Mg
C)CBp J)ILE

\
“
}

' 8

J\Jj) ﬂ '

Int. EMMI Workshop on Critical Fluctuations near the QCD phase
boundary in Relativistic Nuclear Collisions, CCNU, Oct. 10, 2017



|. Introduction

Strong int. matter evolution in early universe
are sorted to QCD Phase Transitions

. Phase Transitions involved:
200;' o Flavor Sym. — F.S. Breaking

= Perfect fluid _ _
? | S0G i Quarks and Glua peconfinement-confinement
Critical point? oy ark deconfined DCS — DCSB

P
\ ey | Items Influencing the

Phase Transitions:
I\/Iedlum Temperature T,

%W,, N Density p (or p)

Temperature T [MeV]

Coupling Strength,
Color-flavor structu




A The existence of the CEP and its location

have been a key subject in the QCD PT

e (p)NJL model & others give quite large u%Tg (> 3.0)
Sasaki, et al., PRD 77, 034024 (2008); 82, 076003 (2010); 82, 116004 (1010);
Costa, et al., PRD 77, 096001 (‘08); EPL 86, 31001 (‘09); PRD 81, 016007(°10);
Fu & Liu, PRD 77, 014006 (2008); Ciminale, et al., PRD 77, 054023 (2008);
Fukushima. PRD 77. 114028 (2008):  Kashiwa. et al.. PLB 662. 26 (2008):

o Lattice QCD gives smaller u9/Tz (0.4 ~1.1)

Fodor, et al., JHEP 4, 050 (2004);  Gavali, etal., PRD 71, 114014 (2005);
Gupta, arXiv:~0909.4630[nucl-ex]; Li, etal., PRD 84, 071503 (2011);

iinta at al Cerianra 2292 1E2K /7N11\- DDMN QN N2ANN1 (29°N1 A\ ...

e DSE Calculations with different techniques generate

different results for the u%Tg (0.0,1.1~1.3,1.4~ 1.6, )
Blaschke, et al, PLB 425, 232 (1998); He, et al., PRD 79, 036001 (2009);
Fischer, et al., PLB 702, 438 (‘11); PLB 718, 1036 (‘13); etc,
Qin, Liu, et al., PRL 106, 172301(“11); PRD 90, 034022; PRD 94, 076009; etc.

e Main physics focus of current and planed facilities;
Annual Int. conference on this topic: etc.



A General requirement for the methods
used in studying QCD phase transitions

e should involve simultaneously the properties
of the DCSB & its Restoration ,
the Confinement & Deconfinement ;
e should be nonperturbative QCD approach ,
since the two kind PTs happen at NP QCD
energy scale (10 MeV).



¢ Theoretical Approaches
Two kinds - Continuum & Discrete (lattice)

I he Frontiers of Nuciear Science
A LONG RANGE pLAN December 2007

Theory
The primary goal of the RHIC scientific program in

the cmming years 1s tO progress from qualitath-'f statements
to rigorous quantitative conclusions. Quantitative conclu-
SIONS I"E‘Cll_lil'f: sc:-phisticatr:d nmdeling of relativistic hr:'a\-'j.reion

collisions and rigorous comparison of such models with
Thus, an_essential requirement for the field as a whole is

strong support for the ongoing theoretical studies of QCD

matter, including finite temperature and finite baryon density

lattice QCD studies and phenomenological modeling, and

an increase of funding to support new initiatives enabled

by experimental and theoretical breakthroughs. The success

of this effort mandates significant additional investment in
theoretical resources in terms of focused collaborative initia-

tives, both pmgramnmtic and commu nit}-' oriented.

& Lattice QCD :

Running coupling behavior,
Vacuum Structure,
Temperature effect,

A\ 7 .

& Continuum :
(1) Phenomenological models
(P)NJL. (p)QMC. OQOMF,
(2) Field Theoretical
Chiral perturbation,
Functional RG,
QCD sum rules,
Instanton(liquid) model,

e Dyson-Schwinger equations can play the
role of a continuum approach.



