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Motivation

The parameterizations in past studies on nuclear matter and 

neutron stars are lack of considerations of QCD symmetry patterns, 

such as chiral symmetry 
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ℒ = ψ̄ [iγμ∂μ − M − gσσ − gωγμωμ − gργμτaρaμ] ψ + . . .
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Nuclei structures (low/intermediate densities)
• Hadron interactions around saturation density  are 

crucial to nuclei structures, e.g. 
n0 = 0.16fm−3

24Mg, 90Zr, 116Sn and 208 Pb

E(n, α) = E0(n) + Esym(n)α2 + O (α4)

n = nn + np

α = (nn − np)/(nn + np)
E0(n) = E0 (n0) +

K0

2!
χ2 +

J0

3!
χ3 + O (χ4)

Esym(n) = Esym (nr) + L (nr) χr + O (χ2
r )

B. A. Li and C. M. Ko, Nucl. Phys. A 618, 498 (1997).  
D. H. Youngblood, H. L. Clark, and Y. W. Lui, Phys. Rev. Lett. 82, 691 (1999).  
A. W. Steiner and B. A. Li, Phys. Rev. C 72, 041601 (2005).  
L. W. Chen, C. M. Ko, and B. A. Li, Phys. Rev. C 72, 064309 (2005).  
A. E. L. Dieperink, Y. Dewulf, D. Van Neck, M. Waroquier, and V. Rodin, Phys. Rev. C 68, 064307 (2003).  
S. Karataglidis, K. Amos, B. A. Brown, and P. K. Deb, Phys. Rev. C 65, 044306 (2002).  
R. J. Furnstahl, Nucl. Phys. A 706, 85 (2002).  
B. A. Brown, Phys. Rev. Lett. 85, 5296 (2000). 

n0 → 0.155 ± 0.050 (fm−3)
E0(n0) → − 15.0 ± 1.0(MeV)

K0 → 230 ± 30(MeV)
Esym(n0) → 30.9 ± 1.9(MeV)

L0 → 52.5 ± 17.5(MeV)
J0 → − 700 ± 500(MeV)

A. Sedrakian, J. J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023)  
M. Dutra, et.al, Phys. Rev. C 85, 035201 (2012).  
J. M. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013).  
M. Farine, J. M. Pearson, and F. Tondeur, Nucl. Phys. A 615, 135 (1997). 

ℒ = ψ̄ [iγμ∂μ − M − gσσ − gωγμωμ − gργμτaρaμ] ψ

χ ≡ (n − n0)/3n0
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Neutron star (high densities)
The density in the cores of NSs always reach nearly 
M-R relations/ tidal deformations are sensitive to the EOS behavior 
throughout the whole density regions

8n0

B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 119, 161101 (2017)  
B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 121, 161101 (2018)

Polytropic process +estimations of strong interaction + TOV equation

TOV equation

R. C. Tolman, Phys. Rev. 55, 364 (1939). 
J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55, 374 (1939).
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 T. Miyatsu, M.-K. Cheoun, and K. Saito, Astrophys. J. 929, 82 (2022). 

N. Zabari, S. Kubis, and W. Wójcik, Phys. Rev. C 99, 035209 (2019).  F. Li, B.-J. Cai, Y. Zhou, W.-Z. Jiang, and L.-W. Chen, Astrophys. J. 929, 183 (2022).

 meson effectsδ
gδ

⃗δψ̄ ⃗τψg̃σδ2σ ⃗δ2g̃σ2δ2σ2 ⃗δ2
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Hyperon effects (Strangeness)

Chemical potential equilibrium, e.g. μΛ = μp + μe
 A. Gal, E. V. Hungerford, and D. J. Millener, Rev. Mod. Phys. 88, 035004 (2016).

ℒb = ∑
b

ψ̄b [γμ (i∂μ − gωbωμ − gρbτb ⋅ ϱμ) − (mb − gσbσ)] ψb
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Method to handle dense system
 1. Relativistic mean field approximation

