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I. Introduction

➢ The phase structure of strong interaction matter,

significant but still under debate;

➢ Experiments and observations (more and precise

constraints):

heavy-ion collisions (RHIC, LHC), massive

neutron stars, GW detection, etc.

➢ More realistic theory in stead of crude model

estimation is indispensable.
➢ Universe 4 (2018) 3, 52, NA61/SHINE 

Collaboration

In this talk, I will concerning the effective theory approach to the hadronic matter, 
with QCD symmetries, power counting.



I. Introduction

➢ Construction of an effective field theory

works in extreme environment:

⚫ Compact star matter density;

𝑛~ 5~10 𝑛0

⚫ Temperature below deconfinement

phase transition

𝑇~200 MeV
➢ Universe 4 (2018) 3, 52, NA61/SHINE Collaboration



I. Introduction

◼ Key factors to be considered:

1. Indispensable degrees of freedom:

σ, 𝜋, 𝜌, 𝜔, 𝑁, ⋯

2. Self-consistent power counting

(errors can be estimated).

3. Symmetries of QCD
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d Chiral symmetry: pseudoscalar 
mesons,  pion  𝜋

Hidden local symmetry: vector 
mesons, 𝜌, 𝜔

Scale symmetry:  dilaton, χ

EFT of QCD, real
QCD in the sense
of symmetry and
power counting.



I. Introduction

𝑆𝑈(𝑁𝑓)𝐿 × 𝑆𝑈(𝑁𝑓)𝑅

Absence of 

parity partner

𝑆𝑈(𝑁𝑓)𝑉 + (𝑁𝑓
2 − 1) NGBs

𝑈 𝑥 = 𝑒𝑖π/𝑓π

Chiral perturbation theory: power 
counting, derivative expansion

𝑈 𝑥 = ξ𝐿 ℎ 𝑥 ℎ(𝑥)† ξ𝑅
† Effective theory of vector mesons, 

Hidden local symmetry

Bando, et al 89; Harada & Yamawaki, 03

Weinberg, 79; Gasser and Leutwyler, 84

Redundancy in the decomposition

Idea of HLS: A NLσM based on the manifold 𝐺/𝐻 is
gauge equivalent to a model having the symmetry
𝐺𝑔𝑙𝑜𝑏𝑙𝑎 × 𝐻𝑙𝑜𝑐𝑎𝑙. After SB of 𝐻𝑙𝑜𝑐𝑎𝑙, the gauge boson of

𝐻𝑙𝑜𝑐𝑎𝑙 is identified as the massive vector mesons.
Integrating out the vector mesons from this model one
can get the ChPT for pion only.

◼ ChPT of pion and rho mesons, HLS



I. Introduction

⚫ Parameterization:  

ξ𝐿,𝑅 = 𝑒𝑖𝜎/𝑓𝜎𝑒±𝑖𝜋/𝑓𝜋 → 𝐻 𝑥 ξ𝐿,𝑅 𝑔𝐿,𝑅
†

,

⚫ Particles:

𝑉𝜇 = 𝑉𝜇
𝑎𝑇𝑎 ⋯ HLS gauge boson

π = 𝜋𝑎𝑇𝑎 ⋯ NGB of CSB

𝜎 = 𝜎𝑎𝑇𝑎 ⋯ NGB of [𝑆𝑈(𝑁𝑓)𝑉]𝑙𝑜𝑐𝑎𝑙 SB

ො𝛼⊥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† − 𝜕𝜇ξ† ∙ ξ

ො𝛼∥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† + 𝜕𝜇ξ† ∙ ξ − 𝑔𝜌𝜌𝜇 − 𝑔𝜔𝜔𝜇

ξ = 𝑒−𝑖𝜋/𝑓𝜋

Three parameters:

