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» The phase structure of strong interaction matter,

significant but still under debate;
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heavy-ion collisions (RHIC, LHC), massive [ ER oo prese
' ' : §1S-100

4 Color Super-
p stars conductor

neutron stars, GW detection, etc.

» More realistic theory in stead of crude model =
Compact 5tars Y yn/ ng

. . o . . > nN=0.16 fm—2
estimation is indispensable.

» Universe 4 (2018) 3, 52, NA61/SHINE
Collaboration

In this talk, | will concerning the effective theory approach to the hadronic matter,
with QCD symmetries, power counting.
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~(5—=7)ny <0.5fm,
- AE~500 MeV

» Construction of an effective field theory Horl

r
L ~2ng = 0.6fm,
"X AE~130 MeV

works in extreme environment:

® Compact star matter density;
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® Temperature below deconfinement

phase transition

T~200 MeV > Universe 4 (2018) 3, 52, NA61/SHINE Collaboration
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l. Introduction

m Key factors to be considered:

1. Indispensable degrees of freedom:

o,m,p,w,N,--

2. Self-consistent power counting

(errors can be estimated).

3. Symmetries of QCD

Chiral symmetry: pseudoscalar
mesons, pion

Hidden local symmetry: vector
mesons, P, @

s  Scale symmetry: dilaton, x
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EFT of QCD, real
QCD in the sense
of symmetry and
power counting.
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Idea of HLS: A NLoM based on the manifold G/H is
B ChPT of pion and rho mesons, HLS | gauge equivalent to a model having the symmetry

SU(Nf)L X SU(Nf)R Ggiobla X Hiocar- After SB of Hjycqq, the gauge boson of

Hjpcqi is identified as the massive vector mesons.

Absence of Integrating out the vector mesons from this model one
parity partner can get the ChPT for pion only.

SU(Nf)y + (Ns* — 1) NGBs
U(x) = e™/n

Chiral perturbation theory: power
counting, derivative expansion

Weinberg, 79; Gasser and Leutwyler, 84

Redundancy in the decomposition

Effective theory of vector mesons,
Hidden local symmetry

Bando, et al 89; Harada & Yamawaki, 03
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. . /\ 1
® Parameterization: =5 (auE g7 — auET . E)

ELR = e'o/foetim/In — H(x) ELR QZ,R , Ay = ( nE e ET ' E) ~IpPu ~ YWy

E = e_in/fn
® Particles:

A Al
V, =V T --- HLS gauge boson S f O h

m=mn%* .- NGB of CSB Three parameters:

o=0%T% -+ NGB of [SUNf)v]iocar SB € E, --- pion decay constant

€ g - gauge coupling of HLS

|
AU A 2 AHA H .
Luis = Frtr[67 6] +abtr [0{ OC|.”} - 2_g2tr[VWV 1T ea - validity of the vector dominance

Power counting: O (p)~0(mn)~0(gp,w)~0 (mp,a))
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B Both chiral symmetry breaking and HLS are based on the nonlinear
realization of chiral symmetry, the 4t component of the chiral four-

vector is integrated out.

B How to include the sigma meson (0™ T) field in ChPT/HLS?

B Trace anomaly as the source:
anomaly match

Trace anomaly in QCD ¢ Trace anomaly EFT

B(g9)

95 = _Zg Gva”v X (? ey SV (X) x*

Dilaton compensator;
A source of scalar meson in EFT
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l. Introduction

PHYSICAL REVIEW D VOLUME 2, NUMBER 4

Broken Chiral and Conformal Symmetry in an Effective-Lagrangian Formalism

C. J. Isnam, ABpus SaLam* AND J. STRATHDEE
International Atomic Energy Agency
and

UNESCO, I'niernational Cendre for Theoretical Plhysics, Miramare, Triesie, Tialy
(Received 13 April 1970)

The simultaneous breaking of conformal and chiral symmetry is investigated within the framework of
nonlinear realizations and effective Lagrangians. The explicit introduction of a massless dilaton field, x
enables conformal invariance to be nreserved in Lagrangians for massive matter fields. It is shown that the

M Trace anomaly in QCD

9, D" = %T?‘ (G GH)

A possible way for a scalar meson.

gl _ MG 4
Anomaly matching: 6, = ar2

15 AUGUST 1970

PHYSICAL REVIEW D

7.AD Nuclear Physics B22 (1970) 478-492. North-Holland Publishing Company

ASPECTS OF CONFORMAL SYMMETRY AND CHIRALITY

John ELLIS

Depavtment of Applied Mathematics and Theovetical Physics,
University of Cambridge, England