ℒ = ℒN + ℒσ + ℒω + ℒl

ℒN = ψ̄ (iγμ∂μ − mN) ψ

ℒσ =
1
2 (∂μϕ∂μϕ − m2

σϕ2)
ℒω = −

1
4

WμνWμν +
1
2

m2
ωωμωμ

ℒI = ℒσN + ℒωN = gσϕψ̄ ψ − gωωμψ̄γμψ

(iγμ∂μ − gωγ0ω0 − mN) ψ = 0, m*N = mN − gσϕ,

ϕ =
gσ

m2
σ

ρs, ρs = ⟨ψ̄ ψ⟩,

ω0 =
gω

m2
ω

ρB, ρB = ⟨ψ†ψ⟩,

2. Relativistic Hartree-Fock method

J. D. Walecka,  Ann. Phys. 83, 491 (1974).

ℒI = −gσψ̄σψ − gωψ̄γμωμψ +
fω

2M
ψ̄σμν∂vωμψ

−gρψ̄γμρμ ⋅ τψ +
fρ

2M
ψ̄σμν∂vρμ ⋅ τψ

−eψ̄γμ
1
2 (1 + τ3) Aμψ + ℒπNN

Σ(p) = ΣS(p) + γ0Σ0(p) + γ ⋅ ̂pΣV(p)

A. Bouyssy, J.-F. Mathiot, N. V. Giai, and S. Marcos, Phys Rev C 36, 380 (1987).



An extended linear sigma model 
in nuclear matter

Can we extend an EFT/model taking care of QCD symmetry 
patterns into dense nucleon systems?

F. E. Close and N. A. Tornqvist, J. Phys. G 28, R249 (2002)

Phys. Rev. D 109 (2024) 7, 7, YM and Y. L. Ma

P-wave problems in light scalar meson sectors below 1GeV 

A tetra-quark picture to include  ( ) meson and hyperonδ a0(980)

Phys. Rev. D 112 (2025) 5, 054026, YM and Y. L. Ma
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Freedoms to be considered
Highlights of the parametrization: 
I. Include meson exchanges, e.g.  and 
II. Include baryon freedoms, e.g. nucleon and hyperon

f0(500)(σ) a0(980)(δ)

 mesons may be crucial to NS tidal deformations and neutron skin of nucleusa0
D. Adhikari et al. (PREX), Phys. Rev. Lett. 126, 172502 (2021)  
B. T. Reed, F. J. Fattoyev, C. J. Horowitz, and J. Piekarewicz, Phys. Rev. Lett. 126, 172503 (2021)  

F. Li, B. J. Cai, Y. Zhou, W. Z. Jiang, and L. W. Chen, Astrophys. J. 929, 183 (2022)

High densities may lead to hyperon cores of NSs
N. K. Glendenning, Astrophys. J. 293, 470 (1985) 
N. K. Glendenning and S. A. Moszkowski, Phys. Rev. Lett. 67, 2414 (1991).  
S. Weissenborn, D. Chatterjee, and J. Schaffner-Bielich, Phys. Rev. C 85, 065802 (2012), [Erratum: Phys. Rev. C 90, 019904 (2014)] 
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σ = cos θ0σ′￼+ sin θ0 ̂σ′￼

a0 = cos θ8a′￼0 + sin θ8 ̂a0′￼

f0 = cos θ8 f′￼0 + sin θ8
̂f0
′￼

⟨σ′￼⟩ = 3α and  ⟨ ̂σ′￼⟩ = 3β



The chiral transformations
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Φ′￼ → gLΦ′￼g†
R, Φ̂′￼ → gLΦ̂′￼g†

R Φ′￼ → e2iνΦ′￼, Φ̂′￼ → e−4iνΦ̂′￼,

SU(3)R ⊗ SU(3)L U(1)A

Lμ → gLLμg†
L, Rμ → gRRμg†

R
Lμ → Lμ, Rμ → Rμ

N(RR)
R → gRN(RR)

R g†
R

N(LL)
R → gRN(LL)

R g†
L

N(RR)
R → e−3ivN(RR)

R , N(RR)
L → e−ivN(RR)

L

N(LL)
R → eivN(LL)

R , N(LL)
L → e3ivN(LL)

L

2-quark 4-quark

di-quark approximationScalars Vectors Baryons



Power counting rules
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① The operators are limited within dimension-4, for the 
higher dimensional operators are suppressed by the cutoff 
scale;

② The quark number of an operator is limited within 8 and 
the number of flavor space traces is limited to only 1, for 
its suppression by ;

③ The explicit symmetry breaking caused by quark mass is 
treated as perturbation, which is crucial to strangeness in 
NS.

