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A brief Introduction
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What are the new state of matter at exceedingly high
density and temperature?
How were the elements from iron to uranium made?
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QCD matter under extreme conditions

Relativistic Heavy-Ion Collisions

made by Chen Shen
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Explored QCD phase diagram
by theorists
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Dense Matter: QCD CEP, Quarkyonic matter, CSC
A

Temperature 7°

Gas-Liquid

Nuclear =" Crystalline SUPLCTCONUUCH N
i )
Superfluid E2Hh9Ses

Baryon Chemical Potential us

K. Fukushima and T. Hatsuda, Rept. Prog. Phys. 74,014001(2011);
arXiv: 1005.4814



QCD properties in the vacuum

_L.Spontaneous Chiral symmetry breaking = FASTY
2 (quark dynamics)

Goldstone boson and chiral condensate

HE . . EHTAdS/CFTX B A
i Chiral partners have different masses S EFE (RED)

EZ || Confinement (Gluodynamics)
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QCD
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Elementary fields: Quarks
color a=1,....3

(9a)¥ spin = a = 1,2
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Chiral Symmetry
Define left and right handed fields

LD | =

Y. r = (1 £ s5)¢
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Fermionic lagrangian, M = diag(my, mq, ms)
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QCD

Strong coupling:

Confinement
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Chiral Symmetry Breaking

Chiral symmetry is spontaneously broken
(DT 9, 4+ pT 9y ~ —(230 MeV)? 679

SU(3), x SU(3)r — SU(3)y (G — H)

Consequences: dynamical mass generation mg = 300 MeV > m,
my = 890 MeV + 45 MeV (QCD, 95%) + (Higgs, 5%)

Goldstone Bosons: Collective oscillations of order parameter

/ / [ \ my. = 139 MeV
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Chiral and deconfinement phase transitions

CEP is for chiral phase
Chiral phase transition: transition!

quark-antiquark condensate ( for m=0)
Chiral symmetry breaking: (u“u“> =0

Chiral symmetry restoration: <q;u'a> =0
Deconfinement phase transition:

referring to the “permanent confinement”
Polyakov loop ( for m= infinity)

L(F) = %tr P(F) with P(F) = Pl Jo’ 4t Ao(t,)
(L(z)) ~ exp(—0Fy)

Confinement: center symmetric <L> =0 F g — 00O

Deconfinement: center symmetry F < X0
breaking <L> 7& 0 d

16



Mechanism of spontaneous chiral symmetry breaking

Nobel prize 2008

Press Release
7 October 2008
The Royal Swedish Academy of Sciences has decided to award the
Nobel Prize in Physics for 2008 with one half to
Yoichiro Nambu
Enrico Fermi Institute, University of Chicago, IL, USA
"for the discovery of the mechanism of spontaneous broken symmetry in subatomic physics"

17


http://nobelprize.org/redirect/links_out/prizeawarder.php?from=/nobel_prizes/physics/laureates/2008/press.html&object=kva&to=http://www.kva.se/en/

Spontaneous Symmetry Breaking in Particle Physics

The really bold assumption that Nambu now made in 1960 [44] was that spontaneous
symmetry breaking could also exist in a quantum field theory for elementary particles. In
magnetism or in superconductivity, the “vacuum?” is really a ground state, in the first case of
atoms and 1n the second case of electrons and atoms. It 1s possible to give a vacuum
expectation value for a physical quantity like a spin. In a particle theory, the vacuum is an
abstract state and was assumed to be empty apart from quantum fluctuations. Nambu now

introduced vacuum expectation values for certain fields. In fact, he put forward a scheme for
the thenrv of the strono interactions that mimicked sinercondnetivity in the followine wav

Superconductivity Strong Interactions

free electrons hypothetical fermions with small
mass

phonon iteraction unknown interaction

energy gap observed mass of the nucleon

collective excitations mesons, bound states

charge chirality

gauge mvariance chiral invariance, possibly
approximate

18



NJL model Nambu--Jona-Lasnio Model

Mechanism for spontaneous chiral symmetry breaking

L=9idp—mpp+ G () +(Piysp)?]

