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The Origin of Baryon Mass

In parity doublet model:  

• Spontaneous Breaking of Chiral Symmetry  

• Chiral Invariant Mass 

m = m0 + g⟨qq̄⟩
⟨qq̄⟩

m0

Quark mass    Baryon mass≪
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How large the chiral invariant masses of hyperons?
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Previous model based on  chiral symmetry 

• Same chiral invariant mass for octet baryons [3] 

	 [3] E. S. Fraga et al., Phys. Rev. D 108, 116003 (2023) 

• Different chiral invariant masses, but many parameters [4] 

	 [4] B. Gao et al., Phys. Rev. D 110, 016016 (2024)

SU(3)𝑅 × SU(3)𝐿

Motivation of Model Construction
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Nucleon Model 
  Parity doublet model [5]

Representation of Nucleon and meson 
 

Transformation under Chiral Symmetry 

 

N ∼ [(2,1) ⊕ (1,2)], M ∼ [(2,2∗)]

N1L → gLN1L, N1R → gRN1R
N2L → gRN2L, N2R → gLN2R

M → gLMg†
R

[5] D. Jido, et al., Prog. Theor. Phys. 106, 873 (2001) /146
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Hyperon Model
Representation of Hyperon (  quark is heavy) 𝑠

qqs ∼ [(2,1) ⊕ (1,2)]2

= 2[(1,1)]
Λ

⊕ 2[(2,2)] ⊕ [(3,1) ⊕ (1,3)]
Σ
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Effective mass of Hyperon  

m∗
Λ = mΛ0 + GΛσ2

m∗
Σ± =

1
2

(GΣ1 + GΣ2)2σ4 + 4m 2
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2
(GΣ1 − GΣ2)σ2

/147



Pressure in the mean field approximation
Pressure 

 

: Pressure of Fermi Gas

P = ∑
i=N,Λ,Σ

PF(m∗, μ∗) + ∑
l=e,μ

P∗(ml, μl) − V(σ, ω, ρ)

PF
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Pressure in the mean field approximation

Effective Chemical Potential  
 μ∗

i = μB − gωiω + I3(μI − gρiρ) + Sμs (i = N, Λ, Σ)

I3: isospin, S: strangeness (S = 0 for N, − 1 for Λ, Σ)
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Meson Potential [6]

V(σ, ω, ρ) =
1
2

μ̄2σ2 −
1
4

λ4σ4 +
1
6

λ6σ6 + m2
π fπσ +

1
2

mω2ω2 +
1
2

m2
ρ ρ2
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Pion Decay constant:  

Saturation Property 
• Saturation density:  

• Binding energy:  

• Symmetry energy:  

• Incompressibility:  

• Hyperon potential:  
 

fπ = 92.4 MeV

n0 = 0.16 fm−3

B0 = − 16 MeV

S0 = 31 MeV

K0 = 240 MeV

UΛ = − 30 MeV, UΣ = + 30 MeV
Ui = m∗

i (σ) − mi + gωiω
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Onset Density of Λ
mN0 = 500 MeV

Results for neutron star matter up to 10n0
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•  appears at a lower density when its chiral invariant mass is greaterΛ
•  can appear in neutron stars 

when its chiral invariant mass is sufficiently large
Λ

 when nc ∼ 2.57n0 mΛ0 = 1000 MeV

Onset Density of Λ
(mN0, mΛ0, mΣ0) = (500, mΛ0, 800) MeVmN0 = 500 MeV

Results for neutron star matter up to 10n0
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Onset Density of Σ
mN0 = 500 MeV
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Onset Density of Σ

•  also appears at a lower density when its chiral invariant mass is greaterΣ

mN0 = 500 MeV
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Onset Density of Σ
(mN0, mΛ0, mΣ0) = (500, 700, mΣ0) MeV

•  also appears at a lower density when its chiral invariant mass is greaterΣ
•  appears only when its chiral invariant mass is as large as its vacuum massΣ

mN0 = 500 MeV
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Why hyperons appear at lower density when  are greater?mΛ0, mΣ0
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Hyperon mass is close to chiral invariant mass in the matter
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Hyperon mass is close to chiral invariant mass in the matter

Why hyperons appear at lower density when  are greater?mΛ0, mΣ0
Because the repulsive force is weaker for larger chiral invariant masses.
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Hyperon Potential:  UΛ = m∗
Λ(σ) − mΛ + gωΛω0