◆ 𝐹𝜋 ⋯ pion decay constant

◆ 𝑔 ⋯ gauge coupling of HLS

◆ 𝑎 ⋯ validity of the vector dominance

Power counting: 𝑂 𝑝 ~𝑂 𝑚𝜋 ~𝑂 𝑔𝜌,𝜔 ~𝑂(𝑚𝜌,𝜔)



I. Introduction

◼ Trace anomaly as the source：

anomaly match

Trace anomaly in QCD Trace anomaly EFT 

𝜃𝜇
𝜇

=
𝛽(𝑔)

2𝑔
𝐺𝜇𝑣𝐺𝜇𝑣 ∝ χ4 𝛿𝐷𝑉(χ) ∝ χ4 Dilaton compensator;

A source of scalar meson in EFT

◼ Both chiral symmetry breaking and HLS are based on the nonlinear 

realization of chiral symmetry, the 4th component of the chiral four-

vector is integrated out.

◼ How to include the sigma meson (0++) field in ChPT/HLS?



I. Introduction

◼ Trace anomaly in QCD

𝜕𝜇𝐷𝜇 =
𝛽(𝛼𝑠)

4𝛼𝑠
𝑇𝑟 (𝐺𝜇𝑣𝐺𝜇𝑣)

A possible way for a scalar meson. 

Anomaly matching: 𝜃𝜇
𝜇

= −
𝑚𝜎

2

4𝑓𝜎
2 χ4

How to construct an EFT with power counting mechanism like, e.g., NGB in ChPT?



II. Basics of Chiral-scale EFT

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

◼ Phenomenological consideration 𝑓0(500) is a pNGB arising from (noted 𝑚𝑓0
≅ 𝑚𝐾). The SB 

of SS associated + an explicit breaking of SI.

Assumption:  There is an Nonperturbative IR fixed point in the 

running QCD coupling constant α𝑠 .

EB of SI:      Departure of α𝑠 from IRFP + current quark mass.

𝑚𝜎
2 ~∆𝛼𝑠 = 𝛼𝑠 − 𝛼𝐼𝑅 , 𝑚𝑞

χ = 𝑓χ𝑒𝜎/𝑓χ ≡ 𝑓χΦ



II. Basics of Chiral-scale EFT

➢ The absence of 𝑄2-dependence of 𝛼𝑠 in the IR, i.e., the vanishing QCD β-

function, is variously named the freezing of 𝛼𝑠, the conformal window of QCD, 

or the 𝑄2 = 0 fixed point. ➢ A. Deur, e-Print: 2502.06535 [hep-ph].

➢ Z. F. Cui, J. L. Zhang, D. Binosi, et al, e-Print: 1912.08232 [hep-ph].

➢ A. Deur, e-Print: 2502.06535 
[hep-ph].

◼ Existence of IRFP, theory and data.



II. Basics of Chiral-scale EFT

➢ W. G. Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775;

➢ YLM, M. Rho, e-Print: 1909.05889 [nucl-th];

➢ H. K. Lee, YLM, W. G. Paeng, M. Rho, e-Print: 2107.01879 [nucl-th]

ො𝛼⊥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† − 𝜕𝜇ξ† ∙ ξ

ො𝛼∥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† + 𝜕𝜇ξ† ∙ ξ − 𝑔𝜌𝜌𝜇 − 𝑔𝜔𝜔𝜇

ξ = 𝑒−𝑖𝜋/𝑓𝜋

Trace anomaly potential:

χ = 𝑓χ𝑒𝜎/𝑓χ ≡ 𝑓χΦ



II. Basics of Chiral-scale EFT

Note:
Anomaly match in vacuum is a loose constraint, general form is 
complicated. To make the model feasible, some simplifications 
are needed.



