
Yong-Liang Ma

Nanjing University

Manifestation of  scale symmetry in 

dense and thermal systems

ExHIC-d workshop on QCD and hadronic dense matter ( ExHIC-d 2025),
Jeju, Nov. 15 -27, 2025



Acknowledgement:

M. Harada (Nagoya), T. Kuo (Stony Brook), H. K. Lee

(Hanyang ), Y. L. Li (Jilin), Yao Ma (Nanjing), W. G. Paeng

(Hanyang ), B. Y. Park (Daejon), M. Rho (Saclay), Bing -Kai

Sheng (Hangzhou), J. Y. Xiong (Hangzhou), L. Q. Zhang

(Nanjing), éé

Based on some works since 2015.



Outline
I. Introduction

II. Chiral-scale EFT: pseudoconformal (PC) structure of  

dense matter

III. Chiral-scale EFT: peak of  sound velocity in dense 

matter

IV. Chiral-scale EFT: chiral-scale dense counting (CSDC) 

rules for and thermal systems

V. Summary and discussion



ÂScale symmetry and scale symmetry breaking in QCD:  

Scale transformation: ὼᴼʇ ὼ

Å Invariant at classical level (massless limit);

Å Broken by quantum correction: 

‬ὐ Ὕ Ὃ Ὃ ρ ‎ άήή

ὃ ᴼʇὃȟ ʕᴼʇȾʕ

I. Introduction

Sidney Coleman,  òAspect of symmetry ó 
(Cambridge Univ. Press , 1985) .



(Emergent) Scale symmetry in medium is drawing more and more 
attentions.

I. Introduction

ü Energy density: ‐
ü Pressure: ὴ

Å Trace of energy momentum tensor 

— ‐ σὴ

Å ὺ

ü Stiffness of EOS, behavior of SV, interaction among quasiparticles ˻

Origin of 
nucleon mass:  

ά ὔ— ὔ
‍‌

τ‌
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I. Introduction

Â Cold strongly-interacting fermion matter:  

Å Sound velocity: ὺ
ϳ‬ὴὲ ‬ὲ

ϳ‬‐ὲ ‬ὲ

‬ὴὲ

‬‐ὲ

S. Reddy et al, 2018

Å For compact star, the core densities are about υͯ ρπὲ.

Ὧ ὲ
Ⱦ

πͯȢυά υͯππMeV

ü Not high enough to be the conformal window. Can we talk about conformality?



I. Introduction





I. Introduction

Â Trace anomaly in thermal system:  

ü S. Borsanyi, G. Endrodi, et al., JHEP 
11, 077,arXiv:1007.2580 [hep-lat].

ü With (2+1)-flavor dynamical quarks

Dominated by non -derivative 

contribution  



I. Introduction

Â ChPT (Chiral EFT), anchored on the fundamental symmetries s of QCD, self-

consistent power counting, achieved great successes in the description of hadron

dynamics ;
ü R. Machleidt, D.R. Entem, Phys.Rept. 503 (2011) 1-75, 

e-Print: 1105.2919 [nucl-th].

It is interesting to study the manifestation/effect of scale in 
hadronic phase in dense and thermal systems using EFTs of QCD.



I. Introduction

ü Construction of a hadronic model

works in extreme environment :

¸ Compact star matter density ;

ὲͯ υͯ ρπὲ

¸ High Temperature (deconfinement)

Ὕͯ ςππMeV

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



I. Introduction

Â Key factors to be considered :

1. Indispensable degrees of freedom :

ʎȟ“ȟ”ȟ‫ȟὔȟỄ

2. Symmetries of QCD:

chiral symmetry (pion),

hidden local symmetry (rho, omega),

scale symmetry, Ễ

3. Self-consistent power counting

(errors can be estimated) .



I. Introduction

Â Trace anomaly in effective models̔

anomaly match

Trace anomaly in QCD Trace anomaly EFT 

—
‍Ὣ

ςὫ
Ὃ Ὃ ᶿʔ ὠʔ‏ ᶿʔ Dilatoncompensator;

A source of scalar meson in EFT

ÂBoth 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.

ÂHow to include the sigma meson (π ) field in ChPT?



II. Chiral -scale EFT: PC structure of DM

Â Trace anomaly in QCD

‬Ὀ ὝὶὋ Ὃ

A possible way for a scalar meson. 

Anomaly matching: — ʔ

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



II. Chiral -scale EFT: PC structure of DM

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

Ὢυππis a pNGB arising from (noted ά ḙά ): The SB of SS associated + an explicit breaking of SI.