The same global symmetry as QCD

Symmetry Transformation Current Name
SU,(2) gb—»e"""f"/zt/} Jk =fb-l/“7"‘¢ isospin
Uy(1) p—e “;adiz Ju=vr baryonic
SU 4(2) p—>e __;’5 N chiral
U, (1) Y—e Y Jsu =V .Y s¥ axial

From QCD to NJL, heavy massive gluons in the propagator, four fermion interaction.

19



NJL model
In the vacuum: < 1‘;'51/} ) 7&0

Quark obtains a dynamical mass:

The Nambu-Jona-Lasinio model of quantum chromodynamics

. 5. P. Klevansky
av— I E — fnstitut fiir Theoretische Physik, 6800 Heidelberg, Federal Republiic of Germany

Reviaws of Modarn Physies, Wol, 84, Mo, 3, July 1882

Quark obtains a dynamical mass, and chiral symmetry is
spontaneously broken.
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NJL model

Nambu-Goldstone Theorem: Global symmetry breaking induces Massless

Nambu-Goldstone bosons

| 2y _ - .
_T Hps(k )—I)fET O I'y’aT

d’p m**—p?+Lk?
(2m)* [(p+3k P —m*2][(p—1kP—m*?]

1

Tnpﬁ(kz}=-4Ncfo

Mg 1
m* 4iGN.N;I(m?%)

2
mﬂ-__—

Zero pion mass in the chiral limit
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NJL model

| j
<O|Ji (x)|vrj>=i z Or:‘t?kj

The Goldberger-Treiman relation:

2.2 2
fﬂgfrqq" ¥

The Gell-Mann—Oakes—Renner relation:

fim2=—L(m,+m, ) au+dd)

22



SRR BN E]: BCSERIR . FAEXTFRMYE B LMER. Higes #Fl

Phase transition
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Chiral symmetry restoration in the NJL model

T
- quark-gluon plasma
0.15
TCP
CEP
o
Q 0.1
= >
d;,o
0.05 ﬁoéﬁ
ot . . . . , hadronic phase
o 0.05 0.1 0.1l5 0.2 0.25 0.3
u 1GeV)

H

CEP (predicted 40 years ago)

Remarks on the Chiral Phase Transition in Chromodynamics

P. Zhuang, M_Huang,Z,Yang, Phys,ReV,C62;054901,2000 Robert D. Pisarski (Santa Barbara, KITP), Frank Wilczek (Santa Barbara, KITP) (Dec, 1983)

Fublished in: Phys. RewD 29 (1984) 338-341
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Chiral restoration and deconfinement
Polyakov loop NJL model

—_ G _ I T 1
EPWJL = 'r (zf}f#Dﬂ mD)T}// + = [(1!-”1!-}’) + (T,f/l"}r T’Lr}) } A ({D[A], (I)[A]T) ; 1 Polyakov Loop |
k Chiral Condensate _-="
U(@,DT)  b(T -~
( e ) ( bWge 2 (@3 + &%) s (@-:I:') ®=(Tr.L)/N.. &
2
5 . g
L (%) = Pexp [z / dr Ay (T, r)] L@@ ';E
0
0.8
0.6 .
04l 0 -n!"""'llr :::::
0l 100 200 300
Temperature [MeV]

0.05 0.1 015 02 025 0.3 035 04
T [GeV]

Kenji Fukushima, Phys.Lett.B 591 (2004) 277-
Claudia Ratti, Michael A. Thaler, Wolfram Weise, 284, hep-ph/0310121

hep-ph/0506234
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P.F Zhuang,M.Huang, M.Hong

Y.X.LiuW.J.Fu, Z.Zhang
H.S.Zong, .....
J.Deng, JW.Chen
Weise,
Klevansky,
Hatsuda,Kunihiro,
Fukushima,

.......

