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QCD and chiral symmetry

Low-energy regime of QCD

LQCD =
∑

q=u,d,s

i q̄L 6DqL + i q̄R 6DqR −mq (q̄RqL + q̄LqR)

[Fritzsch, Gell-Mann, Leutwyler (1973)]

↪→ QCD invariant under flavor rotations of the qL and qR fields in the massless limit

Symmetry group: SU(Nf )L× SU(Nf )R

Nf = 2, mu and md very small

↪→ SU(2)L× SU(2)R should be a nearly perfect symmetry [Nambu (1960)]

Nf = 3, ms ∼ ΛQCD

↪→ SU(3)L× SU(3)R larger corrections
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Spontaneous chiral symmetry breaking

Chiral symmetry is not "visible" in the spectrum

B no parity doublets

B 〈0|AA|0〉 6= 〈0|VV |0〉

Spontaneous breaking of chiral symmetry

↪→ π, K , η are the Goldstone Bosons from
Chiral Symmetry Spontaneous Breakdown

〈0|∂µJ5 a
µ (0)|πb(p)〉 =δab fπm2

π

〈0|[QA,a, q̄γ5tbq]|0〉 =− 2
3
δab〈0|q̄q|0〉

Chiral QCD Lagrangian invariant under
U(1)L × U(1)R

〈0|∂µJ5,0
µ |η′(p)〉 = fπm2

η′ = 〈0| 3g2

32π2
F aµνF a

µν |η′(p)〉

↪→ does not vanish in the chiral limit
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Chiral symmetry restoration: quark condensate
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a [Borsányi et al. (Wuppertal-Budapest Collaboration) (2010)]
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∆ls =
〈q̄q〉T − (2ml/ms)〈s̄s〉T
〈q̄q〉0 − (2ml/ms)〈s̄s〉0

for Nf =2+1 and physical masses

Restoration temperature?
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Chiral symmetry restoration: scalar susceptibility

a [Borsányi et al. (Wuppertal-Budapest Collaboration) (2010)]
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χl (T ) = − ∂
∂m 〈(q̄q)l 〉T =

∫
E

d4x
[
〈T (q̄q)l (x)(q̄q)l (0)〉T − 〈(q̄q)l 〉2T

]

Crossover transition at Tc ∼ 155 MeV for Nf = 2+1 and physical masses
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Chiral symmetry restoration: scalar susceptibility close to the chiral limit

Exact restoration?

results close to the chiral limit

 0

 100

 200

 300

 400

 500

 600

 700

 130  135  140  145  150  155  160  165  170  175  180

χM

T [MeV]

m
π
 [MeV]ms/ml

N
τ
=8

20   160

27   140

40   110

80     80

160     55

 150

 200

 250

 300

 350

 400

 450

 135  140  145  150  155  160  165  170

χM

T [MeV]

N
τ
=8

ms/ml=80

N
σ
=32

N
σ
=40

N
σ
=56

↪→ Tc
∣∣
ml→0 = 132+3

−6 MeV [Ding et al. (HotQCD Collaboration) (2019)]

Possible second order O(4) phase transition for Nf = 2 in chiral limit [Pisarski and Wilczek (1984)]
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U(1)A restoration

U(1)A restoration?

U(1)A asymptotic restoration suggested by the vanishing of the instanton density
[Gross, Pisarski, Yaffe (1981), Shuryak (1994), Cohen (1996), Lee-Hatsuda (1996)]

Observed Mη′ reduction at finite temperature [Csorgo, Vertesi, Sziklai (2010)]

Increase of η′ production for dileptons and diphotons experiments [Kapusta, Kharzeev, McLerran (1996)]

Is the U(1)A effectively restored close to Tc?

↪→ O(4)× U(1)A pattern instead of O(4) ≡ SU(2)L × SU(2)R

↪→ first order phase transition at ml → 0 [Pisarski, Wilczek, (1984), Pelissetto, Vicari (2013), Eser, Grahl, Rischke (2015)]

↪→ critical end point at finite temperature and baryon density [Mitter, Schaefer (2014)]

How should one study U(1)A restoration?

↪→ study chiral and U(1)A restoration from the particle spectrum
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Chiral bilinears

Define scalar and pseudoscalar quark bilinears

P S

I=1 πa = iψ̄lγ5τ
aψ, δa = ψ̄lτ

aψl ∼ a0(980)

I=0 η, η′ ∼
{

ηl = iψ̄lγ5ψl , σl = ψ̄lψl
}
∼ f0(500), f0(980)

ηs = iψ̄sγ5ψs , σs = ψ̄sψs

I=1/2 K a = iψ̄γ5λ
aψ, κa = ψ̄λaψ

Or their corresponding susceptibilities

χab
P ≡

∫
T dx

〈
Pa(x)Pb(y)

〉
= K ab

P (p = 0), χab
S ≡

∫
T dx

〈
Sa(x)Sb(y)

