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Finite temperature scattering within Unitarized ChPT

Unitarized meson scattering from thermal unitarity including physical thermal‐bath processes:

Inverse Amplitude Method: tIAM(s, T ) = t2(s)2

t2(s) − t4(s, T )

Im tIAM(s, T ) =

 σT
ab(s) [tIAM(s, T )]2 , s ≥ (Ma + Mb)2 (unitarity cut)

σ̃T
ab(s) [tIAM(s, T )]2 , 0 ≤ s ≤ (Ma − Mb)2 (Landau thermal cut)

Thermal phase space:
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The thermal K∗
0 (700) and K∗(892) poles

Method 2

Method 1

IAM

T=0 MeV

T=200 MeV

T=150 MeV

550 600 650 700 750

200

250

300

350

Mp
κ (T)

Γ
pκ
(T
)
/
2

MK=350 MeV

physical case

T=0 MeV

T=150 MeVT=200 MeV

IAM

840 860 880 900 920 940 960

20

40

60

80

100

Mp
K

*

(T)

Γ
pK

*

(T
)
/
2

K∗
0 (700)/κ (I = 1/2, J = 0)

K∗(892) (I = 1/2, J = 1)

Mκ
p stays constant up to T ∼ 75 MeV,

from which it drops
Γκ

p increases at low T (phase space),
decreases as T → Tc (M drop)
Similar behavior to f0(500)

Softer T dependence than ρ(770)
Lowering MK towards SU(3) limit:

→ ΓK∗

p doubles its value from T = 0 to T = 200
MeV.

→ Consistent with ρ‐like degeneration

AGN, J. R. de Elvira, A. Vioque
Rodríguez JHEP 08 (2023), 148

Scalar susceptibility and the thermal σ/f0(500)

χS saturated by lightest IJ = 00 state f0(500)
generated in unitarized finite‐T ππ scattering

χS(T ) ≃ χS(0) M 2
S(0)

M 2
S(T )

M 2
S(T ) = Re sp(T ) ∼ ReΣf0 behaves as p = 0 thermal

mass. Scaling near Tc checked within LSM.

S.Ferreres‐Solé, AGN, A. Vioque Rodríguez, PRD99 (2019) 036018
AGN, A. Vioque Rodríguez, 2506.14599 [hep‐ph]
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ChPT one loop
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Reproduces expected peak Tc ∼ 158 MeV
Agrees with lattice below Tc for susceptibility and quark
condensate differences
Fitted LEC consistent with T = 0 pion phenomenology
Consistent Tc reduction and χS growth near chiral limit.

Thermal interactions crucial!

K/κ susceptibilities and quark condensates fromWard Identities

HISQ/tree, Nσ=32, Nτ=8

χS
κ ms=20ml

χS
κ ms=40ml

χP
K ms=20ml

χP
K ms=40ml

χS
κ ms=20ml

χS
κ ms=40ml

150 200 250 300

0.95

1.00

1.05

1.10

1.15

1.20

T (MeV)

150 200 250 300

1.0

1.2

1.4

1.6

1.8

2.0

2.2

T (MeV)

χK
P (T ) = [⟨q̄q⟩l + 2⟨s̄s⟩]

ms − ml

χκ
S(T ) = −[⟨q̄q⟩l − 2⟨s̄s⟩]

ms + ml

WI

Lattice points from

A.Bazavov et al (Hot QCD)

O(4) × U(1)A restoration
χκ

S → χK
P above χκ

S peak

WI predict χκ
S peak

above Tc driven by
⟨q̄q⟩l, ⟨s̄s⟩, ml/ms

AGN, J. R. de Elvira,
A. Vioque Rodríguez,
D. Álvarez‐Herrero,
EPJC81 (2021) 637

Kb = iq̄γ5λ
bq κb = q̄λbq

SU(2)A

U(1)A

degenerate under O(4) or U(1)A

(lowest states K and K∗
0 (700)/κ)

χκ
S saturated by I = 1/2 K∗

0 (700) scalar pole

IAM (Mπ=20 MeV)

IAM (physical case )

Method 2 (physical case )
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The peak is reproduced.
Chiral limit (ml/ms → 0+): Larger growth below peak enhanced by CSR. χκ

S → χK
P at lower T

SU(3) limit (ml/ms → 1): The peak grows and displaces towards Tc.

Chiral imbalance in ChPT

µ5 chemical potential for approx conservation of the chiral charge

LQCD → LQCD + µ5q̄γ5γ
0q

We have constructed the most general meson effective Lagrangian
for µ5 ̸= 0 and two light flavours, using external source framework.
New terms: covariant derivatives and explicit axial source terms.

L2 → L2 + 2µ2
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U = eiπaτa/F , κi new LEC to be determined

O(p2) and O(p4) effective Lagrangian

D. Espriu, AGN, A. Vioque Rodríguez, JHEP06 (2020) 62

Pion scattering, Tc(µ5) and fits of κi to lattice
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Growing behaviour of Tc(µ5)
compatible with lattice results

AGN, P. Roa‐Bravo, A. Vioque Rodríguez
PRD109 (2024) 034011

µ5 corrections to NLO π
scattering amplitude (κ1,2,3):

Tree level from L4

Dispersion relation mod.
LSZ residue

Conclusions

Scalar thermal resonances crucial for chiral and U(1)A restoration.
Saturating χS with thermal f0(500) reproduces the crossover peak of χS

and lattice results within uncertainties.

K/κ alternative channel for O(4) × U(1)A restoration.
Saturated χκ

S with thermal K∗
0 (700) develops a peak and is consistent with O(4) × U(1)A pattern.

Nf = 2 Effective Chiral Lagrangian for nonzero chiral imbalance yields Tc(µ5) growth OK with lattice.