Location of CEP: NJL

NJL, PNJL, Nonlocal NJL,

0.2
G/ G=0
=
)
=,
= 01}
=
I:-:'l
n_n M M 5 I| 1
0.1 0.2 0.3 0.4
Hoer [GEV]

Hell, Kashiwa, Weise

Journal of Moadern Physics, 2013, 4, 644-650

from small to high baryon number density region
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1.1
Critical point estimates:
1l
Mumbai Ni=8
4b Mumbai Nt=6
(&)
= 09t
}_
08}
0.7
T ! T T T
240 F [ * 1 (CEM-LQCD)
290 | — — -r (CEM-HRG, b = 1 fm’)
- Roberge-Weiss CP estimates:
200 v Fodor, Matr (LOCO, meweighing 7
i - B Llocey (ML, Anfesize scaing|
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100 | i T
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B0 ] P ] 1
a 2 '-T 4 it B 10

Location of CEP from Lattice QCD

1) Fodor&Katz, JHEP 0404,050 (2004).
(L, Te )= (360, 162) MeV

2) Gavai&Gupta, NPA 904, 883c (2013)
(uEq, Te )= (279, 155) MeV

3) F. Karsch (CPOD2016)
uEg/ Te >2

4) V. Vovchenko, J. Steinheimer, O.
Philipsen,H.Stoecker, arXiv:1711.01261

ps /Ty >

Latest lattice calculation shows that
small baryon number density region for
CEP is ruled out!
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Location of CEP:

Critical point estimates:

Mumbai Nt=8
a4b Mumbai Ni=6

Lattice QCD

1): Fodor&Katz, JHEP 0404,050 (2004).
(U5, T )= (360, 162) MeV

2): Gavai&Gupta, NPA 904, 883c (2013)
(LE,, Te )= (279, 155) MeV

3): F. Karsch (u&;/ Tz >2, CPOD2016)

Small baryon number density region
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T (GeV)

0.17

Location of CEP: DSE

0.16 o...

0.15

0.14 +

0.13

1st order Iphase transition

0.12

CrOSSOVEr - - -

0 002 004 006 008 01 0.12 0.14 0.16

H(GeV)

1):Y. X. Liu, et al., PRD90, 076006 (2014).
(WEq, TE) = (372, 129 ) MeV

2): Hong-shiZong et al., JHEP 07, 014 (2014).

(WEq, Tp )= (405, 127) MeV

3): C.S. Fischer et al., PRD90, 034022 (2014).

(LB, TE) = (504, 115) MeV

HB :3,qu

Rather mall baryon number density region
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T (GeV)
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1):Y. X. Liu, et al., PRD90, 076006 (2014).

(WEq, TE) = (372, 129 ) MeV

2): Hong-shiZong et al., JHEP 07, 014 (2014).

(WEq, Tp )= (405, 127) MeV

3): C.S. Fischer et al., PRD90, 034022 (2014).

(LB, TE) = (504, 115) MeV

HB :3,qu

baryon number density region 300-500 MeV
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Wei-jie Fu, Jan M. Pawlowski, and Fabian Rennecke. QCD phase structure at finite temperature
and density. Phys. Rev. D, 101(5):054032, 2020, 1909.02991.