Assumption:  There is an NonperturbativeIR fixed point in the running QCD coupling constant ɻ.

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

ʔ ὪὩȾ ḳὪɮ
ά Ўͯ‌ ‌ ‌ ȟά



II. Chiral -scale EFT: PC structure of DM
The procedure of the construction of ʔὖὝ: 

ü Since ʔὖὝ, the NGBs are Ù, K  and ʎ, one first writes down all possible derivative terms 

acting on these particles and counting each derivative as chiral-scale order ὕὴ. 

ü In the same way as in the standard ʔὖὝ, the current quark mass is counted as chiral-scale 

order ὕὴ . 

ü Since the theory is constructed for ɻ below but near the IR fixed point, one should expand 

ɼɻ and the quark mass anomalous dimension ɾɻ around the IR fixed point ɻ ὍὙ
and counting ɝɻ = ɻ -ɻ as chiral-scale order ὕὴ since it is proportional to ά .

VPower counting scheme, an essential factor of EFT, can be established.

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

ü Y. L. Li, YLM, M. Rho, Phys.Rev.D 95 (2017), 114011, e-Print: 1609.07014



II. Chiral -scale EFT: PC structure of DM

ü The absence of ὗ -dependence of ‌in the IR, i.e., the vanishing QCD ȁ-

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

or the ὗ πfixed point.

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



II. Chiral -scale EFT: PC structure of DM

Borrowed from C. Roberts at 10th symposium on ChEFTat NJNU



II. Chiral -scale EFT: PC structure of DM

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

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

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

‌
ρ

ςὭ
‬ʊɇʊ ‬ʊɇʊ

‌᷆
ρ

ςὭ
‬ʊɇʊ ‬ʊɇʊ Ὣ” Ὣ‫

ʊ Ὡ Ⱦ

Trace anomaly

ʔ ὪὩȾ ḳὪɮ

άᶻ ɮᶻά
άᶻ ɮᶻά

Dialingthe parameters,
accommodate NM
propertiesaroundὲ.



II. Chiral -scale EFT: PC structure of DM

Relevant to the 
core of NS

Â For ςὲιTEMT is a density independent constant;

Â For ςὲι SV O ρȾσɋconformal limit.

A feature not observed before.

Pseudoconformal structure

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

(○▼ ȾȟⱣⱧ
Ⱨ

)

Peak due to 
topology change



S. Reddy et al, 2018

II. Chiral -scale EFT: PC structure of DM

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 EoSχ

ÅThe 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



II. Chiral -scale EFT: PC structure of DM

Agrees with the 
empirical values of the  
nuclear matter 
properties quite well. 

YLM & M. Rho, 2006.14173 v1



II. Chiral -scale EFT: PC structure of DM

Peak of SV (▪Ⱦ ) is constrained as 

ͯ ▪



II. Chiral -scale EFT: PC structure of DM



II. Chiral -scale EFT: PC structure of DM

Â ὅ π:  

scale symmetry restoration

Â ὅ ÃÏÎÓÔ.: 

scale symmetry breaking,          

BUT ὺ ρȾσ

Matters are strongly coupled conformal 

matter, here, made of baryons.

YLM & M. Rho, 2006.14173
YLM & W. C. Yang, 2301.02105

PC phase for DMὝ πȠὺᴼρȾσ
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Const. SV
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ideal liquid



III. Chiral -scale EFT: peak of SV in DM

At least one peak 

ὺ
ϳ‬ὴὲ ‬ὲ

ϳ‬‐ὲ ‬ὲ

‬ὴὲ

‬‐ὲ

ςͯὲ ρͯπὲ ρͯππὲ

1

ὺ

ρȾσ

pQCDregion



III. Chiral -scale EFT: peak of SV in DM

‌
ρ

ςὭ
‬ʊɇʊ ‬ʊɇʊ

‌᷆
ρ

ςὭ
‬ʊɇʊ ‬ʊɇʊ Ὣ” Ὣ‫

ʊ Ὡ Ⱦ

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



III. Chiral -scale EFT: peak of SV in DM

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

Linear model

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



III. Chiral -scale EFT: peak of SV in DM

Hadronic 
phase

Emergesin the transitionfrom a phasewith brokenchiral

symmetryto one with gappedFermi surfacewith the

condensationof diquarksanddibaryons.