Received 15 June 1970

Ahstract: Two simple Lagrangian models combining conformal symmetry and current
algebra are exhibited. Either both symmetries are realized linearly, or both
symmetries are realized in the Goldstone manner. The scalar isoscalar to pseu-
doscalar meson couplipgs differ from those obtained by naive low-energy theor-

VOLUME 21, NUMBER 12 15 JUNE 1980

Effective Lagrangian with two color-singlet gluon fields

Joseph Schechter
Physics Department, Syracuse University, Syracuse, New York 13210
(Received 10 December 1979)

An effective Lagrangian with scalar and pseudoscalar “matter” fields as well as scalar and pseudoscalar
{gauge-invariant) color-singlet gluon fields is constructed. It is a representation of quantum chromodynamics
in that it has the same symmetry structure as that theory. The present model is a generalization of a one-
{pseudoscalar) gluon-field effective Lagrangian which compactly summarizes the results of the 1/N,
approximation, gives a simple picture for the *“U(l) problem,” and essentially reduces to a type of
generalized o model. The new feature here is that, in addition to the chiral-anomaly equation, the trace-
anomaly equation is automatically fulfilled. This gives a framework for discussion of the properties of a 0F
color-singlet gluon field. The model may be formulated either so that this field is eliminated by a constraint

How to construct an EFT with power counting mechanism like, e.g., NGB in ChPT?
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Il. Basics of Chiral-scale EFT

B Phenomenological consideration

NG bosons | scale -
pp'=0(m2)} separation Ye—— Not NG bosons ——s
[}

i 2

XPT: T T T T o
L] Jo K n
NG bosons p-p'=0(m}) |
0 -
T | S (mass)*
w K n
xPTs
fo p
—1 L {mass)®
y be——————— Not NG bosons ——
]
NG bosons ppf =O(m) ¢ % 1 NotNG
0 i separation }*
XPTa 0 ' ' bosons (masx)’

T T 1 T
L Jo K T [

» Crewther and Tunstall, PRD91(2015),
034016, e-Print: 1312.3319

o g . IR fixed point: Bloyg) = 0
6&6\ xPTs = expand in 6}
(aa) £0 o B M0
Uz\’Pr/ about scale-dependent |vac)
3 = NG bosons m, K, 1, @.

X= fxea/fx = fxq)

To keep chiral expansion
consistent: f_ ~ f,

2 -
mg~Aag = ag — ajg, my
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Basics of Chiral-scale EFT
B Existence of IRFP, theory and data

B World data M
. Exp.o:gl
s | — This work N
————— = -— R-Qetal (2018)| | )
» A. Deur, e-Print: 2502)06535
) [hep-ph].
<3
0.5 -
-1
e ] 0
) . r 0o e b ] L el r 0l L
00005 o1 i 107! i 10 10° 10°
k [GeV] 0 (GeV)
» Z.F. Cui,J. L. Zhang, D. Binosi, et al, e-Print: 1912.08232 [hep-ph].

> The absence of Q?-dependence of «a; in the IR, i.e., the vanishing QCD B-

function, is variously named the freezing of a., the conformal window of QCD,
or the Q? = 0 fixed point.

» A. Deur, e-Print: 2502.06535 [hep-ph].
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L=LY (mox, Vi) + L (0,7 V) — ViX)
xPT, H XPTo V7 T X T - — /fx =
X = felh = fib

2 2
M l A ~ 1L X A N7
E;E*EDTU(W:X, V) = f: (f ) Tr[ay,al ]+ af? (f_) Tr[a”“am R
a a a

1
| J_uzz_i(auE'ET_auET'E)

1
+ —Tr[V,, V"] + =0, x0"x R 1
242 4 ] 9 p XY X “uuZZ(GME'ET+aﬂ§T'§)_9pPu—gwwﬂ
B . X — E=e m/fn

EXPTU(,QJJ:W: X ‘/;J) — TI'(B?:"}’#D#B) - f_TI'(BB) +

. g \L@(PB‘FG)#) [):,r Kﬁ'+
Trace anomaly potential: g .

Vi=—"0% Pu —%(pﬁ—wy) K,
m2 £2 /. 4 ‘ 1 2 . 2 0
Viy) ~ mi,lf},r (%) [ln (%) _ Z] _ Ky K 4
5’ +ZA =t p

W. G. Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775; Lo 1
YLM, M. Rho, e-Print: 1909.05889 [nucl-th]; B(x) = z —pE tEA o
H. K. Lee, YLM, W. G. Paeng, M. Rho, e-Print: 2107.01879 [nucl-th]
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Note:

Anomaly match in vacuum is a loose constraint, general form is
complicated. To make the model feasible, some simplifications
are needed.
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iR lll. Nuclear matter properties

l11.1. Pseudoconformal structure

B Scale symmetry in medium is drawing more and more attentions.