Locating the QCD CEP

Quark-Gluon Plasma

d BES @ RHIC
d NICA @Dubna
d CBM@FAIR
d HIAF@IMP
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Searching for the QCD CEP

% iEftffff:fg;mm The Phases of QCD BES Phase-l
©
200 350 2010 25 166
62.4 67 2010 73 165
39 39 2010 112 164
N 27 70 2011 156 162
Gritcal Point . 19.6 36 2011 206 160
AR LI el 145 20 2014 264 156
o\ 115 12 2010 316 152
900 MoV 7.7 4 2010 422 140

Baryon Chemical Potential




Measurement of Higher Order Fluctuations
of Conserved Quantities

i 1 1 i i T I 1 I L ‘ 1 1
Au + Au Collisions at RHIC
0-5% centrality
al- lyl <0.5, 04 <p;<2(GeVic) |
N _
o D'y -
~ @ net-proton
12 3 A anti-proton |
GCJ O proton
CED W BES-llerror for net-p |
= 5| uaMbfornete [ Non-monotonic trend is observed
S for the 0-5% most central Au+Au
I # collisions. Dip structure is observed
1 St e | R ]
ATA %% A @ around 19.6 GeV.
o S S, o =
2 5 10 20 50 100 200

Colliding Energy sy, (GeV)

STAR: PRL112,32302(14); PRL113,092301(14);
X.F.Luo, N.Xu, arXiv:1701.02105
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How to determine the location of CEP?

| R

)

- baseline

—0.2 . e \/
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-04

—04 -02

H  Scalar =
Eg ' " model ] 20 200
20f - - Characteristic “Oscillating pattern”
I j is expected for the QCD critical
20f J : point but the exact shape depends
_135 . . on the location of freeze-out with
-04 -02 00 02 04 06

: respect to the location of CP
- M. Stephanov, PRL107, 052301(2011) - Critical Region (CR)



Chiral restoration and deconfinement
Polyakov loop NJL model
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k Chiral Condensate _-="
U(@,DT)  b(T -~
( e ) ( bWge 2 (@3 + &%) s (@-:I:') ®=(Tr.L)/N.. &
2
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Kenji Fukushima, Phys.Lett.B 591 (2004) 277-
Claudia Ratti, Michael A. Thaler, Wolfram Weise, 284, hep-ph/0310121

hep-ph/0506234
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A realistic PNJL model

A. Bhattacharyya,S. K. Ghosh, S. Maity, S. Raha,
B. R. Ray, K. SahaandS. Upadhaya,arXiv:1609.07882.

NJL part:
_gSZcrf r:ruc:rdcrS 3g1{2crf —|—39'2sz BZf{

_ QTZ / (2rn)? In[1 + 3(® + Pe—(Ex —#:}KT)E—{EJ*—MHT 14 E—3':Ef—#f}fT]

FO(A —|pl)

— QTZ / = In[1 +3(® + + Pe~ EI+P?:I'HT) —(Eg+pg)/T 4 E—3EEI+MHT]
(2m) /.B Li, K.Xu,XYWang, M.H,

+ U*{@: 3, T) arXiv:1801.09215,EPJC2019
arXiv:arXiv:1810.03524

Polyakov Loop:

v U = U by (T b <3, by
Fr=pr—Al(@0)] Do Bag Y, g0 ) by
= (25 )(1 - 608 + 4(@° + 8%) — 3(d)?)
2472
1o T
bo(T) = ao + a1 T exp(—as T.})

38



Parameters are fitted to lattice result at mu=0,

1) Tc=154 MeV,
2) EOS: p,e,s, trace anomaly;
3) Baryon number fluctuations

My g(MeV) |[m, (MeV)|A(MeV)|gsA? | gpA® | g1(MeV~%) | go(MeV—5)
5.5 183.468 | 637.720(2.914(75.968(2.193 x 1072 | —5.800 x 10~ %2

TABLE IV: Parameters for the NJL part in the realistic PNJL model.

Tu:u {I"r’[EVj an a1 1 453 EH K
175 6.75(-9.8(0.26|0.805|7.555(0.1

TABLE V: Parameters for the Polyakov loop part in the realistic PNJL model.