Nc

A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 77, 034006 (2008).
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 72, 034001 (2005)
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 79, 074014 (2009)
D. Parganlija, F. Giacosa, and D. H. Rischke, Phys. Rev. D 82, 054024 (2010)
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The Lagrangian at the leading order for RMF

𝒱M = c2 Tr S′￼2 − d2 Tr ̂S′￼2 − c4 Tr S′￼4 − 2e3ϵabcϵdefS′￼adS′￼be
̂S′￼cf

𝒱V = h̃2 Tr (S′￼2V2) + g̃3 Tr V4+

a1ϵabcϵdefVadVbe (S′￼2)cf

ℒRMF
B = Tr (B̄iγμ∂μB) + c Tr (B̄γ0VB) − g Tr (B̄S′￼B)

+hϵabcϵdef B̄adγ0BbeVcf

−eϵabcϵdef B̄adγ0BbeS′￼cf

Masses by spontaneous chiral symmetry breaking

Quark configuration mixing

Only two quark configuration couples to baryon at the leading order
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Hadron masses and NM properties
The units are in MeV, except  is in n0 fm−3

A. Sedrakian, J. J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023) 
J. Piekarewicz, Phys. Rev. C 69, 041301 (2004). 
M.I. Tews, J. M. Lattimer, A. Ohnishi, and E. E. Kolomeitsev, Astrophys. J. 848, 105 (2017). 
M. Dutra, et al., Phys. Rev. C 85, 035201 (2012). 
R. L. Workman, et al. (Particle Data Group), PTEP 2022, 083C01 (2022). 

Increasing the 
four-vector 
couplings

Y. Sugahara and H. Toki, Nucl. Phys. A579,557 (1994).
F. Li, B. J. Cai, Y. Zhou, W. Z. Jiang, and L. W. Chen, Astrophys. J. 929, 183 (2022).



Comparison with Walecka-type models
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Empirical ELSM TM1

0.155±0.005 0.155 0.145 0.148n0(fm−3)

FSU − δ6.7

Saturation density A. Sedrakian, J. J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023)

L (2/3n0) ≥ 49MeV
D. Adhikari et al., PREX, Phys. Rev. Lett. 126, 172502 (2021) 
B. T. Reed, F. J. Fattoyev, C. J. Horowitz, and J. Piekarewicz, Phys. Rev. Lett. 126, 172503 (2021)

GW170817 Λ1.4 ≤ 580
B. P. Abbott et al., LIGO Scientific, Virgo, Phys. Rev. Lett. 121, 161101 (2018)

Symmetric nuclear matter Pure neutron matter

Small  and g3 gδ
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gδ ∼ 1

gδ ∼ 5

gδ = 0



Comparison among different  casesgaNN
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 increasegδ

gδ ≈ 5

gδ ≈ 1



Comparison among different  casesg3

17

H. T. Cromartie et al. (NANOGrav), Nature Astron. 4, 72 (2019). 
B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 121, 161101 (2018),

 increase,  decreaseg3 K0

K0 = 415MeV
K0 = 370MeV

K0 = 253MeV



Quite different parameter space from EFT view
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Slight difference of configurations 
but large difference at macroscopic level

MeV

Quite different parameter space!
N. Zabari, S. Kubis, and W. Wójcik, Phys. Rev. C 99, 035209 (2019) 
F. Li, B.-J. Cai, Y. Zhou, W.-Z. Jiang, and L.-W. Chen, Astrophys. J. 929, 183 (2022).
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Strangeness in this framework under RMF (Neglecting the 4-quark 
configurations but with explicit symmetry breaking terms at leading order)

In collaboration with Lu-Qi Zhang (张璐琦)
𝒱M = c2 Tr S′￼2 − c4 Tr S′￼4 − b1 Tr (ξS′￼3) − 2G Tr (ξS′￼)

𝒱V = h̃2 Tr (V2S′￼2) + a1ϵijkϵlmn(V)il(V)jm(S′￼2)kn
+ b2 Tr (V2ξS′￼)

+b3ϵijkϵlmn(V)il(V)jm(ξS′￼)kn
+ g̃3 Tr V4 + ã2ϵijkϵlmn(V)il(V)jm(V2)kn

ℒB
RMF = Tr (B̄iγμ∂μB) + c Tr [B̄γ0VB] + c′￼Tr [B̄γ0BV]

+hϵijkϵlmn(B̄)il(Vγ0)jm
(B)kn − g Tr[B̄S′￼B]

−eϵijkϵlmn(B̄)il(S′￼)jm(B)kn − b4 Tr[B̄ξB] − b5ϵijkϵlmn(B̄)il(ξ)jm(B)kn

Mass splittings (beta equilibrium )
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Strangeness in this framework under RMF 
(Neglecting the 4-quark configurations)

S =
1

2
(λ8 f0 + λ3a0) +

1

3
I ⋅ σ

Neglected in EOS after the determination of mass spectrum

arXiv:2512.23477 [nucl-th], (2025), YM, Y. L. Ma and L.-Q. Zhang



Physical couplings and mass formula
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gρNN = −
1
2

