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Introduction

Introduction

The theory of strong interactions : QCD

LQCD =
∑

f=u,d ,s,c,b,t

q̄f (iγ
µDµ −mf ) qf −

1

4
G (a)
µν G

(a)µν

Asymptotic freedom and low energy confinement

Current quark mass for u and d 4− 5 MeV ; Nucleon mass :
939 MeV

Hadron masses: Chiral
symmetry and related properties
play significant role
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Introduction

Introduction

For light quarks mf ≈ 0: QCD Lagrangian has chiral symmetry

L0 = i q̄γµ∂µq = i q̄Lγ
µ∂µqL + i q̄Rγ

µ∂µqR

qR =
1

2
(1 + γ5) q, qL =

1

2
(1− γ5) q

Invariance under

qR → exp

(
i
θaRτ

a

2

)
qR , qL → exp

(
i
θaLτ

a

2

)
qL

lead to SU(2)L × SU(2)R

Conserved vector and axial-vector current
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Introduction

Introduction

[Qa,HQCD ] = [Qa
5 ,HQCD ] = 0

Degenerate spectrum of hadrons with same spin and opposite parity
expected but not observed in nature

meson

mπ = 139 MeV (0−)

mσ = 600 MeV (0+)

Baryon

Nucleon = 939 MeV (12
+
)

N(1535) = 1535 MeV (12
−
)

Chiral symmetry is not the symmetry of ground state and breaks
spontaneously
QCD vacuum populates with qq̄ pairs

< 0|qq̄|0 ≯= 0
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Introduction

Why in-medium properties of hadrons?

Understanding of QCD phase structure and restoration of chiral
symmetry

Lattice QCD: reduction of qq̄ at
high T

Study of deeply bound pionic atoms in Sn nuclei: reduction of qq̄ at finite ρB
Ref.: T. Nishi et. al., Nature Physics 19, 788 (2023)
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Introduction

Why in-medium properties of hadrons?

Impact on experimental observables

Ref. T. Song et. al., Phys. Rev. C 106 (2022) 024903.
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Introduction

Why in-medium properties of hadrons?

Dense matter in compact stars

Ref.: Mod. Phys. Lett. A, 29 (2014) 1430022
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Introduction

Theoretical framework (Non-perturbative methods)

Lattice QCD: For finite T and near zero ρB

Other approaches (for finite baryon density)

MIT Bag model and Quark meson coupling model

Quark mean field model

Chiral SU(3) hadronic model

QCD sum rules

Coupled channel approach

Functional renormalization approach (Beyond mean field)

NJL and PNJL

QM and PQM

...
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Chiral SU(3) model

Chiral SU(3) model

Calculations of in-medium masses of K and K̄ involve two steps

Step 1

Consider dense medium consisting of baryons

spin− 1
2
octet (p, n,Λ,Σ±,0,Ξ−,0)

spin− 3
2
decuplet (∆++,+,0,−,Σ∗±,0,Ξ∗0,−,Ω−

Scalar fields σ, ζ and δ

Vector fields ω, ρ and ϕ

Minimize thermodynamic potential and obtain the density and temperature
dependent Scalar and vector fields
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Chiral SU(3) model

Chiral SU(3) model

Step 2

Interaction Lagrangian density for K and K̄ with baryons of medium

Solve dispersion relation to obtain in-medium masses
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Chiral SU(3) model

Chiral SU(3) model

Thermodynamic potential

Ω

V
= − γiT

(2π)3

∑
i

∫
d3k

{
ln
(
1 + e−β[E∗

i (k)−µ∗
i ]
)

+ ln
(
1 + e−β[E∗

i (k)+µ∗
i ]
)}

− Lvec − L0 − LSB − Vvac

Effective baryon mass

m∗
i = − (gσiσ + gζiζ + gδi I3iδ) +mi0

Effective chemical potential

µ∗
i = µi − gωiω − gρi I3iρ− gϕiϕ
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Chiral SU(3) model

Chiral SU(3) model

For scalar mesons

L0 = −1

2
k0χ

2
(
σ2 + δ2 + ζ2

)
+ k1

(
σ2 + δ2 + ζ2

)2
+k2

(
σ4

2
+

δ4

2
+ 3σ2δ2 + ζ4

)
+ k3χζ

(
σ2 − δ2

)
−k4χ

4 − 1

4
χ4 ln

χ4

χ4
0

+
d

3
χ4 ln

(((
σ2 − δ2

)
ζ

σ2
0ζ0

)(
χ

χ0

)3
)

For vector mesons

Lvec =
1

2

(
m2

ωω
2 +m2

ρρ
2 +m2

ϕϕ
2
) χ2

χ2
0

+ g4
(
ω4 + 6ω2ρ2 + ρ4 + 2ϕ4

)
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Chiral SU(3) model

Chiral SU(3) model

Explicit symmetry breaking

LSB = −1

2
TrAp

(
uXu + u†Xu†

)
,

where

Ap =
1√
2
diag(m2

πfπ,m
2
πfπ, 2m

2
K fK −m2

πfπ)

u = exp
(
iP/

√
2σ0
)
= 1 + iP/

√
2σ0

LSB = −
(

χ

χ0

)2 [
m2

πfπσ +

(√
2m2

K fK − 1√
2
m2

πfπ

)
ζ

]
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Chiral SU(3) model

Chiral SU(3) model

General interaction Lagrangian

∂Ω

∂σ
=

∂Ω

∂ζ
=

∂Ω

∂δ
=

∂Ω

∂χ
=

∂Ω

∂ω
=

∂Ω

∂ρ
=

∂Ω

∂ϕ
= 0.