I1. Dyson-Schwinger Equations
— A Nonperturbative QCD Approach

(1) Outline of the DS Equations o

Slavnov-Taylor Identity

axial gauges BBZ

AI“W k’p7q = II*(p) — TI* q)

covariant gauges

A FAW(k’p’ Q) — H(kz) Gll,a'(qa _k) Hg:u(p) - GVO'(p1 _k) ng(Q)

C. D. Roberts, et al, PPNP 33 (1994), 477; 45-S1, 1 (2000); EPJ-ST 140(2007), 53;
R. Alkofer, et. al, Phys. Rep. 353, 281 (2001); LY X, Roberts, et al., CTP 58 (2012), 79; -



¢ Algorithms of Solving the DSEs of QCD

e Solving the coupled quark, ghost and gluon
(parts of the diagrams) equations,

e'g°' m_1 = @Om_1 +2@§/§<}m

e Solving the truncated quark equation
with the symmetries being preserved.

g’ -1 ?.
T




4+ Expression of the quark gap equation
e Truncation: Preserving =2 Quark Eq.

53’—“}5": Zo(—ip + Zmm) + Z1g° f %[tﬂwﬁ (@)% (p,q) D (p — q)]

e Decomposition of the Lorentz Structure

e Quark Eq. in Vacuum :
S~ (p) =ipA(p*, A*) + B(p®, A®)

(Alz }—l—l——fﬂfyuﬂ yf‘{ Ldiyj@;&[z,y]

yB(y)
| BO) =373 | Wiz + g 0= )



e Quark Eq. in Medium

Matsubara Formalism

Temperature T : =» Matsubara Frequency
@, =(2n+1)x

Density p: => Chemical Potentia !

S7'p) = S '(p.wa,n)
Decomposition of the Lorentz Structure

S ~'(p) = iv - pA(p°) + B(p*). E—

S 1 (py sy, 1) = §A(p, )7 - o iC(p, )l + i) + B(R) + -



4+ Models of the eff. gluon propagator

G(k2) . kks
7Dy (k) = 4 (5, — P2k
o Commonly Used: Maris-Tandy Model (PRC 56, 3369)
w 872 ~im 1 — exp(—t/[4m f]]

D 9_“‘ -

! f In [— (l +t/ "LQ¢ ng} ;

e Recently Proposed: Infrared Cons’ran’r Model

( Qin, Chang, Liu, Roberts, Wilson, JAHCI:E ﬁﬁg(ia%;%fﬁl_
Phys. Rev. C 84, 042202(R), (2011).) ]
Taking t /o' =4 /o' =1 in the coefficient . |
of the above expression

e Derivation and analysus in PRD 87, 085039 (2013)
show that the one in 4-D should be infrared
constant.



4+ Models of quark-gluon interaction vertex

[".(q,p) = t°T'.(q, p)
e Bare Ansatz

I,(d, P) =7, (Rainbow Approx.)
e Ball- Chlu (BC) Ansatz

A(p?) + Al¢%) p+q) (v-p+7-9
M2 = 2 )2 | +(p — o AP = Ale))
—i[B(p*) — B(¢°)]} Satisfying W-T Identity, L-C. restricted

e Curtis-Pennington (CP) Ansatz

2

or, e, 1o o o =)= (k+p)uy(pt+q)
I (pa) = LCpg) +5(A0% - Al*) - o a) ‘ |
dp.q) = PO+ M)+ M) “Satisfying Prod. Ren.

p?+q°
e CLR @®c+acm Chang, etc, PRL 106,072001(‘11), Qin, etc, PLB 722,384(‘13))

L™ (pr, p) = U™ (pp pi) + T (pyy ),



(2) DSE meets the requirements for an

approach to describe the QCD PTs
& Dynamical chiral symmetry breaking

®) = mo Inp/Agonl® + O =T (7q) # 0 == DCSB

p? [lnp/ CD]d
1.5
In DSE Clppf'OClCh 1.2 _—;n MT*RL £ M(0)1BQC+RL
09 F—~— 1, [ - - = <qo>
2 B(pz) < 06 | - E -
M(p°) = RS NSl N
2 O 03F\ i leemrot N T e
APY) g 00 N e ENC
Numerical results g 10 F e F acriec
(<] N ',":_ /‘/’/
= Increasing the sk kT
. . T E -t - f--"""
interaction strength o ENC --S--ENT -
induces the dynamical 0 5 1 0 3 & O

: D/w’
mass generation K.L. Wang, YXL, et al., PRD 86,114001(*12);