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

III. Nuclear matter properties

• Energy density: 𝜀(𝑛)
• Pressure: 𝑝(𝑛)

 Trace of energy momentum tensor 

𝜃𝜇
𝜇

(𝑛) = 𝜀 𝑛 − 3𝑝(𝑛)

𝑣𝑠
2 =

Τ𝜕𝑝(𝑛) 𝜕𝑛

Τ𝜕𝜀(𝑛) 𝜕𝑛
=

𝜕𝑝(𝑛)

𝜕𝜀(𝑛)

𝜕 𝜃𝜇
𝜇

𝜕𝑛
=

𝜕𝜀(𝑛)

𝜕𝑛
(1 − 3𝑣𝑠

2)

➢ Stiffness of EOS, behaviour of SV, interaction among quasiparticles！

III.1. Pseudoconformal structure



III. Nuclear matter properties

◼ An example: Cold non-interaction fermion matter:  

Exact scale 
invar. 𝜃𝜇

𝜇
= 0

➢ Scale symmetry is broken 
by fermion mass

𝜃𝜇
𝜇

𝑛 = 𝜀 𝑛 − 3𝑝 𝑛

=
1

𝜋2 𝑚2𝐸𝐹𝑘𝐹 − 𝑚4 ln
𝐸𝐹 + 𝑘𝐹

𝑚

𝑚 = 0

𝐸𝐹
2 = 𝑘𝐹

2 + 𝑚2,

𝑘𝐹 =
3𝜋2

2
𝑛

1/3

 Extreme high density regime,  𝑘𝐹 ≫ 𝑚

➢ Energy density and pressure → independent of 𝑚, massless fermion  
➢ TEMT     → non-zero (even divergent ∝ 𝑘𝐹

2 !) Can we talk about 
conformality? 



III. Nuclear matter properties

◼ An example: Cold non-interaction fermion matter:  

 Sound velocity: 𝑣𝑠
2 =

Τ𝜕𝑝(𝑛) 𝜕𝑛

Τ𝜕𝜀(𝑛) 𝜕𝑛
=

𝜕𝑝(𝑛)

𝜕𝜀(𝑛)

➢ 𝑚 = 0, 𝜀 𝑛 = 3𝑝 𝑛 → scale invariant, conformal SV: 𝑣𝑠
2 = 1/3

➢ Extreme high density regime,  𝑘𝐹 ≫ 𝑚 → 𝑣𝑠
2 =

1

3
1 −

𝑚2

𝑘𝐹
2 →

1

3
,  

conformal SV, BUT scale non-invariant
Sound velocity → conformal 
velocity for 𝑘𝐹 ≫ 𝑚 ≈ 10 𝑛0

S. Reddy et al, 2018

➢ The proper criteria for  conformal  
window 𝑘𝐹 ≫ 𝑚 is  the SV not the TEMT. 



III. Nuclear matter properties

◼ Compact star matter (strongly correlated matter): 

 For compact star, the core densities are about 
(5~10)𝑛0, depending on  the models.

𝑘𝐹 =
3𝜋2

2
𝑛

1/3

~0.5 𝑚𝑁

➢ Not high enough to be the conformal window, 
𝑘𝐹 ≫ 𝑚𝑁

Cannot talk about conformality?

✓ 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



III. Nuclear matter properties

➢ W. G. Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775;

➢ YLM, M. Rho, e-Print: 1909.05889 [nucl-th];

➢ H. K. Lee, YLM, W. G. Paeng, M. Rho, e-Print: 2107.01879 [nucl-th]

ො𝛼⊥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† − 𝜕𝜇ξ† ∙ ξ

ො𝛼∥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† + 𝜕𝜇ξ† ∙ ξ − 𝑔𝜌𝜌𝜇 − 𝑔𝜔𝜔𝜇

ξ = 𝑒−𝑖𝜋/𝑓𝜋

Trace anomaly

χ = 𝑓χ𝑒𝜎/𝑓χ ≡ 𝑓χΦ

𝑚𝜔
∗ = Φ∗𝑚𝜔

𝑚𝑁
∗ = Φ∗𝑚𝑁

Dialing the parameters,
accommodate NM
properties around 𝑛0.



III. Nuclear matter properties

Relevant to the 
core of NS

◼ For ≥ 2𝑛0，TEMT is a density independent constant;

◼ For ≥ 2𝑛0， SV → 1/ 3—conformal limit.

