(2021), 55

N G

2l
W.Deng and X.Huang, PRC85,044907 (2012)

A chirality imbalance induced electric current in magnetic field is a probe of nontrivial
topology of QCD.

A reason why it is hard to observe CME in HIC: 031 [ -
F BT AL P AR 64 B8 T A

= = o, = 5.8 MeV Ohm's law

o, = 1 mb BAMPS
---=- g, = 11.6 MeV Ohm's law

0.2 4

14— =~ = = = == =
Wang, Zhao, Greiner, Xu and Zhuang,
PRC105, L041901(2022), Letter, Featured in Physics

i lefim”]
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[ 5 LB 2 Y AT 42 Chiral Vortical Effect

1
Hot/dense QCD Medium 2&/
Parity odd domains form ;

o o N
Ext I Initial Angular \
xterna P\
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Magnetic Field ] Fluid m ‘:"2' Global collision angular momentum
¢ \. ¢ 2 generates QGP vorticity
Chiral magnetic " Chiral vortical |
effect (CME) effect (CVE)
(electric charge) . (baryon number) )
Lho+ uB e ;\u+lAuv20-yso‘°/:,¥
Pi - 6Xp|:i “T:| (#A = —HT\) e . % A this study
A this study

®
% A PRC76 024915 (2007)
O A PRCT76 024915 (2007) |

oo |
| *"f 144 %
Liang & Wang, PRL (2005)

Betz, Gyulassy, Torrieri, PRC (2007) e
Becattini, Piccinini, Rizzo, PRC (2008) 10
Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC (2017)

The signal is consistent with vorticity w =
(9 £ 1)x10%/s, greater than previously
observed in any system!

Nature 548, 62(2017)
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Comments

@ Nuclear collision is a complex system (strong interaction and many-body system,
both are key problems in physics), it is the field of quantum computing.

® Since QGP is an intermediate state in HIC, we cannot directly measure it. At the
moment there is no a unique signal observed in experiments, we need to
characterize the QGP properties comprehensively.

@® Some sensitive signals like high-order moments, CME and CVE are quantum
fluctuations, we need precise measurement and carefully excluding the influence

from the background.

Pengfei Zhuang, High Energy Nuclear Physics & Quantum Computing at South China Normal University, 20221112 32



R RINIRA RN, F BRI m K
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And even smaller. S AN
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