A Analyzing the spectral density function

- ’W
— [
= -1 4
=1
= -15-
204 =0, 04, 0.5 GeV
25 T T T
o 1 20 30 40
t{Gev ")
p=0.53 Ge\/
iy — = - pn=0.54 Ga/
----- u=0.55 GeV
= -a
=L
=
=
— =12
16 T T T T T T
L} 10 20 30 40
t{Gev ")

H. Chen, YXL, et al., Phys. Rev. D 78,

116015 (2008)

— T=11T, | |
-=- T=3.0T, |

- ]
9 i i
I i

1] !

| I

p(w) [GeV')

1! k 3}
Y H
1! 1!
L i1 !
1! !
| \ Pl J y | \
'\ B
o ) | " ) ——— L - '
-15 -1.0 -05 0 0.5 1.0 1.5
w[GeV]
ol T T T=0.8Tc —v:

plw] [GeV]

=3 _12 ;1 6 ; 2 3
w[GeV]

S.X. Qin, D. Rischke, Phys. Rev. D

88, 056007 (2013)

4 +oo ! /
. . dw W',
{j S(«Lwn’p) — f _M

+0oo L
Slp,m] = [ dew [p(bc) — m(w) — p(w)in plw) }
. m

indicate that the quarks are confined at
low temperature and low density

1 SR(W’ﬁ) — S(iwn:ﬁ”iwn—}w—i—ie

oo 2 dwp — W'

| oplw.p) = =i Fpolw.p?)

+ 7w pe(w, p?) + ps(w,5”)

In MEM,

Plp|M(a)] = o—c*Slom],

m(w) = mef(A? —w?).



& Hadrons via DSE
& Approach 1: Soliton bag model

Pressure difference provides the bag constant.

& Approach 2: BSE + DSE

e Mesons
BSE with DSE solutions being the input

Quantum field theory bound states: BSE

A L. Chang,
Cy(p P) = /k K(p, k; P) S(ky) Tar(k; P)S(E-) et al.,
PRL 103,
p P , o 081601
—o . —e~ K (2009).

e Baryons
Fadeev Equation or Diquark model (BSE+BSE)



+ Some properties of mesons in DSE-BSE

Solving the 4-dimenssional covariant B-S equation with the
DS equation and flavor symmetry breaking, we obtain

Expt. (GeV) Calc. (GeV) Th/ Expt. (GeV) Calc. (GeV) Th/Ex-1 (%)
<07 0.7755 0.7704 0 0.13408 0.13460 03
p 0.7755 0.7755 = | 0.13957 0.13499 -3.3
“” 0.7827 0.7806 K*| 0.49368 0.41703 -15.5
K**|  0.8017 0.8915 K| 0.49765 0.42662 14.3
K*° 0.8960 0.8969 " 0.54751 0.45499 -16.9
& 1.0195 1.0195 n 0.95778 0.91960 -4.0
D*Y 2.0067 1.8321 DY 1.8645 1.6195 -13.1
D*= 2.0100 1.8387 D+ 1.8693 1.6270 -13.0
D 21120 1.9871 D] 1.9682 1.7938 -8.9
J /1 3.0969 3.0969 Ne 2.9804 3.0171 1.2
Bt 4.8543 B* 5.2790 4.7747 9.6
B*0 4.8613 BY 5.2794 4.7819 9.4
B*o 5.0191 B! | 5.3675 4.9430 -7.9
B 6.2047 BT 6.286 6.1505 2.2
T 9.4603 9.4603 b 9.300 0.4438 1.5

(L. Chang, Y. X. Liu, C. D. Roberts, et al.,

Phys. Rev. C 76, 045203 (2007) )



4+ Some

Inte

(De

properties of mesons in DSE-BSE

Present work  Expt. RL-Padé RL-direct

M 0.138 0.138 0.138 0.137
Mg 0.84 +£0.03 0.777 0.754 0.758
Mg 1.134+0.01 0.4-1.2 0.645 0.645
Maq 1.28 +0.01 1.244+0.04 0.938 0.927
b,y 1.244+0.10 1.21 +0.02 0.904 0.912
May, — 1 0442004 0.46 £0.04 0.18 0.17

my, —m, 0403014 043002 0.15 0.15

s

( S.X. Qin, L. Chang, Y.X. Liu, C.D. Roberts,
et al., Phys. Rev. C 84, 042202(R) (2011))

n, (L.Chang, & C.D. Roberts, Phys. Rev. C 85, 052201(R) (2012) )