Baryon number density

ρvi = γi

∫
d3k

(2π)3

(
fi (k)− f̄i (k)

)
,

fi (k) =
1

1 + exp [β(E∗
i (k)− µ∗

i )]
, f̄i (k) =

1

1 + exp [β(E∗
i (k) + µ∗

i )]

Baryon scalar density

ρsi = γi

∫
d3k

(2π)3
m∗

i

E∗
i (k)

(
fi (k) + f̄i (k)

))
.

Arvind (NIT Jalandhar) Hot QCD Matter 2025 September 2025 14 / 33



Chiral SU(3) model

Scalar field σ
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Manpreet Kaur and Arvind Kumar, Phys. Rev. D 110, 114054 (2024)
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Chiral SU(3) model

Scalar field σ
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Figure: The σ field at various values of ∆ baryon potentials for symmetric
resonance matter.
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Chiral SU(3) model

Scalar field ζ
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Chiral SU(3) model

Scalar field δ
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K and K̄ meson properties

Kaons and antikaons interactions

Interaction Lagrangian density

LKB = LOW + LDW + Lmass + LP
kin ++LBM

d1 + LBM
d2 ,

Octet baryons
LOW = i Tr B̄γµD

µB

DµB = ∂µB + i [Γµ,B]
Γµ = − i

4

[
u†∂µu − ∂µu

†u+ u∂µu
† − ∂µuu

†] , u = exp
(
iP/

√
2σ0
)
.

Decuplet baryons
LDW = −i T̄µ

��DTµ

DνTµ
abc = ∂νTµ

abc + i (Γν)da T
µ
dbc + i (Γν)db T

µ
adc + i (Γν)dc T

µ
abd

Manpreet Kaur and Arvind Kumar, Phys. Rev. D 110, 114054

(2024)

Ref.: S. Sarkar et.al., Nucl. Phys. A 750 (2005) 294

L.S. Geng et.al., Phys.Lett.B 676 (2009) 63
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K and K̄ meson properties

Kaons and antikaons interactions

Symmetry breaking term

LSB = −1

2
TrAp

(
uXu + u†Xu†

)
,

where Ap = 1√
2
diag(m2

πfπ,m
2
πfπ, 2m

2
K fK −m2

πfπ).

Lmass =
m2

K

2fK

[(
σ +

√
2ζ + δ

)
K+K− +

(
σ +

√
2ζ − δ

)
K 0K̄ 0

]
Kinetic term for pseudoscalar mesons

LP
kin = Tr (uµXu

µX + Xuµu
µX )

LP
kin = − 1

fK

[(
σ +

√
2ζ + δ

)
(∂µK

+)(∂µK−)

+
(
σ +

√
2ζ − δ

)
(∂µK

0)(∂µK̄ 0)
]
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K and K̄ meson properties

Kaons and antikaons interactions

Meson-baryon interaction at next-to-leading order

LBM
d1 =

d1
2
Tr(uµu

µ)
[
Tr(B̄B) + Tr(T̄T )

]
,

and
LBM
d2 = d2

[
Tr(B̄uµu

µB) + Tr(T̄ uµu
µT )

]
.

d1 =
2.56

mK
, d2 =

0.73

mK

Dispersion relation from Euler Lagrange equation of motion and its
Fourier transformation

−ω2 + k⃗2 +m2
K(K̄)

− Π∗(ω, |k⃗|) = 0,

Arvind (NIT Jalandhar) Hot QCD Matter 2025 September 2025 21 / 33



K and K̄ meson properties

Kaons and antikaons interactions

For K+
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K and K̄ meson properties

Kaons and antikaons interactions

For K 0
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K and K̄ meson properties

Kaons and antikaons interactions

For K−

100

200

300

400

500

600

m
*

K
-
(M

e
V

)

0 1 2 3 4 5

Ia=0

(a)fs=0

100

200

300

400

500

600

0 1 2 3 4 5

Ia=0.3

(b)fs=0

100

200

300

400

500

600

m
*

K
-
(M

e
V

)

0 1 2 3 4 5

B/ 0

(c)fs=0.5

100

200

300

400

500

600

0 1 2 3 4 5

B/ 0

(d)fs=0.5

T=0 MeV (with resonance)

T=100 MeV (with resonance)