O Trace of energy momentum tensor - Energy density: £(n)
6, (n) = e(n) — 3p(n) * Pressure: p(n)

0(0,) _ 0e(n)
on on

, 2 dp(n)/on _ dp(n)
(1 —3v5) S T de(n)/on  9e(n)

> Stiffness of EOS, behaviour of SV, interaction among quasiparticles!
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EZ = k& + m?,

372 \"?
TN _ ke = [ —
u)) invar. 0/, = 0

1 4
_7_[2 m EFkF m~*1n m

B An example: Cold non-interaction fermion matter:

» Scale symmetry is broken

O Extreme high density regime, kp > m by fermion mass
2 1 A
= 7 2k-F(IJr k2 ) = ﬁsz 5
H n 2
0, — —k¢
z T2 F
1 m2 1 4
P — k(1 E) = GoakE

» Energy density and pressure = independent of m, massless fermion

» TEMT - non-zero (even divergent « k7 !) Can we talk about
conformality?



NANJING UNIVERSITY III. Nuclear matter properties
B An example: Cold non-interaction fermion matter:
O Sound velocity: 2 _ dp(n)/on _ dp(n)

Ys T 9em)/on  de(n)
> m =0, &(n) = 3p(n) - scale invariant, conformal SV: vZ = 1/3

: : : 1 B 1
» Extreme high density regime, kz > m - 1752 = E(1 — %) ¥ T
F
conformal SV, BUT scale non-invariant
T T T Sound velocity © conformal
o velocity for kp > m = 10 n,

2

m
o — —k?

. » The proper criteria for conformal
T window ky > m s the SV not the TEMT.
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U RS lll. Nuclear matter properties

B Compact star matter (strongly correlated matter):

O For compact star, the core densities are about ' 1 (5 — T)my < 05fm,
(5~10)n,, depending on the models. Mol ./ \¢ BE~500 MeV

1/3

312 o

) o — r

kr ( 2 n) 0.5 my S X AE130 MoV
. e ot -‘." "AE~130 MeV

» Not high enough to be the conformal window,
kF > mpy s .
Cannot talk about conformality? o R/km

v’ It is a criterion relevant to the non-interacting massive fermions, cannot be
simply imposed on the strongly interacting fermionic matter at the core of
compact star. A conformal window may appear in a different context.

» H. K. Lee, symmetry 16 (2024), 1598
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x = fe’x = f,&
L= £XPT (7, X, Vi) +£XPT (¢, mox: Vi) = VI(X) mg, = ®*m,,
my = @ my

2 2
i (roxe Vo) = £ (1) Wlassat)+os2 () i =5 (088~ 87 )

1 1 1
— TY[V,, VH] + =8, O" 5
F g MV VL 5000 Gy = 57 (08 - 8 + 8u8 - §) ~ gohy — gy
) N £ = o~in/fr
Ly, (V.73 Vi) = Te(Bin, D' B) = 2= Tr(BB) +
m2f2 [ x 1 X 1
o Malo [ X ~1. — Trace anomal
Vi)=Y (h)[h(ﬁ) 4] Y
> W.G.Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775; Dialing the parameters,
» YLM, M. Rho, e-Print: 1909.05889 [nucl-th]; accommodate NM ‘
» H.K. Lee, YLM, W. G. Paeng, M. Rho, e-Print: 2107.01879 [nucl-th]

properties around n.
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U B lll. Nuclear matter properties

. Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775.
0 Oe(n IP(n) ;0e(n
Oy =240 g g2y v2/c? = O(n) 1 9¢e(n)
On VK n S an an
0 0.7 /\/
% 100 \/w oe T
S -
[1}] N !
= -200 . j
= o — vg/cin a=1 matter
% ~300 S0 ‘ - vgle=y/1/3
= — —€(n)+3P(n) for a=1 matter .
T -400 S e vs/c in a=0 matter
[ —€(n)+3P(n) for a=0 matter
—500G— 2 3 4 5 6 ' 2 3 \6
n/no n/ng
Relevant to the
W For > 2n,, TEMT is a density independent constant; core of NS
m For >2n,, SV - 1/v3—conformal limit. Pseudoconformal structure

2 __ H
feature not observed before. (Vs =1/3,6, 7 0)
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The PCM changed the previous understanding of the EoS:

O The model where the sound velocity saturating the conformal
limit at asymptotic density, cannot predicted the maximum value

of the NS mass satisfying the observation of the massive NSs.