4+ T-dependence of the screening masses of
some hadrons

_TT ...... qqc‘ -

15 |
S [
8 [
= 10 [
E i

05 [

00 L

"I_ﬂ [ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
Q.0 0.1 0.2 0.3

T [GeV]

6T Relation
M2 =M. +4M;

2> M, =2M_
can be a
signal of

the DCS.

r,ocl/Mg ,when 1 <r_, ,the
color gets deconfined.
Hadron properties provide signals

for not only the chiral phase transt.
but also the confinement-deconfnmt.

phase transition.

m [GeV]

Wel-jie Fu, and Yu-xin Liu, Phys. Rev. D 79, 074011 (2009) ;
K.L. Wang, Y.X. Liu, C.D. Roberts, Phys. Rev. D 87, 074038 (2013)



+ Electromagnetic Property & PDF of hadrons

Pion electromagnetic form factor Proton electromagnetic forma factor

— Our pfediclion

—— VMD p pole

+ CERN '80s

+ JLab, 2001
JLab at 12 GeV

—— pert. QCD

A JLab, 2006b

& JLab, 2006a

T T
T $

-
a
1

Q® [Gev]

PM and Tandy, PRC62,055204 (2000) [nucl-th/0005015]

P. Maris & PCT, PRC 61, 045202 (“00

i DSEBSA, this work 27 GeV? % \* T [ o =N Drell-Yan, {Q%) =27 GeV*
0.1 ;

®  E616 7N Drell-'Yan 16.4 GeV? %, "jﬂ ] - (¢ =127 GeV?, Full BSE
== = =Expt NLO analysis 27 GeV? _.\.. \\ i ] 0.2 __ - 27 eV | I mie e R 2 m -]
-— -— DSE (Hecht et al.)27 GeV? kY ‘\*. ] L - - : o . !
= = =Aicher et al .27 GeV? ) ok ] 3
ool .L‘“.\\.' 0.0 ——— I.}. PRI T S T J-. PRI [N T .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
- H i

R.J. Holt & C.D. Roberts, RMP 82, 2991(2010); T. Nguyan, CDR, et al., PRC 83, 062201 (R) (2011)



+ Decay width of n.—y*y

—[)SE calculation
=-==gxirapolation
—_ 1/(1+Q%m? )
(- ¥ "
- LN | e DSE PTIRs predition
= ® expenment
LL
—_
]
O
"-_:lu-" -
T i
0.2 IR _{_* =

J. Chen, Ming-hui Ding, Lei Chang, and Yu-xin Liu, Phys. Rev. D 95, 016010 (2017)



& A theoretical check on the CLR model
for the quark-gluon interaction vertex

Physics Letters B 742 (2015) 183-188

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Bridging a gap between continuum-QCD and ab initio predictions of @Cwssmk
hadron observables
s (E) AR £2)

[1+ G2k ¢%)]1?

I (k) == k*d (k%) =

Daniele Binosi?, Lei Chang®, Joannis Papavassiliou ¢, Craig D. Roberts -

14 T T T B T T T
{=4.3 GeV, u(§;)=0.22 RL =imrme
2| (=30 GeV, a((7)=0.30 - ] HArg—
(=2.5 GeV, u((})=0.36 -===-- 5r DSE —— |
i {=2.0 GeV, u((2)=0.46 L
10+ {=1.0 GeV, a(t?)=1.09 - &
9 3 % 4 ‘ \ i
= ol S
o r a3 | g
e )
&> 6+ =
2 \ 5
< \ o2y
T ‘\
2| \ ] T E :
0 ‘ . ‘.‘\'\..n . 0 &= : ' : :
0.001 0.01 0.1 1 10 100 0 0.5 ' 18 2 25
k2 [GeV?] k2 [GeV?]