A. Bhattacharyya,S. K. Ghosh, S. Maity, S. Raha,
B. R. Ray, K. SahaandS. Upadhaya,arXiv:1609.07882.



pT

Equation of state at mu=0
model vs LQCD

HotQCD  sewmgumemt

——=SB

@w/T“
o

0 1 1 1 1

50 100 150 200 250 300
T (MeV)

A. Bhattacharyya,S. K. Ghosh, S. Maity, S. Raha,
B. R. Ray, K. SahaandS. Upadhaya,arXiv:1609.07882.
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A. Bhattacharyya,S. K. Ghosh, S. Maity, S. Raha,
B. R. Ray, K. Saha andS. Upadhaya,arXiv:1609.07882.
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Kurtosis of baryon number fluctuation at mu=0

.-} Realistic PNJL Ne mom |
1_{]&6“ i’i_ ® 8 27 |
DB' ) é" ¢ E 2? r
- 1
! e 8 20
2 0.6} \ f !
Vg e 6 20
'[:].4' "\, ] - 1
b I.
hhhhh .- ]
0.2} S
0.0k a . ; ]
08 1.0 12 1.4
TITy

Koe

12b

10

0.8F
06F
04f

02k - -.

wg—— e T

-_

S T e

TiTa

Gluodynamics is essential for C4/C2 !

Z.B Li, K.Xu,XYWang, M.Huang, arXiv:1801.09215
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Phase boundary and CEP (mu_B"E=720 MeV, T"E=90 MeV)

160}
140}
— 120}
= 100}
8o}

60}

400
Hs(MeV)

Phase boundary is very close to the freeze-out data!!!

/.B Li, K.Xu,XYWang, M.Huang,arXiv:1801.09215



CEP location determines the location of the peak of kurtosis
along the freeze-out line (close to the phase boundary) !

Z.B Li, K.Xu,XYWang, M.Huang,arXiv:1801.09315

BES-I measurement rules out the small

baryon number density region for CEP!
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Kurtosis along experimental freeze-out lines

I -
4 I —_ —_———
;-l"l A e NLJL
3} q;# ! "'*\ i
“*E ) **; \‘1 A3
g \ 11\*"‘*-..._ L
1t \ N __F--—====F]
ﬂ S
5 10 50 100
Vs (GeV)

Realistic PNJL model results agree well with BES-| data!
Equilibrium result can describe the experimental data!!!

Z.B Li, K.Xu,XYWang, M.Huang, arXiv:1801.09215 45



Dip structure

) ‘,‘"\ B
o } %:H — fE 1 qh- ~
| # { h
1 #) A ———T 1} 160 ._1_. _{___ ~
3E ‘ i "\ 1 .}‘ = '~.,-:‘ "{._.
‘ ~ - .
% j ' \ 140} SN
= 2 [ i_ | || "
I i
't M i
\ I i: _________ f1 cross the phase boundary
of = L 1  whilef2not!
5 10 50 100
Vs(GeV) Z.B Li, K.Xu,XYWang, M.Huang

arXiv:1801.09215

The dip structure is sensitive to the relation between the
freeze-out line and the phase boundary !
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Peak structure is expected to show up in

CBM and NICA
HADES _ | -
. . . . prefiminary 4 -] Net-Proton h
4 == ] - D.4-=:pT-=:2 (GeV/e),lyl<0.5
] = . I
I f¥ \ ——= R _ e e 0-5%
N TN 3 | © 5-10% :
o l‘ \\ [ * 70-80%
2 2f iﬂ \ Y [ s UrQMD, 0-5%
r 11 11\-._‘ 2 |
§ 1 ~S——— I_ 2 < 1
1 \ \ e --==x .
tx e I %%
0 \*-...-"II __________ 1 I 24 ¢ *
5 10 50 100 :
Vs(Gev ! $
#{GsY) Or | 5 STAR Prellmlnary—
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structure for CEP!

The peak structure along the freeze-out line is the residue
of the divergence of CEP along phase boundary! Unique
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Dense Matter: QCD CEP, Quarkyonic matter, CSC
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