‘ Predicted in more models

/ L

{ T T T T T ] ! 1

T 1

Quark-hadron crossover

Quarkyonic matter Quarkyonic matter
P(p) = S(p)Py(p) + (1 — S(u) Prlp)
0.5 10 . . — Total
e 4 i
0.4 e 100XL o ' P — ()
—— PNM version ) 2 // {f NS data
oer & : 4 s
). ’:E“ iﬁ // : 2
0.2 - lEnergy dzensity n i In(ElEu)‘
02p"
e 3. 2. The speed of
01 il 500 1000 1500 2000 2500 (010 OO{J"?TD"; 06 08 10 |
€ (MeV /fm?) ng (fm=%)
Kapusta & Welle, 210316633 Zhao & Lattimer, 2004.08293 Margueron et al, 2103.10209 Fujimoto, et al, 2207.06753

|t |
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lll. 2. Peak of sound velocity

dp(n)/on " d ol 0
24 v = ap(n)/ s 2 i(‘*ﬁ = UE(,H)(I—?w;)
vS : E(n)/an 58(7’1) on on .
] 1
/! At least one peak . pQCD region
/3 '“5"“‘““--------———:——————----q;%
>

~2n ~10 n, ~100mn,
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lll. Nuclear matter properties

10°% 1073 1072 0.02 0.04 0.06 008 0.1 0.5 1
| | |
10 e ——
2 < 1/3 . “TOV
0.8+ ]
0.6+ ]
0.4+ ]
0.2+ ]
0902 10° 107
e[MeV/fmﬂ
e e e e e e e e o
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vith numerous implications on the
from neutron stars. To this scope,
1 speed and build more than 10
erturbative QCD, but also with
sound speeds, i.e., with ¢- < 1/3
0.03% of our sample. Hence, it is

.ge sample, we obtain estimates at
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Hippert, et al., 2105.04535: Emerges in the transition from a phase with broken chiral :

| symmetry to one with gapped Fermi surface with the I
N condensation of diquarks and dibaryons. :

|
T T — 1 W Transition from hadronic phase to
1 I Hadronic | S quarkyonic phase;
phase ;“*-_ ' '

At (2~4)n, due to topology change;
Hadron-quark crossover;
Formation of diquark gap.

L. McLerran and S. Reddy, PRL122 (2019), 122701.
T. Zhao and J. M. Lattimer, PRD102 (2020), 023021.

(Vs, B/ C)E

G. Baym, S. Furusawa, et al., APJ 885 (2019), 42;

M. Leonhardt, M. Pospiech, et al., PRL125 (2020),
142502 (2020).
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Lap = F207Tr (86,0) + F7,92 Tr (8, ) + 302 T (6] ) Tr (d)

1 1
— —Ir thvv,u.v — —1Ir Vuj Tr (VHY
7 T (V) = 5 T (V) T (V)
5 . e T T T~
+ %QLLXGMX + f(b' —m Ty (MU-? + UM*) +J?F(I) —+ h (I)4+[3

Lp= N?I'yH‘D‘”'N —myPNN . 41 (3,6 EF — 0,8 D)
- ngNWNIN/Y,u.N - gpNNpa”NTafY,u.N 1 ad Sime" -
— goNN (‘I)-B’ — 1) w'N~, N @y =5; (8 &+ 0,8 §) = Gppy = Gy
wN | £ = o =i/ fn

SSB 3’
— 9 NN (‘1" — 1) “NT%,N.  » L Q zhang Y. Maand YLM, 2410.04142;
2412.19023.
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lll. Nuclear matter properties

B Self-consistent mean field calculation

Empirical bsHLS-L bsHLS-H
n 0.155 4 0.050 0.159  0.159
€0 —15.0+1.0[46] -16.0 -16.0
K (no) 230 &+ 30 232 284
Eeym(no) 3094+ 1.9 30.5 29.2
Esym(2n0)  46.9 £ 10.1 51.5 50.2
L(ng) 5254+ 17.5[48] 85.9 68.3
J(ng) =700 % 500 767 -599
Mo "HI r YoNN 9pNN 9uNN 9 /i%l%
bsHLS-L 1.05 0.395 0.161 115 3.78 9.45
bsHLS-H 2.30 1.15 0.191 11.0 4.17 885 4.5

Peak of SV, not far from n,

1.0}

0.8

— DSHLS-H
v DSHLS-L

—

-

1.0 1.5 2.0 2.5 3.0
n/nq

B The peak in the SV is due to the nonlinear realization of scale symmetry, NOT
observed in Walecka-typy models!