 

gωΛ =
UΛ − m∗

Λ(σ) + mΛ

ω0
∼

UΛ−mΛ0+mΛ

ω0

attractive repulsive

Hyperon mass is close to chiral invariant mass in the matter

Why hyperons appear at lower density when  are greater?mΛ0, mΣ0
Because the repulsive force is weaker for larger chiral invariant masses.
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attractive repulsive

Hyperon mass is close to chiral invariant mass in the matter

Why hyperons appear at lower density when  are greater?mΛ0, mΣ0

 has same mechanism, but Σ 𝑈Λ = − 30￼MeV, 𝑈Σ = + 30￼MeV

 ⇨  ⇨ less likely to appear than UΛ < UΣ gωΛ < gωΣ Λ

Effective Chemical Potential
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Summary and Outlook

Summary 
• We constructed a hyperon model based on the  chiral symmetry 
• We introduced  and  as  and  representations 
•  is more likely to appear when its chiral invariant mass is greater because the 

repulsive force becomes weaker 
• The repulsive force for  is stronger than that of , so  is less likely to appear

SU(2)L × SU(2)R
Λ Σ [(1,1)] [(3,1) ⊕ (1,3)]

Λ

Σ Λ Σ
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SU(2)L × SU(2)R
Λ Σ [(1,1)] [(3,1) ⊕ (1,3)]

Λ

Σ Λ Σ

Outlook
• Mass – Radius relation of neutron star
• Constraint on the chiral invariant masses
• Introduction of Ξ
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BACKUP SLIDES



• The  condensate shows very weak density dependence up to the 
hyperon onset regime 

• The model is expected to be valid up to about the hyperon onset density 
    ⇨ It is possible to investigate the hyperon onset density using the 

framework of the  chiral symmetry

s̄s

SU(2)L × SU(2)R

 vs. SU(3)L × SU(3)R SU(2)L × SU(2)R



ℒN = N̄1iγμDμN1 − gN1(N̄1LMN1R + N̄1LM†N1L)
+N̄2iγμDμN2 + gN2(N̄2LM†N2R + N̄2RMN2L)
−mN0(N̄1γ5N2 − N̄2γ5N1)

SSB
N̄iγμDμN − N̄ (mN+

mN−) N,

where  N = ( cos θ γ5 sin θ
−γ5 sin θ cos θ ) (N1

N2), tan 2θ =
2mN0

(gN1 − gN2)σ

m∗
N±

=
1
2

(gN1 + gN2)2σ2 + 4m2
N0 ± (gN1 − gN2)σ

Full Lagrangian (Nucleon)



ℒΛ,Σ = Λ̄iγμDμΛ − G′￼Λ[Λ̄L(M )l1
r1

(M†)r1
l1
ΛR + Λ̄R(M )l1

r1
(M†)r1

l1
ΛL]

+tr[Σ̄1iγμDμΣ1] − GΣ1[(Σ̄1L)l1l2
(M )l1

r1
(M )l2

r2
(Σ1R)r1r2 + h . c . ]

+tr[Σ̄2iγμDμΣ2] + GΣ2[(Σ̄2L)r1r2
(M†)r1

l1
(M†)r2

l2
(Σ2R)l1l2 + h . c . ]

−mΛ0Λ̄Λ − mΣ0tr[Σ̄1γ5Σ2 − Σ̄2γ5Σ1]
SSB Λ̄iγμDμΛ − mΛΛ̄Λ + tr[Σ̄iγμDμΣ] − tr[Σ̄ (mΣ+

mΣ−) Σ]
where Σ = ( cos θ γ5 sin θ

−γ5 sin θ cos θ ) (Σ1
Σ2), tan 2θ =

2mΣ0

(GΣ1 − GΣ2)σ2

m∗
Λ = mΛ0 + GΛσ2

m∗
Σ±

=
1
2

(GΣ1 − GΣ2)2σ4 + 4m2
Σ0 ± 1

2
(GΣ1 − GΣ2)σ2

Full Lagrangian (Hyperon)



• Decomposition of meson field:          

• Maurer-Cartan one form:          

• Nucleon - Vector meson coupling 

 

• Hyperon - Vector meson coupling 

M = ξ†
LσξR, ξL,R(x) G×H h(x)ξL,R(x)g†

L,R

α∥,⊥
μ =

1
2i [(DμξR)ξ†

R
± (DμξL)ξ†

L], α∥,⊥
μ

G×H h(x)α∥,⊥
μ h†(x)

ℒvector
N = {aρN[N̄1Lξ†

Lγμα∥
μξLN1L + (L ↔ R)] + a0N(N̄1Lγμtr[α∥

μ]N1L)} + (1 ↔ 2)