. o ) . ) ] Fig. 2. Comparison between top-down results for the gauge-sector interaction
Flg.. 1. RGI running mteractlon strength, d(k=) m.Eq. (_19), computed v1a_a combi- [Egs. (19), (22), Fig. 1] with those obtained using the bottom-up approach based
nation of DSE- and lattice-QCD results, as explained in Ref. [25]. We display the on hadron physics observables [Eqs. (4)-(8)]. Solid curve — top-down result for the



aA comment on the DSE approach of QCD

Available online at www.sciencedirect,com
-y

“».” ScienceDirect nucLear JIN

PHYSICS

Nuclear Physics A 796 (2007) 83—-100

Phases of dense quarks at large NV,

Larry McLerran ", Robert D. Pisarski **

d Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
b RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY [ 1973, USA

Received 15 July 2007; received in revised form 14 August 2007; accepted 15 August 2007
Available online 14 September 2007
One way of computing the properties of a quarkyonic phase is to use approximate solutions
of Schwinger—Dyson equations [23]. These are, almost uniquely, the one approximation scheme
which includes both confinement and chiral symmetry breaking. They do have features reminis-
“cent of large N_: at low momentum, if chiral symmetry breaking occurs, the gluon propagator for

N =3 1s numerically close to that for Ny = 0. At present, solutions at ;1 % 0 assume a Fermi
surface dominated by quarks; if quark screening is not too large at moderate 14, these models
should exhibit a quarkyonic phase.

C. D. Roberts, et al, PPNP 33 (1994), 477; 45-S1, 1 (2000); EPJ-ST 140(200%), 53:

R. Alkofer, et. al, Phys. Rep. 353, 281 (2001); LY X, etal., CTP 58, 79 (2012);



ITI. Criteria of CEP & Results via DSE:
A Conventional Scheme

Order Parameter: chiral cond. (gq)! p
Procedure: Analyzing the TD Potential

(n=0d=V)
2 3 8
&
222

Criteria of PT: 22, g;ﬁ etc, change sign .



e Critical phenomenon can be a criterion for CEP

dp  O*P
X — W — W
o Odu?
25 T T T T ¥ ! i
_ : | 72 OP/T Oe
i | ——T=0.126GeV g = - cy = —
20T b |-~ -T=0.128GeV| ] I 1
' 4 [---- T=0.130GeV| | 80 , ————————
15} .
“’g - : —— =0 GeV
S 10} 60} / —-=-0.08GeV
= , - - -0.11GeV
: _ ' ---- 0.14GeV
40 :
E B
0.14 20k )"
L

Fel Gao, Yu-xin Liu, et al., Phys. Rev. D 93, 094019 (2016).



e Locating the CEP with the Critical Behavior

65—

v T<T, ' 6.0

—fit with 0 =0.68 - I

5 it with o 55

5 - ] — 5.0
= i~ A
e 4r y E 45¢

v T<TE
— fit with ¢ =0.66

Quantity 7T-T,—0" T-T,—0" p—pp,—0" p—p,—0"

Cy 0.69 &= 0.02 0.66 =0.01  0.69£0.01 0.65=x0.01
X, 0.69 = 0.01 0.68+0.01 0.68+0.01  0.65+0.02

(13, TY) = (110.9,127.5) MeV

Question: In complete nonper‘rurba‘rlon, one
can not have the thermodynamic potential.

The conventional criterion fails.
One needs then new criterion!

Feil Gao, Yu-xin Liu, et al., Phys. Rev. D 93, 094019 (2016).



& New Criterion: Chiral Susceptibility
e Def.: Resp. the OP to control variables

oM oM . dag) &ae). oB 8B . OB .
or a,Ll ’ or ou or 2 oL v amO ’
e Simple Demonst. Equiv: of NewC ma&anvc
JE R H AR AL

TD Potential: QT n) = 820&9]}63%”;)17@1 3(n*)? + é"(f} )

Stability Condition: 3> = an+ i’ + y7° =0
227?:05+3,8772+57/774>0, St.; <0, Unst. .
Derivative of ext. cond. against control. var.:
la + 387" + 57/774](2—2)g:§0 + 77(86_?);:40 - US(%)g_; - 775(2—2)# =0

ﬂ(%?)gzgjﬂg(if)g:@+775(§Z)g:§c At field theory level, see
(azgj Fei Gao, Y.X. Liu,

o Jey Phys. Rev. D 94, 076009
7 (2016) .

we have: 7 = (2) L =T



& Demonstration of the New Criterion
In chiral limit (m, = O)