» L. Q.Zhang, Y. Ma and YLM, 2410.04142;

2412.19023.
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lll. Nuclear matter properties

B Why in Chiral-scale EFT?

» Scale symmetry is first partially restored

with density, but then stops after a critical
denny

> The nonlmear realization of scale symme’rry glves a
natural explanation of the peak in the SV, WITHOUT

retrospect to phase transition/configuration change!

ny

(5), -4 [ feme

exp( m¥|xX —x'|)
4 |x — X'|

B()(i:/)

X= fxea/fx = fx
m, = ®'mg,
my = ®*my

Diverge unless it is screened by m,. If the w
mass were to go down, the nucleon-nucleon
interaction would become strongly repulsive
with increasing density. This forces the w mass

m,,, and hence x"to increase.
B. Y. Park, M. Rho and V. Vento, NPA807(2008), 28.
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B So far, only the RMF approach was applied.

B Can (How can) we go beyond MFA (meson fluctuations) by using this theory?

p @, 0, % N Nk k/N

7 N

Fock terms

1

i o, ®, p ~—

: Mg
> = > + > >

?
[

{p, @, 0, | Hartree terms

L

t-channel u-channel

» J.Y.Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th];
» Y.Ma, YLM, L. Q. Zhang, e-Print: 2512.23477 [nucl-th]
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B At zero temperature, construct CSDC rules in relativistic Hartree-Fock method

(RHF)
To illustrate the Lopr = N [iff —mn — 9SNNS — gORR P
procedure, consider OBE OBE

—Y9oNNO — gﬂ-NNawiTi’-Yf)} N + Emeson
Dirac equation in dense medium: (iy#p, —mp — 2(p))Yp(x) =0
X(p) =yH2Zy, + 25 baryon's self-energy

momentum and mass in dense medium: p, =p, — 2y, mg=mpg+ Xg

» J.Y.Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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The solutions of baryonic and mesonic fields:

Fermi sphere with MFA No-sea approximation

Baryon field

wp(x) = 2 “.(2]:)3 \/i[ u(p, s)e~"a(p, s)]

Effectlve energy at densities

Meson field Induced background field Nucleon source ~ @(kg)

)= d*x'D, g(x - x) (—gSFEN YN ())

Vv

» J.Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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Characteristic momentum expansion

» 0(kg)~0(p)~500 MeV, for the typical density regions of a neutron star;

» With assigning the consistent power counting of coupling constants and
label the expansion factor as characteristic momentum k.~ hundreds of
MeV;

» The induced background fields and coupling constants:

g, T, Wy, lOL ™~ O(kg)
ganns Ionns Jonn ~0ke), gann~0 (ke)

Leading order: free Fermi gas, #, = N (—iy - V + my) N

O(k;)
» J.Y.Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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The energy density of dense nuclear matter:

<Q‘: 7 ‘Q> - <0‘T{: H exp [z/:o dt’ﬁ;(t’)] :Ho>c

H(z) = N(z)(—iv-V+my)N(z)+ N(z) (g?ﬁ% /V d*2'D,(x — 2') (—g?ﬁ%N(m’)N(m’))) N(x)+ -

Fock terms Hartree terms

» J.Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]



ﬁ ZK éf IV. CSDC rule for dense and thermal systems

NANJING UNIVERSITY

Chiral-scale EFT brings difficultities of practical calculations due to the dilaton
compensator approach with the non-linear realization of sigma. y = fxea/fx = £,

(8u6"” + mi) g = — g?ﬁ%NN—}— Zggwﬂ O'i + Zggi+1NNO'iNN

3

i
Q/N N |
1
N ! N
| I |
P §
. A A
| ~>) |
N

The Feynman diagrams for calculating the effect of meson fluctuations are arranged
in terms of physical fields;

Expand the exponential in terms of physical field sigma. A counting mechanism is
need to truncate the order. » J.Y.Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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o(z) = / d*2' Dy (x — 2') (—gOBS N (/)N (z')) Used as th-e bas-is to solve the
1% expansion iteratively.