A feature not observed before.

Pseudoconformal structure

W. G. Paeng, T. T. S. Kuo, H. K. Lee, YLM, M. Rho, arXiv: 1704.02775.

(𝒗𝒔
𝟐 = 𝟏/𝟑, 𝜽𝝁

𝝁
≠ 𝟎)



S. Reddy et al, 2018

III. Nuclear matter properties

Quark-hadron crossover

Kapusta & Welle, 2103.16633

Quarkyonic matter

Zhao & Lattimer, 2004.08293

Quarkyonic matter

Margueron et al, 2103.10209 Fujimoto, et al, 2207.06753

The PCM changed the previous understanding of the EoS：

 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



III. Nuclear matter properties

At least one peak 

𝑣𝑠
2 =

Τ𝜕𝑝(𝑛) 𝜕𝑛

Τ𝜕𝜀(𝑛) 𝜕𝑛
=

𝜕𝑝(𝑛)

𝜕𝜀(𝑛)

~2𝑛0 ~10 𝑛0 ~100𝑛0

1

𝑣𝑠
2

1/3

pQCD region

III. 2. Peak of sound velocity



III. Nuclear matter properties



III. Nuclear matter properties

Hadronic 
phase

Emerges in the transition from a phase with broken chiral

symmetry to one with gapped Fermi surface with the

condensation of diquarks and dibaryons.

Hippert, et al. , 2105.04535

◼ Transition from hadronic phase to 
quarkyonic phase;

◼ At (2~4)𝑛0 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.
➢ YLM and M. Rho, PRD99 (2019), 014034; PPNP113 

(2020), 103791;
➢ G. Baym, S. Furusawa, et al., APJ 885 (2019), 42;
➢ M. Leonhardt, M. Pospiech, et al., PRL125 (2020), 

142502 (2020).



III. Nuclear matter properties

ො𝛼⊥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† − 𝜕𝜇ξ† ∙ ξ

ො𝛼∥𝜇 =
1

2𝑖
𝜕𝜇ξ ∙ ξ† + 𝜕𝜇ξ† ∙ ξ − 𝑔𝜌𝜌𝜇 − 𝑔𝜔𝜔𝜇

ξ = 𝑒−𝑖𝜋/𝑓𝜋

➢ L. Q. Zhang, Y. Ma and YLM, 2410.04142; 
2412.19023.



III. Nuclear matter properties

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

Linear model

Peak of SV, not far from 𝑛0◼ Self-consistent mean field calculation

➢ L. Q. Zhang, Y. Ma and YLM, 2410.04142; 
2412.19023.



III. Nuclear matter properties
◼ Why in Chiral-scale EFT?

➢ Scale symmetry is first partially restored 
with density, but then stops after a critical 
denity. 
Also found in skyrmion crystal approach.

Long-Qi Shao, YLM, arXiv:2202.09957 

Diverge unless it is screened by 𝑚𝜔
∗ . If the 𝜔

mass were to go down, the nucleon-nucleon
interaction would become strongly repulsive
with increasing density. This forces the 𝜔 mass
𝑚𝜔

∗ , and hence χ∗to increase.
B. Y. Park, M. Rho and V. Vento, NPA807(2008), 28.

χ = 𝑓χ𝑒𝜎/𝑓χ ≡ 𝑓χΦ

𝑚𝜔
∗ = Φ∗𝑚𝜔

𝑚𝑁
∗ = Φ∗𝑚𝑁

➢ The nonlinear realization of scale symmetry gives a 
natural explanation of the peak in the SV, WITHOUT 
retrospect to phase transition/configuration change!



IV. CSDC rule for dense and thermal system

◼ So far, only the RMF approach was applied.