(c + h)

gωNN = −
1
2

(c − h)

gωΛΛ = −
1
6 (c + c′￼− 4h)

gσNN = gσΛΛ = −
1

3
(g − e)

ξ = ξ1λ1 + ξ3λ3 + ξ8λ8

Non-zero  and ⟨a0⟩ ⟨ f0⟩

mΣ+ =
1
2 (−2mn + 3mΛ − 2mΞ− + 3mΣ0)

mΣ− =
1
2 (2mn − 3mΛ + 2mΞ− + mΣ0)

mΞ0 = − mn − mp + 3mΛ − mΞ− + mΣ0 .

m2
a0

+ m2
f0

= 2m2
σ

Gell-Mann Okubo Formula
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Hadron spectra and nuclear matter properties

Align with the empirical values

mN = m + σπN(0)

Account for the contribution of 
spontaneous and explicit breaking

UΛ ≈ − 28 MeV



Problems in M-R relation and RMF approach for -σπN 75+
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Solution plane for EOMs of mesons

No continuous solutions

No emergency of 
hyperons

Not a realistic M-R relation
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Relativistic 
Hartree-Fock

Relativistic 
mean field 

Ignorance of exchange terms of nucleon interaction



Effects of sigma term and incompressibility
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More negative 
sigma term

Still negative sigma term

The same as no explicit 
breaking case 
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Comparison with Walecka models
Y. Zhang, J. Hu, and P. Liu, Phys. Rev. C 97, 015805 (2018). 
K. A. Maslov, E. E. Kolomeitsev, and D. N. Voskresensky, Phys. Rev. C 92, 052801 (2015).

Hyperon
Ratio
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I. The low energy EFTs/models of QCD can reproduce the 
vacuum spectra, NM properties and NS structures with 
appropriate parameter choice but different from past studies 
based on Walecka models;


II. A scaling scheme for parameters to cover different physical 
regions may be crucial to connect the QCD symmetry patterns 
and NS observations;


III. At high densities, Fock terms (quantum exchange effects) 
ignored in RMF may play an important role.

What could be learned?
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Thank you!



Backup



Outline

• Motivation (How to connect the microscopic symmetries to 
the rich macroscopic phenomenons)


• Theoretical framework and phenomenological analysis 
(Nuclear matter properties and neutron star structures with 
an extended linear sigma model (chiral symmetry))
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ℒM =
1
2

Tr (∂μΦ′￼∂μΦ′￼†) +
1
2

Tr (∂μΦ̂′￼∂μΦ̂′￼†)+c2 Tr (Φ′￼Φ′￼†) − c4 Tr (Φ′￼Φ′￼†Φ′￼Φ′￼†) − d2 Tr (Φ̂′￼Φ̂′￼†)−

e3(ϵabcϵdefΦ′￼a
d Φ′￼b

e Φ̂′￼c
f +  h.c. )−c3 γ1 ln ( det Φ′￼

det Φ̂′￼† ) + (1 − γ1) ln
Tr (Φ′￼Φ̂′￼†)
Tr (Φ̂′￼Φ′￼†)

2

The lowest order Lagrangians 
(The system only with nucleons)

A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 72, 034001 (2005) 
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 77, 034006 (2008) 
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 79, 074014 (2009)Two quark configurations mixing

The scalar meson masses by spontaneous chiral symmetry breaking
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ℒV = −
1
8

Tr (LμνLμν + RμνRμν) + g1 [Tr (∂νRμRμRν) + Tr (∂νLμLμLν)]+

g2 [Tr (∂νRμRνRμ) + Tr (∂νLμLνLμ)] + g3 [Tr (RμRμRνRν) + Tr (LμLμLνLν)]+

g4 [Tr (RμRνRμRν) + Tr (LμLνLμLν)]+h1 [Tr (Φ′￼†Φ′￼RμRμ) + Tr (Φ′￼Φ′￼†LμLμ)]+

h2 [Tr (LμΦ′￼RμΦ′￼†)] + h3 [Tr (Φ′￼†∂μΦ′￼Rμ) + Tr (Φ′￼∂μΦ′￼†Lμ)]+

a1

2
ϵabcϵdef [(Rμ)ad

(Rν)be (Φ′￼†Φ)cf
+ (Lμ)ad

(Lν)be (ΦΦ′￼†)cf]+

a2

2
ϵabcϵdef  [(Rμ)ad

(Rν)be (RμRν)cf
+ (Lμ)ad

(Lν)be (LμLν)cf]+

a3

2
ϵabcϵdef [(Rμ)ad

(Rμ)be (RνRν)cf
+ (Lμ)ad

(Lμ)be (LνLν)cf]+

a4

2
ϵabcϵdef [(Rμ)ad

(Rν)be (∂μRν)cf
+ (Lμ)ad

(Lν)be (∂μLν)cf]