» The induced background fields and coupling constants at LO:
g, T, Wy, PZ ~ O(k?)
gonnr Gpnm onn ~0(ke), grnn~0 (k)
> Generally:  goenn, 9g3nn~0(ke), -
o~ O+ Ok2) + O(KS) + - -

» J.Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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Fermion Loop expansion
Ho = \N(—i'y'v-i-mN)]\C,
k)
Hy = gOBN NoN + gSﬁ%NV#w“N + g?ﬁ%ﬁp%i]\f + gOBE Nys@nir! N —Free Lagrangian of p, w, o mesons

O(kS) O(kg)

3 ? 1, i, 1 ,a b,_c
+ 9530° + Go 200, + Gow2 W + Gor20m' T + Gpr2 p" 0T T €ge

O(k2)
+ goonyn NN + gUwNNNUw“fy‘uN + gopNNNJp““T‘lfypN +higher orddr terms . (1

k) C}
O N C\N

> ). Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th] @
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B Extend to finite temperatures (relativistic mean-field approximation,
RMF)

Laudau potential: O;=—-TInZ

2= | a5, ] [av,] [a5] [om,] exe (V de | e (Zie + NN, + »an,:i'Nn))

0
P = —Q,
Thermodynamic potential density: Q=dg/V n o= oS}
8#@ T’
Equation of motions: s — _oh
aT HpsHn ’
a.2 af af
—= —=0 —=1 €:Q+ ,umi—l—Ts,
do dw ap ;

> J.Y.Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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IV. CSDC rule for dense and thermal systems

TABLE II. The values of free parameters and couplings. The
couplings of relevant couplings at each order are also listed.

Nuclear matter properties Do OG O] OUE) O] TH
Mg (MeV) 588 421 745 379 511
- . . - - Fx (MeV) —82.2 —264 —122 —277 —
5 Empmcal' O(k?) O(kZ) O(k.") O(k.*) 8 — 192 0744 0.910 .
no (fm~°) 0.155 £ 0.050 0.160 0.160 0.160 0.158 oBE o : -
E(no) (MeV)  —150+1.0 —16.3 —15.6 —16.1 —15.4 daNN —11.4 =3.54 -7.68 —-3.39 100
E(L5ng) (MeV) —13.3+0.5 —6.92 —12.0 —8.99 —11.2 gOBE 13.2 —1.50 414 0311 126
g (no() (?‘IZ\\/I)V) 32(]38]&&‘1*% ff?; ggb; ;1728 332912 aSNN 3.27 —4.24 —4.54 —4.86  4.63
sym g e B N o . o . 3 / 1 _ v P 3 _
L(ng) (MeV) ~ 525+175 104 832 757 778 Joznn (1077°) MeV 669 314 611
T, (MeV) 200+30 190 265 240 225 Gownn (1071) MeV ™! — 200 0.681 123 -
Gopnw (107%) MeV ™! — 144 546  4.16 -
A. Sedrakian, J.-J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023).
Y. Leifels, A. LeFevre, W. Reisdorf, J. Aichelin, and C. Hartnack, EPJ Web Conf. 88, 00018 (2015). G403 (10% MeV) — —1.09 —6.46 —0.754 —0.473
AR Lot ¥ i The Abpieia s 7 ot g B n s Gapz (10° MeV) - 220 476 210 0
V. A. Karnaukhov et al., Phys. Rev. C 67, 011601 (2003). Gousz (103 I\ICV) o 231 5.00 291 0
40 Gosnn (1075 MeV™2) - — —8.55 —0.734 0
— "’“‘5’ Gozonn (107°MeV™2)  — - 207 —202 0
s0{| 7" 2% Gorpnn (1075 MeV™2) = — 166 —6.82 0
g [l e / ot ~ 855 451 0.152
B k=== o(k2?) S .
=20 L5 Go2u? - — —40.9 -7.96 —
< & il G2 2 - — —389 —T.57 -
w - e Goronn (1079MeV—?) - - - 662 —
e Fuswnn (107 MeV ™) = - - 221 —
Gaspnn (1075 MeV ™) — - — 747 —
§oo 0.05 0.10 0.15 0.20 9o (L07°MeV 1) - - - —193 -
pfm=3 Go3,2(1072MeV 1) - - - 191 -
. . . . Gat,2 (107 MeV 1) - - - 1.82 -
Comparison with the leading order chiral nuclear force results of PNM s - _ _ 178

C. Drischler, J. W. Holt, and C. Wellenhofer, Ann. Rev. N

ucl. Part. Sci. 71, 403 (2021).

» ). Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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B Gas-liquid phase transition: | J. Y. Xiong

IV. CSDC rule for dense and thermal systems

Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]

4 6 < — 4
FG ._ High-density liquid pl .:-.:‘-'_

3| @ Tzive I e 2
n T = 30 MeV o ey -
.g e 21 e \ N
; 2 t /,../ ) » ; t 0 .......u.uun........,.....................................:::::::: .......