- 0.3 : %. vzl 7 ]
i 0.2+ i O 026 i
2 i 1 A 025} % .
o 0.1+ - =2 I |
1o 1o (a)
Y 0 I (a) 1 1 1 1 | \{ 0 I ‘ ;
'0.00 0.03 0.06 0.09 0.12 000 005 010 0.15 3020 025 030 0.35
300 - : " 300 ; : ‘ 300¢ (b) ' ‘ ‘ : (©) '
~~150! (b) : 1~ (C) 1501¢ i | 161
3_0 | 3?200' 1 =) ' 812_
S, Oremsgne T Ot
,5_1507 \ | 2100} J . 150+ ! | 8
' .
-300 . 0 00 L) A/
000004008012016 0.000.04 0.08 0.120.16 00 01 02 03 04 00 01 02 03 04
T [GeV] T [GeV] u [GeV] u [GeV]

S.X. Qin, L. Chang, H. Chen, YXL, et al., Phys. Rev. Lett. 106, 172301 (2011).
Beyond chiral |Iml'|' (mO #0)

I ‘ \
_ I,[I = D . - 100 —— crossover :“
& _ - - - CEP !
0.8+ = x — — Wigner Lo 2 80r
o [ £ 5 &oar * i E = = first order :
& 06 a ¢ O, =150 MeV | 2 ol '
X T 2 157 R e |
T/MeV
'S 0.4 —— This work @ ol 2 40l
v | = = Fischer&Luecker o i E
L % Nambu
0.0 L L I 1 I ;E 04F  — — Wigner . 1 te. -
. 1 Vo 1 1 L 1 I !
0.0 0.3 0.6 0.9 1.2 15 Og 50 100 150 200 250 300 :z T =110 MeV ‘_ 1 4D 80 120 160 200
T,’T T/MeV 100 150 200 T}MEV

Fei Gao, Y.X. Liu, Phys. Rev. D 94, 076009 (2016)



& Characteristic of the New Criterion

As 2nd order PT (Crossover) occurs,
the ys of the two (DCS, DCSB) phases
diverge (take maximum) at same states.

As 1st order PT takes place,
xS of the two phases diverge at dif. states.

=>» the y criterion can not only give the phase
boundary, but also determine the position

the CEP.

For multi-flavor system,

one should analyze the maximal eigenvalue of
the

susceptibility matrix ( L.J.Jiang, YXL, et al., PRD 88,



&% QCD Phase Diagram

and the position of the CEP

e In chiral limit

With bare vertex With Ball-Chiu vertex
(ETP is available, the PB is  (ETP is not available, but the
shown as the dot-dashed line) coexistence region is obtained)

0.14 —— 0.14
0.12 _ ~~._ CEP~(0.12,0.13)GeV x*Nambu _ 0.12 _ ______ "‘*---h,E:EP-— (0.11,0.14)GeV _;(-‘Nambu:
I --_-xWiger' I = ----;{Wig
0.10 R N Py=Pul 0.10 [ Chiral symmetry restored
%‘ 0.08 I Chiral symmetry restoréd %I 0.08 I Chiral v broken
O 0.06 | O, 0.0l iral symmetry broken
= I . ‘\ \ = I
0.04 | Chiral symmetry brokf:n % 0.04 | l
0.02 '1 \ _ 0.02 | Co-existence | )
| . Co-existence b) e | (@) .
00% . I . I L1 R L L 000 . ! . 1 . I . I . I L L I L
.0 0.1 0.2 0.3 04 0.5 0.6 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
n [GeV] n [GeV]

S.X. Qin, L. Chang, H. Chen, YXL, et al, Phys. Rev. Lett. 106, 172301 (2011).



&% QCD Phase Diagram
and the position of the CEP

e Beyond chiral limit

With bare vertex
(ETP is available, the PB is

With CLR vertex

(ETP is not available, but the

shown as the dot-dashed line) coexistence region is obtained)

0.15 chiral transition| |

- = deconfinement | |

-— e e ZN

| (0.111, 0.128)
0.12} .

0.09 | (0.185, 0.106) .