T=150 MeV (with resonance)

T=0 MeV (without resonance)

T=100 MeV (without resonance)

T=150 MeV (without resonance)

Arvind (NIT Jalandhar) Hot QCD Matter 2025 September 2025 24 / 33



K and K̄ meson properties

Kaons and antikaons interactions

For K̄ 0
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ϕ mesons properties

ϕ mesons interactions

Experimental efforts

LEPS collaboration Spring-8 : γA induced reaction

KEK E325 : p − A reaction (12 GeV proton beam)

CLAS collab. at Jefferson Lab: γA induced reaction

ANKE-COSY: p − A reaction (2.83 GeV proton beam)

HADES: π−A reaction

ALICE: pp collisions

J-PARC: : p − A reaction (30 GeV proton beam)

Different observations on mass-shift and width broadening in nuclear medium
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ϕ mesons properties

ϕ mesons interactions

Interaction Lagrangian density

LϕKK̄ = igϕϕ
µ
[
K̄ (∂µK )− (∂µK̄ )K

]
.

Figure: ϕKK̄ interaction at one loop level.

J.J. Cobos-Mart́ınez et. al, Phys. Lett. B 771 (2017) 113
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ϕ mesons properties

ϕ mesons interactions

Self energy

iΠ∗
ϕ(p) = −8

3
g2
ϕ

∫
d4q

(2π)4
q⃗ 2DK (q)DK̄ (q − p) .

m∗2

ϕ =
(
m0

ϕ

)2
+ ReΠ∗

ϕ(m
∗2

ϕ ),

ReΠ∗
ϕ = −4

3
g2
ϕ P
∫ Λc

0

d3q

(2π)3
q⃗ 2

(
Λ2
c +m∗2

ϕ

Λ2
c + 4E∗2

K

)4

(E∗
K + E∗

K̄
)

E∗
KE

∗
K̄
((E∗

K + E∗
K̄
)2 −m∗2

ϕ )
.

Decay width

Γ∗ϕ =
g2
ϕ

24π

1

m∗5

ϕ

(
(m∗2

ϕ − (m∗
K +m∗

K̄ )
2)(m∗2

ϕ − (m∗
K −m∗

K̄ )
2)
)3/2

.
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ϕ mesons properties

m∗
ϕ in resonance and non-resonance matter (at T = 100

MeV)

945

960

975

990

1005

1020

1035

m
*

(M
eV

)

0 1 2 3 4 5

Ia=0

(a)fs=0

945

960

975

990

1005

1020

1035

0 1 2 3 4 5

Ia=0.3

(b)fs=0

945

960

975

990

1005

1020

1035

m
*

(M
eV

)

0 1 2 3 4 5

B/ 0

(c)fs=0.5

945

960

975

990

1005

1020

1035

0 1 2 3 4 5

B/ 0

(d)fs=0.5

c=2 GeV (with resonance)

c=3 GeV (with resonance)

c=4 GeV (with resonance)

c=2 GeV (without resonance)

c=3 GeV (without resonance)

c=4 GeV (without resonance)

Manpreet Kaur and Arvind Kumar, Phys. Rev. D 112, 014030 (2025)
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ϕ mesons properties

Γ∗ϕ of the ϕ meson
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Summary

Summary

Impact of decuplet baryons on K and ϕ meson properties investigated

Interaction between baryons mediated through the scalar and vector
fields

Presence of decuplet baryon causes decrease in effective masses of K
mesons at finite temperature and high ρB

ϕ mesons feel more attractive mass shift in resonance matter

Decay width of ϕ mesons increases
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Summary

Thank You
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Summary

Kaons and antikaons interactions

T 111 = ∆++,T 112 =
1√
3
∆+,T 122 =

1√
3
∆0,T 222 = ∆−, ,

T 113 =
1√
3
Σ∗+,T 123 =

1√
6
Σ∗0,T 223 =

1√
3
Σ∗−

T 133 =
1√
3
Ξ∗0,T 233 =

1√
3
Ξ∗−,T 333 = Ω−.

LDW = − 3i

4f 2K

[(
3 ¯∆++γµ∆++ + 2∆̄+γµ∆+ + ∆̄0γµ∆0 − ¯Σ∗−γµΣ∗−

+ ¯Σ∗+γµΣ∗+ − 2 ¯Ξ∗−γµΞ∗− − Ξ̄∗0γµΞ∗0 − 3Ω̄−γµΩ−
)

×
(
K−(∂µK

+)− (∂µK
−)K+

)
+
(
3∆̄−γµ∆− + ∆̄+γµ∆+ + 2∆̄0γµ∆0 − ¯Σ∗+γµΣ∗+ + ¯Σ∗−γµΣ∗−

− ¯Ξ∗−γµΞ∗− − 2Ξ̄∗0γµΞ∗0 − 3Ω̄−γµΩ−
)(

K̄ 0(∂µK
0)− (∂µK̄ 0)K 0

)]
.
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