> : < >
CU Q 0 7 5 — (]
ol a =2 Tz(lk.co )(Me\f') i/ - © T=10(Mev)
T=15.0 (MeV) Phase —44| ¢« T=00MMeV)| .
. —4- T=22.6 (MeV) e (2N »_T=15. (MeV) |
880 900 920 940 960 380 900 9.2'0. 940 900 910 920 930 940
U (MeV) 1 (MeV) U (MeV)
Free Fermi gas (LO of CSDC) O(kgz) CSDC T™M1 model

It depends on the model used and how the data are extracted and ranges from

several MeV t020 = 3 MeV.
» V. A. Karnaukhov et al., Phys. Rev. C 67, 011601(2003), arXiv:nucl-ex/0302006;

» V. A.Karnaukhov et al., Phys. Atom. Nucl. 71, 2067(2008), arXiv:0801.4485 [nucl-ex];
> J.B. Elliott, P. T. Lake, L. G. Moretto, and L. Phair, Phys. Rev. C 87, 054622 (2013)
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CSDC rule for dense and thermal systems

B Sound velocity:

T Kink of sound

velocity

: 0.1 7 0. =
0.8 7 03 de
0.6 s T
N - 0.2
0.4 [y A~ [y
— T=1(MeV) iy T=1(MaV) =1 (MeV)
0.3+ T =10 (MeV) i T =10 (MeV) 0.1 T =10 (MeV) . )
. s T =20 (MeV) / e T =20 (MeV) - T =20 (MeV) Coupling relations from scale compensator:
T =40 (MeV) / A AR T = 40 (MeV) Y T = 40 (MeV)
897 02 03 04 o5 %81 02 o3 o4 o5 %81 oz 03 04 05 gOBE — My gOBE — o
p (fm=3) p (fm=3) p (fm—2) oNN £ NN wN
Jx
a) O(kS). b) O(k%). c) O(kL° OBE _ SSB ,OBE _ SSB
( ) ( c) . ( ) ( c) ( ) ( c ) gpNN = gPNN-'-gpNN’g;rNN = gﬂN-l-ng
0.1 0.4
r
o _ My _ s P
82NN = 272’ 8owNN = 8oNN
5 fr
. ) N 5 ﬁ’
y — T=1(MeV) — T=1(MeV) — oSSBF
T T = 10 (MeV) . T =10 (MeV) 8opNN gﬂNNf :
—-= T =20 (MeV) et —-= T =20 (MeV) X
7 A T = 40 [MeV) 0~ T = 40 (Mev) !
°1 02 03 o2 o5 %97 o2 o603 o4 o5 gs=— 32hs (4+7) hg — m2f2 4
p (fm~%) e (fm~3) o = w) ’
) ;o 3
(d) O(kc )- {e) TMl Y. Sugahara and H. Toki, Nucl. Phys. A 578, 557 (1994).

» ). Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]
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IV. CSDC rule for dense and thermal systems

B Scale symmetry:

> At the lowest order, the
scale symmetry is restored
monotonously with higher
densities.

High-order corrections
bring a non-monotonic
behavior of the scale
restoration.

In low-temperature region,
the scale symmetry is
hardly affected by heat
bath and is broken by
higher temperatures.

W
Rl
—

x

~

>

1.0 1.00
o(k¢)
0.9 — T =1 (MeV)
0.8 -~ T =10 (MeV)
X —-= T =20 (MeV)
0.7 S 0.95 ‘\ ----- T = 40 (MeV)
0.6 \ u.u-\"‘“
0.5
0.0 0.1 0.2 0.3 0.4 0.5 0'9%.0 0.1 0.2 0.3 0.4 0.5
n (fm=3) n (fm=3)
1.0 1.00
o(k®) o(k&?)
— T=1(MeV) \ — T=1(MeV)
-~ T =10 (MeV) -~ T =10 (MeV)
—-= T =20 (MeV) «x0.95 —-= T =20 (MeV)
097 % e T = 40 (MeV) =5 | %= T = 40 (MeV)
0.90
0.%
.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
n (fm=3) n (fm=3)

» ). Y. Xiong, Y. Ma, B. K. Sheng, YLM, e-Print: 2511.04353 [nucl-th]



ThikP . .
\ V. Summary and discussion

NANJING UNIVERSITY

B The nonlinear realization of scale symmetry provides a source to include
the lightest scalar mesons in Chiral EFT---Chiral-scale EFT;

B A novel pseudoconformal structure was proposed and a mechanism of the
peak of SV was given. All phenomenological results agree with data and
observstion (no shown here);

B CSDC has been established in the framework of RMF and the physics can
be yielded with appropriate choice of the order. This scheme allows us to
complete calculations order by order and may help us understand the

phase structures of low energy QCD at finite femperatures and densities.



ik Z

NANJING UNIVERSITY

Thank you for your attention!
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LO chiral-scale Lagrangian