0.06 +
0.03 — \\
000 R 1 N I . LA 1 N 1 \\
0.0 0.1 0.2 0.3 0.4 0.5 0.6

w/GeV

F.Gao, J. Chen, Y. X. Liu, et al.,
Phys. Rev. D 93, 094019 (2016).
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F. Gao, Y.X. Liu,
Phys. Rev. D 94, 076009 (2016).
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& Observable Criterion: BN Fluctuations
Quark number D. Avd: - 2xitl /rfd (ii(x)) = Ny

Ot

The 2nd and higher order fluctuations

XX = —=(5Ny?), Xi = VT% (8N — 3(ON?)?),

—((8NyO) — I5(8N NN, — 10(8N,*)? + 30(5N>)?).

VT’*

X —
Xo = VT’*

where N, =N, —(N,).

op 1 [ e s
= —— [ da{q(x)yuq(x)) = 2NNy Zo / :

N (u.T) T3 = — =
q(,u ) (-.)'u_q .}I . ] (2 )

fl pip 1),

For 2-flavor system: N =iN,, u;=34, .
Skewness & kurtosis: £=So, “=ko’.

X2



+ Quark Number Density Fluctuations

and their ratios vs T & p in the DSE
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Jing Chen, Fei Gao, Yu-xin Liu, to be published
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+ Quark Number Density Fluctuations

vs T in the DSE
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X.Y. Xin, S.X. Qin, YXL, PRD 90, 076006 (2014)



+ Quark Number Density Fluctuations

Vs
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W. J. Fu, Y. X. Liu, and Y. L. Wu, Phys. Rev. D 81, 014028 (2010):
X.Y. Xin, S.X. Qin, YXL, Phys. Rev. D 90, 076006 (2014)



+ Quark Number Density Fluctuations

vs g in 1'he DSE

6| MT mace o Im®lacmess |1 IW2 Tn cpossover
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! ;' oscillate
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W. J. Fu, Y. X. Liu, and Y. L. Wu, PRD 81, 014028 (2010);
X.Y. Xin, S.X. Oin, YXL, Phys. Rev. D 90, 076006 (2014)



+ Flavor dependence of the QN Density
Fluctuations vs T in the DSE

----- s quark| | - A
....... C quark h > B
==-=-b quark| 7]

The fluctuations of heavy flavor quarks are much
Smaller than those of the light flavors.

Net-proton fluctuations are good approx. baryon F.

Jing Chen, Y. X. Liu, et al., to be published.



+ Relating with Experiment Directly
Chemical Freeze out Conditions

Fitting the Expt data of /ZB & /
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We get the T & w5 of the chemical freeze-out states,

ug(MeV)

400

L=2.8fm

In turn, the collision energy dependence of the CFO cond.



+ Relating with Experiment Directly
Chemical Freeze out Conditions

! - 0 Pié 2 p:é 1
Wp =T e— T/ =T°|1—a(EB) —p(Z2)|.
T NN T T
450 T T 1 ' T T T T | S B ' T 30 LA l LJ L] L] L) LI LI l
400 * DSE,L=Infinity i 25 |- —e— thermodynamic limit| —
350 | e e i - —&—L=3.3fm ]
I 5 i - p 20 |- ——1=2.8fm -
; 300 - —— fitted line for L=Infinity| 15 '_ —@— experiment data i
O 250 W fitted line for L=2.8fm | ] 0 o
= I ] 8= L
\:’c:a 200 ;— ‘- = b
150 | = S
100 — 0
50 | e . 5 - i
™ 1 - l 1 1 I 1 I 1 11 l a_a 1 ' a2 I I a2 1 A A l 'l
9 10 i 100 225 S 10 100 225
S'%(GeV) S/2(GeV)

FRG calculations of Wel-jie & Jan (PRD 92,116006 (‘15);
PRD 93, 091501(R) (“16), etc) also describe the data In
JSw =19.6 GeV region excellently.

Jing Chen, Fei Gao, Yu-xin Liu, arXiv: 1510.07543.



s Key Issue 1. Flm’re size effects
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Jing Chen, Fel Gao, YXL, et al., to be published.