MFA
− gωNω ∑

i=1,2

N̄iγ0Ni −
1
2

gρN ρ ∑
i=1,2

N̄iγ0τ3Ni

ℒvector
Λ,Σ = b0Λ(Λ̄Lγμtr[α∥

μ]ΛL + Λ̄Rγμtr[α∥
μ]ΛR)

+cρΣtr[Σ̄1Lξ†
Lγμα∥

μξLΣ1L + (L ↔ R)] + c0Σtr[Σ̄1Lγμtr[α∥
μ]Σ1L] + (1 ↔ 2)

MFA
− gωΛωΛ̄γ0Λ − gωΣω ∑

i=1,2

tr[Σ̄iγ0Σi] − gρΣρ ∑
i=1,2

tr[Σ̄iγ0τ3Σi]

Full Lagrangian (Vector Meson)



Nucleon: 
 

 baryon: 
 

 baryon: 

mN0

Λ
mΛ0

Σ
mΣ0

 

 

gN1 gN2

GΛ

GΣ1 GΣ2

 

 

gωN gρN

gωΛ

gωΣ gρΣ

Parameters 

Meson: 
μ̄2 λ4 λ6

Parameter Determination
Inputs 
• Vacuum Mass:  

 

• Pion Decay constant:   

• Saturation Property 
• Saturation density:  

• Binding energy:  

• Symmetry energy:  

• Incompressibility:  

• Hyperon potential:  

N(939), N(1535), Λ(1116), Σ(1193), Σ(1620)

fπ = 92.4 MeV

n0 = 0.16 fm−3

B0 = − 16 MeV

S0 = 31 MeV

K0 = 240 MeV

UΛ = − 30 MeV, UΣ = + 30 MeV
Ui = m∗

i (σ) − mi + gωiω

Assumption      gρΣ = gωΣ
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B0 = − 16 MeV

S0 = 31 MeV

K0 = 240 MeV

UΛ = − 30 MeV, UΣ = + 30 MeV
Ui = m∗

i (σ) − mi + gωiω

Assumption      gρΣ = gωΣ



Nucleon: 
 

 baryon: 
 

 baryon: 

mN0

Λ
mΛ0

Σ
mΣ0

 

 

gN1 gN2

GΛ

GΣ1 GΣ2

 

 

gωN gρN

gωΛ

gωΣ gρΣ

Parameters 

Meson: 
μ̄2 λ4 λ6

Parameter Determination
Inputs 
• Vacuum Mass:  

 

• Pion Decay constant:   

• Saturation Property 
• Saturation density:  

• Binding energy:  

• Symmetry energy:  

• Incompressibility:  

• Hyperon potential:  

N(939), N(1535), Λ(1116), Σ(1193), Σ(1620)

fπ = 92.4 MeV

n0 = 0.16 fm−3

B0 = − 16 MeV

S0 = 31 MeV

K0 = 240 MeV

UΛ = − 30 MeV, UΣ = + 30 MeV
Ui = m∗

i (σ) − mi + gωiω

Assumption      gρΣ = gωΣ



•  

 

If , 

[(2,2)]

mΛ = mΛ0 + GΛσ2

mΣ = mΣ0 + GΣσ2

gωΛ > 0

UΛ < UΣ ⇒ (2) > (1)

•  
 

[(2,2)] ⊕ [(3,1) ⊕ (1,3)]
mΛ0 = mY0

gωΛ < 0 : atractive

•  

 

[(1,1)] ⊕ [(2,2)]

mΛ1,2
=

1
2

(mΛ0 + mY0)

± 1
2

(mΛ0 − mY0)2 + 4g2
Λσ2

mΣ = mY0

gωΛ < 0 : atractive

Hyperon model candidates
Ui = m∗

i (σ) − mi + gωiω, UΛ = − 30 MeV, UΣ = + 30 MeV

m⇤2

m⌃

m⇤1

f⇡�0

m⇤0

m⌃0

m⇤

m⌃

(1)

(2)

f⇡�0

mY 0



•  is less likely to appear  
when chiral invariant mass of nucleon is greater
Λ

 Onset Density Dependence on Λ mN0
mΣ0 = 800 MeV The reason of this result 

•  –  coupling constant 
 

•  mean field at saturation 
 

•  becomes smaller when  is greater to 
balance attractive force

𝜔 Λ

gωΛ ∼
UΛ − mΛ0 − mΛ

ω0

ω

ω0 =
gωN

m2
ω

n0

gωN mN0