Ly =0T (&, ) + 00T (@ ) + 507 Te (@) Tr (@, )-
! !
— T (V ,Vﬂ") -—Tr (V ) Tr (V¥ +
zgp MY zgﬁ MU ( )
I . . . :
SO0 + T O T (MU + UML) + hs®* + h®*
%y = Niy, DN — my®NN

+ [gACA +g4 (1 - CA) (Dﬁ] Na#?’#J%N"‘

gvCy +8y (1 - CVP) q)f—ﬂ Naty,N

1 , ] -
+5 \gVDCVU + 8y, (1 - CVD) @/ } Tr [aﬁ] Ny, N

H. K. Lee, W.-G. Paeng, and M. Rho, Phys. Rev. D 92, 125033 (2015)
Y. L. Li, Y. L. Ma, and M. Rho, Phys. Rev. D 95, 114011 (2017)
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Lagrangians under CSDC

_ | | |
: OBE OBE OBE 2 2 2 2 2.2
& e _N 2 0 _ 0. \N— 3 2 2
“N2LO "NLO 82NNO  — 86wNNOCWY  — 85pNNOPY T3 86,0 — 86w?0® — 855200

Do = Lrwo =N (8onv0” = 8runo @y’ — g,2pNN 529?’0’53) N — guo* — ga0’c°w” — S’aﬁplﬁzﬂza

% _ Y 4 3.0 3.0 5 3 2 32
Lo = Lo — N (S&NNG — 853wNNO WY — 853pNNO PV T3) N — 85507 = 843,20” 0" — 853p20 P -
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The relations of parameters

Parameter definition

4hs+ (44 B') hg+2m2f> =0
12hs+ (4+ ) (3+ ) hs+2m f; = —m; f;

oBE _ "

OBE SSB
86NN = 7 ;
X

_ OBE
8oNN = 8wNN T 8oNN»

8)NN = 8pNN T E)NN»

1
8NN =5 <8vpCvp + 8y, Cy, — 1 ) 8w

|
8pNN — > <8vpCvp — i ) 8ps

_ (gACA)

8NN o, ,
T
&S)ﬁgvzg 8v (1 —Cv>+gv0(1 —Cvo)] 8w
SSB_I _ 1—C
BN =5 |8V, \ 1 T~ )| &pr
gA(l_CA)]

gSSB:_

SSB OBE SSB

8xNN = &xNN t &zNN
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8NN = ?—f; 8NN = 85;%\!2 > 8opNN = gjffrfrg

3 (4+5) ks Y oom _om]

S =" SE T e fgf?, =~ S =T
ny my B 8ownn B>8apn
86NN = ?; 85NN = Tﬁ}’ 8c*wNN = T% SotpNN = 6f§ '

s+ (4+5) s+ 2'm m3 ,
8+ = — 2473 » 8cww = T f_,% 8c%pp = E’
o Pht (445) bt Pl 2m} 2m,
= - __

12073 I Y- R U VoI
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Oaikd Effective masses and chemical potentials

Effective mass and chemical potential at each order under RMF

- —— OBE
my = my + 8NN 0
6 % _ SOBE.. - OBRE
@(kc ) lup - /up EoNNP gpNN P

%« _ ., _ -OBE, OBE
Hn = Hp ngNw £ gpNN P

it e OBE g
my, = my + NN O + 82NNO

OS) 15 =ty = (08 + Zaunn0) @ = (8905 + 8 ) 1

. OBE -~ OBE
,Ll;,k = Hy, — (ngN = gawNN0> w + (gpNN T gapNNO) p
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daiks Effective masses and chemical potentials

O(k:")

OBE

*— 2 3
ﬂlN = My + 8NN O + 82NNO + 8526NNO

OBE 2 OBE 2
Hp — (ngN + 86wNNO T 852wNNO ) 0 — (&WN + 86yNNO + 852)NNO ) p

; OBE 2 OBE 2
oy =y — (ngN + 86wNNO T 86200NNO ) @ + (gpNN + 86pNNO T 8652pNNO )P
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O(k:?)

daiks Effective masses and chemical potentials

® — OBE 2 3
my = my + 8NN 0 T 82NNC~ + 83NNO ™ T 864NNO

: OBE > 3
ﬂ; — Hp— (ngN + 86wNNO T 8520NNO ™~ T 8530wNNO ) 0]

4

OBE 2 3
- ( pPNN T gO'PNNJ + gGZPNNO- + gcr?’pNNU ) P
: OBE 2 3
e (ngN *+ 86oNNO T 822oNNO ™ T 8530NNO ) @

OBE o) 3
+ (gpNN + ngNNJ + gaszNJ + gg?’pNNJ ) P