& Different methods give distinct locations
of the CEP arises from diff. Conf. Length

Model (Dw)'/3 ® T. (Ut Tg) ui/Tg
0.72 040 0.146  (0.120,0.124) 0.97
MT 0.72 045 0.132  (0.220,0.098) 2.24

0.72 0.50 0.124  (0.281,0.070) 4.01
0.80 0.40 0.173  (0.075,0.165) 0.45
QC 0.80 0.50  0.150  (0.124,0.129) 0.96
0.80 0.60 0.131  (0.201,0.099) 2.03

small @ > Ilongl mngé in coordinate spaée
MN model = infinite range in r-space

NJL model = “zero” range in r-space
Longer range Int. = Smaller ng/Te

S.X. Qin, YXL, et al, PRL106,172301(‘11): X. Xin, S. Qin, YXL, PRD90,076006



s Key Issue 2: Interface effects

e Interface tension between the DCS-unconf.
phase and the DCSB-confined phase

With the scheme (J. Randrup, PRC 79, 054911 (2009)
F(F)=nu+iC(VN)? +-=nu+iC(Vn)?,
we have AF. = F_(n)—F,, (n),
with F (n)=F- (n, ) FT‘”,TH);T{(”L’(H—HL)
and (EoM) AF, +1C(2)* =
> 7(M=[ AFdx=—1["C(2)%dx,

— j JESAF, (n)dn




e Interface tension between the DCS-unconf.
phase and 'rhe DCSB- confmed phase

DCS— DCSB | DCSB—DCS -
Feo-. 140
P 130
3 120
s 107 |
= 110
00 420 80 120 0 40 80 1200
T/MeV T/MeV
N 1 Y\ — 2\ C I'+d TJ}
Parameterized as 7(T) = a + bel¢/T+d/T7),

a/(MeV/fm?) b/(MeV/fm?) ¢/ MeV d/GeV?

W'Th par‘ameTerS DCS — DCSB 254 —1.5 736 —0.048

DCSB — DCS 40.0 —8.1 399  -=0.025

Fel Gao, & Yu-xin Liu, Phys. Rev. D 94, 094030 (2016)



o Effec'rs of the Interface

In thermodynamical Ilrr

B O S2)
Sy = T(e P —un) 57 1t
T/MeV T/MeV
W|1'h the mTerface entropy densrl'y
y — Toots—ocs 16
A= (Fha = et
- = = Wigner(V {= = lgner tA) e ®

bemg included, si R '
we have 2
Fei Gao, & Y.X. Liu, 1¢
Phys. Rev. D 94, I A o
094030 (2016) 0 40 80 120 O 40 80 120

Sy T/MeV T/MeV



IV. Summary & Remarks

a Introduced the DSE of QCD briefly
e Dynamical mass generation — DCSB;

e Hadron mass, decay, structure;

a Discussed criteria of CEP & Results in DSE
e critical exponents, (Te. 5 e ) =(128,333) MeV;
e susceptibilities,  (Tg,u5e)r =(128,330) MeV;

e BN Fluctuations, (Tg,tse)n =(128,330) MeV.

& DSE approach is now a practical tool!

Thanks !




& Property of the matter above but

near the V.

Solving quark’'s DSE = Quark's Propagator

In M-Space, only Yuan, Liu, etc, PRD 81, 114022 (2010)
Usually in E-Space, Analytical continuation is required.

Maximum Entropy
Method

(Asakawa, et al., ’%
PPNP 46,459 (2001); 2
Nickel, Ann. Phys. 322, %

1949 (2007)) 00}

0.8
04 7

9 SPCC"T‘OI co[Gew 04 0.8

o Qin, Chang, Liu, et al., PRD 84,
FU"CTIOH 014017(2011)




Disperse Relation and Momentum Dependence

of the Residues of the Quasi-particles’
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The zero mode exists at low momentum (<7. OTC)

and is long-range correlation (A ~ @2 >Arp) .
& The quark at the T where DCS has been restored

Involves still rich phases. And the matter i1s sOGP.
S.X. Qin, L. Chang, Y.X. Liu, et al., Phys. Rev. D 84, 014017(2011);

F. Gao, S.X. Qin, Y.X. Liu, et al., Phys. Rev. D 89, 076009 (2014).



& Consistence with Thermodynamic Evolution
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Chiral Symmetry Breaking generates the
Anomalous Magnetic Moment of Quark

Consequently, nucleon has anomalous magnetic moment.

L. Chang, Y.X. Liu, & C.D. Roberts, PRL 106, 072001 (‘11)
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4 Density & Temperature Dependence of some
erties of Nucleon in DSE Soliton Model
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Y. X. Liu, et al.,
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(Y. Mo, S.X. Qin, and Y.X. Liu, Phys. Rev. C 82, 025206 (2010) )