The vector meson masses by spontaneous chiral symmetry breaking
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ℒB = Tr(B̄i /∂B) + c Tr (B̄γμVμB + B̄γμγ5AμB) + c′￼Tr (B̄γμB̄Vμ + B̄γμγ5B̄Aμ)+

hϵabcϵdef [(B̄)adγμ(B)be(Vμ)cf + (B̄)adγμγ5(B)be(Aμ)cf]−
g
2

Tr [B̄ (Φ′￼+ Φ′￼†) B + B̄γ5 (Φ′￼− Φ′￼†) B]−

e
2

ϵabcϵdef [(B̄)ad(Φ′￼+ Φ′￼†)be
(B)cf + (B̄)adγ5 (Φ′￼− Φ′￼†)be

(B)cf]

N(RR)
R, L =

1

2

1 ± γ5

2
B, N(LL)

R, L = −
1

2

1 ± γ5

2
B

Di-quark approximation L. Olbrich, Master’s thesis, Goethe U., Frankfurt (main) (2015). 
L. Olbrich, M. Zétényi, F. Giacosa, and D. H. Rischke, Phys. Rev. D 93, 034021 (2016).

The baryon masses by spontaneous chiral symmetry breaking



Massive data processing (ML methods)
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• The parameter space searching of an EFT with data across 
broad scale is a rather labor- and time-consuming work

• AI techs based on machine learning have advantage to 
analysis massive data and statistical correlations

34

L.-J. Guo, J.-Y. Xiong, YM, and Y.-L. Ma, Astrophys. J.  965, 47 (2024)



An application
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ℒRMF = ψ̄ [iγμ∂μ − M − gσσ − gωγμωμ − gργμτaρaμ] ψ

+
1
2

∂μσ∂μσ −
1
2

m2
σσ2 −

1
3

g2σ3 −
1
4

g3σ4

−
1
4

WμνWμν +
1
2

m2
ωωμωμ +

1
4

c3 (ωμωμ)
2

−
1
4

Ra
μνRaμν +

1
2

m2
ρ ρa

μ ρaμ

Y. Sugahara and H. Toki, Nucl. Phys. A 579, 557 (1994) 
H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi, Nucl. Phys. A 637, 435 (1998)

Bayesian analysis



An analysis on a more general Lagrangian
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ℒN = Ψ̄ (iγμ∂μ − mN) Ψ,

ℒσ =
1
2 (∂μσ∂μσ − m2

σσ2) −
1
3

g2σ3 −
1
4

g3σ4 −
1
2

g4σ2ωμωμ −
1
2

g5σ2 ⃗ρμ ⋅ ⃗ρμ − g6σ ⃗ρμ ⋅ ⃗ρμ − g7σωμωμ,

ℒω = −
1
4

ΩμνΩμν +
1
2

m2
ωωμωμ +

1
4

c3 (ωμωμ)
2

+
1
2

c4ωμωμ ⃗ρμ ⋅ ⃗ρμ

ℒρ = −
1
4

⃗P μν ⋅ ⃗P μν +
1
2

m2
ρ ⃗ρμ ⋅ ⃗ρμ +

1
4

d3 ( ⃗ρμ ⋅ ⃗ρμ)
2

ℒa0
=

1
2

∂μ ⃗a0 ⋅ ∂μ ⃗a0 − m2
a0

⃗a0 ⋅ ⃗a0 +
1
4

b3 ( ⃗a0 ⋅ ⃗a0)2 +
1
2

b4 ( ⃗a0 ⋅ ⃗a0) ( ⃗ρμ ⋅ ⃗ρμ) +
1
2

b5σ ( ⃗a0 ⋅ ⃗a0)

+
1
2

b6 ⃗a0 ⋅ ⃗a0σ2 +
1
2

b7 ⃗a0 ⋅ ⃗a0ωμωμ + b8 ⃗a0 ⋅ ⃗ρμωμσ + b9 ⃗a0 ⋅ ⃗ρμωμ,

ℒI = Ψ̄ (−gσσ − gωγμωμ − gργμ ⃗ρμ − ga0
⃗a0) Ψ

ℒ = ℒN + ℒσ + ℒω + ℒρ + ℒa0
+ ℒI

Include all possible operators contributing to RMF EOS up to dimension 4

In collaboration with Ling-Jun Guo (郭凌君) and Jia-YIng Xiong(熊佳颖)