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

➢ 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]



IV. CSDC rule for dense and thermal systems

◼ At zero temperature, construct CSDC rules in relativistic Hartree-Fock method 

(RHF)

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

To illustrate the 
procedure, consider

Dirac equation in dense medium:  (𝑖𝛾𝜇𝑝𝜇 − 𝑚B − 𝛴(𝑝))𝜓𝐵(𝑥) = 0

𝛴(𝑝) = 𝛾𝜇𝛴V,𝜇 + 𝛴S baryon’s self-energy

momentum and mass in dense medium:  𝑝𝜇
∗ = 𝑝𝜇 − 𝛴V,𝜇 𝑚B

∗ = 𝑚B + 𝛴S



IV. CSDC rule for dense and thermal systems

The solutions of baryonic and mesonic fields:

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



IV. CSDC rule for dense and thermal systems

Characteristic momentum expansion 

➢ 𝑂(𝑘𝐹)~𝑂(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 𝑘𝑐~ hundreds of 
MeV;

➢ The induced background fields and coupling constants: 

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

𝑔𝜎𝑁𝑁
𝑂𝐵𝐸 , 𝑔𝜌𝑁𝑁

𝑂𝐵𝐸 , 𝑔𝜔𝑁𝑁
𝑂𝐵𝐸 ~𝑂 𝑘𝑐 , 𝑔𝜋𝑁𝑁

𝑂𝐵𝐸 ~𝑂(𝑘𝑐
0)



IV. CSDC rule for dense and thermal systems

The energy density of dense nuclear matter:

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

~𝑂(𝑘𝑐
6)



IV. CSDC rule for dense and thermal systems

χ = 𝑓χ𝑒𝜎/𝑓χ ≡ 𝑓χΦ

Chiral-scale EFT brings difficultities of practical calculations due to the dilaton
compensator approach with the non-linear realization of sigma.

• 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]



IV. CSDC rule for dense and thermal systems

➢ The induced background fields and coupling constants at LO: 

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

𝑔𝜎𝑁𝑁
𝑂𝐵𝐸 , 𝑔𝜌𝑁𝑁

𝑂𝐵𝐸 , 𝑔𝜔𝑁𝑁
𝑂𝐵𝐸 ~𝑂 𝑘𝑐 , 𝑔𝜋𝑁𝑁

𝑂𝐵𝐸 ~𝑂(𝑘𝑐
0)

Used as the basis to solve the 
expansion iteratively.

➢ Generally:  𝑔𝜎2𝑁𝑁, 𝑔𝜎3𝑁𝑁~𝑂 𝑘𝑐 , ⋯



IV. CSDC rule for dense and thermal systems

Fermion Loop expansion

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



IV. CSDC rule for dense and thermal systems

◼ Extend to finite temperatures (relativistic mean-field approximation, 

RMF)

Laudau potential:

Thermodynamic potential density:

Equation of motions:   

𝜕𝛺

𝜕𝜎
= 0

𝜕𝛺

𝜕𝜔
= 0

𝜕𝛺

𝜕𝜌
= 0

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



IV. CSDC rule for dense and thermal systems

Nuclear matter properties 

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



IV. CSDC rule for dense and thermal systems

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

Free Fermi gas (LO of CSDC) 𝑂 𝑘𝑐
12 CSDC TM1 model

It depends on the model used and how the data are extracted and ranges from 
several MeV to20 ± 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)



IV. CSDC rule for dense and thermal systems

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

𝐶𝑇
2 =

𝜕𝑝

𝜕𝜖
𝑇

◼ Sound velocity:



IV. CSDC rule for dense and thermal systems

◼ 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.

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



V. Summary and discussion

◼ The nonlinear realization of scale symmetry provides a source to include

the lightest scalar mesons in Chiral EFT---Chiral-scale EFT;

◼ 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);

◼ 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 temperatures and densities.



T h a n k  y o u  f o r  y o u r  a t t e n t i o n !



Backup





CSDC expansion



The relations of parameters



The relations of parameters



Effective masses and chemical potentials



Effective masses and chemical potentials



Effective masses and chemical potentials