Hippert, et al. , 2105.04535

Â Transition from hadronic phase to 
quarkyonic phase;

Â At ςͯ τὲ due to topology change;
Â Hadron-quark crossover;
Â Formation of diquark gap. 

ü L. McLerran and S. Reddy, PRL122 (2019), 122701. 
ü T. Zhao and J. M. Lattimer, PRD102 (2020), 023021.
ü YLM and M. Rho, PRD99 (2019), 014034; PPNP113 

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

142502 (2020).

Â Chiral-scale EFT, NO phase transition/configuration change!



III. Chiral -scale EFT: peak of SV in DM
Â Why in Chiral-scale EFT?

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

Long-Qi Shao, YLM, arXiv:2202.09957 

ʔ ὪὩȾ ḳὪɮ

άᶻ ɮᶻά
άᶻ ɮᶻά



III. Chiral -scale EFT: peak of SV in DM
Â Why in Chiral-scale EFT?

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

Long-Qi Shao, YLM, arXiv:2202.09957 

Divergeunlessit is screenedby ά .z If the ‫
masswere to go down, the nucleon-nucleon
interaction would become strongly repulsive
with increasingdensity. Thisforcesthe‫mass
άᶻ, andhenceʔᶻto increase.

B. Y. Park, M. Rho and V. Vento, NPA807(2008), 28.

ʔ ὪὩȾ ḳὪɮ

άᶻ ɮᶻά
άᶻ ɮzά

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



III. Chiral -scale EFT: peak of SV in DM

Â A scaled ‫ ὔ ὔcoupling:

üCorrection to LOSS is 
significant for the 
restoration of SS!

Locations are locked



III. Chiral -scale EFT: peak of SV in DM

Â Confront with NS observations and GW detections

Without
consideringbeta
equilibrium.



III. Chiral -scale EFT: peak of SV in DM

Â 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 ὲÂ Self-consistent mean field calculation

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

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



IV. Chiral -scale EFT: CSDC rules

Â So far, only the RMF approach was applied.

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

E.g., 

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



IV. Chiral -scale EFT: CSDC rules

To illustrate the 
procedure, consider

ʔ ὪὩȾ ḳὪɮ

άᶻ ɮᶻά
άᶻ ɮzά

Here, it is difficult due to the dilaton
compensator approach

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.



IV. Chiral -scale EFT: CSDC rules

Consider Ὕ π, with mean field approximation:



IV. Chiral -scale EFT: CSDC rules

Characteristic momentum expansion 

üὕὯ ὕͯὴ υͯππMeV, for the typical density regions of a neutron star;
üWith assigning the consistent power counting of coupling constants and 

label the expansion factor as characteristic momentum Ὧͯhundreds of 
MeV;

üThe induced background field: 

Derivative coupling



IV. Chiral -scale EFT: CSDC rules

Fermion Loop expansion

Six-fermion operators



IV. Chiral -scale EFT: CSDC rules

Fermion Loop expansion



IV. Chiral -scale EFT: CSDC rules

ÂExtend to finite temperatures 

Laudaupotential:



IV. Chiral -scale EFT: CSDC rules

Nuclear matter properties 



IV. Chiral -scale EFT: CSDC rules

Sound velocity



IV. Chiral -scale EFT: CSDC rules

Scale symmetry 



IV. Chiral -scale EFT: CSDC rules

ÂGas-liquid phase transition:

ü the GLPTof NM is from the BE of zero-
temperature SNM, which is crucial to the
formationof stablenucleistructures.

ü Thedependenceof the pressureon chemical
potential of SNM will be divided into three
segments: a low-density gas phase, a high-
density liquid phase, and an intermediate
non-equilibriumphase.

ü If the temperature is raised, these three
segmentswill gradually merge into a single
phaseat the critical temperature,Tc,socalled
GLPT.



V. Summary and discussion

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

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

Â Some novel phenomena have been predicted by using Chiral -scale EFT,

pseudoconformal structure, peak of SV. (more systematic analysis of the

parameter space with respect to the recent oservations are neccecery )

Â For the pourpse to go beyond MF approach, CSDC was established and

the physics can be yielded with appropriate choice of the order . This

scheme may help we understand low energy QCD at finite temperatures

and densities ;

Â A full version of Hartree -Fock result will be given.



T h a n k  yo u  fo r  yo u r  a t t e n t i o n !



Backup





















IV. Chiral -scale EFT: CSDC rules

ÂExtend to finite temperatures Regions in the Ὕ ‘plane where 
CSDC rules are applicable.

‏ υϷ