〉
= K ab

S (p = 0)
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Chiral partners and patterns

Study their behavior under O(4) and U(1)A transformations

I = 1 I = 0

πa = i ψ̄lγ5τ
aψ

SU(2)Aa⇐=====⇒ σl = ψ̄lψl~www� U(1)A

~www� U(1)A

δa = ψ̄lτ
aψl

SU(2)Aa⇐=====⇒ ηl = i ψ̄lγ5ψl

I = 0 AA

ηs = i ψ̄sγ5ψs
U(1)Aa⇐====⇒ σs = ψ̄sψs

I = 1/2
AA

K a = iψ̄γ5λ
aψ,

SU(2)Aa/U(1)Aa⇐===========⇒ κa = ψ̄λaψ

χ
π
P

O(4)∼ χ
σ
S , χ

ηl
P

O(4)∼ χ
δ
S , χ

ls
P

O(4)∼ 0, χ
ls
S

O(4)∼ 0

χ
π
P

U(1)A∼ χ
δ
S , χ

ηl
P

U(1)A∼ χ
σ
S , χ

ηs
P

U(1)A∼ χ
σs
S , χ

ls
P

U(1)A∼ χ
ls
S
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Chiral partner degeneration

Susceptibilities for Nf = 2 + 1 and physical masses, LLNL/RBC Collaboration
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π, σ degeneration around T ∼ Tc

↪→ O(4) restoration
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Chiral partner degeneration

Susceptibilities for Nf = 2 + 1 and physical masses, LLNL/RBC Collaboration
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π, σ degeneration around T ∼ Tc

↪→ O(4) restoration
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 and physical masses, LLNL/RBC Collaboration
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No π, δ and η, σ degeneration around T ∼ Tc

↪→ U(1)A is not restored at Tc → O(4) pattern
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 and physical masses, LLNL/RBC Collaboration
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 at different pion masses, HotQCD (2012-2025)
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U(1)A is not restored at Tc even in the chiral limit
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 at different pion masses, HotQCD (2012-2025)
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U(1)A is not restored at Tc even in the chiral limit
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 at different pion masses, HotQCD (2012-2025)
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U(1)A is not restored at Tc even in the chiral limit
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 at different pion masses, HotQCD (2012-2025)
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U(1)A partner degeneration: Nf = 2 + 1

Susceptibilities for Nf = 2 + 1 close to the chiral limit, HotQCD (2012-2025)
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U(1)A partner degeneration: Nf = 2 + 1

Screening masses for Nf = 2 + 1 and physical masses, HotQCD (2012-2025)
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U(1)A partner degeneration: Nf = 2

Dirac operator, topological susceptibility and screening masses

for Nf = 2 for different pion masses, JLQCD Collaboration (2012-2025)
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π, δ degeneration around Tc ∼ 190− 200 MeV for this ensemble in the chiral limit

↪→ U(1)A restoration close to Tc in the chiral limit→ O(4)× U(1)A pattern
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U(1)A partner degeneration: Nf = 2

Dirac operator, topological susceptibility and screening masses

for Nf = 2 for different pion masses, JLQCD Collaboration (2012-2025)
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π, δ degeneration around Tc ∼ 190− 200 MeV for this ensemble in the chiral limit

↪→ U(1)A restoration close to Tc in the chiral limit→ O(4)× U(1)A pattern
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U(1)A partner degeneration: Nf = 2

Dirac operator, topological susceptibility and screening masses

for Nf = 2 for different pion masses, JLQCD Collaboration (2012-2025)
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π, δ degeneration around Tc ∼ 190− 200 MeV for this ensemble in the chiral limit

↪→ U(1)A restoration close to Tc in the chiral limit→ O(4)× U(1)A pattern
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U(1)A partner degeneration

Screening masses for Nf = 2, mπ = {200, 300} MeV, Frankfurt/Mainz
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[Brandt et al. 2016]

π, δ degeneration around T ∼ Tc compatible within uncertainties
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U(1)A partner degeneration: Nf = 2

Screening masses for Nf = 2, mπ = {200, 300} MeV, Frankfurt/Mainz
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π, δ degeneration around T ∼ Tc in the chiral limit

↪→ U(1)A restoration around Tc → O(4)× U(1)A pattern
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ChPT and chiral symmetry restoration

Most general theory compatible with QCD symmetries

Degrees of freedom: Goldstone Bosons of the spontaneous chiral symmetry breaking

Power counting: based on the scale separation

↪→ dimensional counting in p, mq and T

Breakdown scale: Λχl =
m2
π

(4πFπ)2 ∼ 0.014, Λχs =
m2

k

(4πFπ)2 ∼ 0.18

↪→ non-perturbative effects: resonances, phase transition · · ·

What does ChPT say about the phase transition?

↪→ look at the ChPT prediction for the quark condensate and scalar susceptibility
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ChPT and chiral symmetry restoration
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[A. Gómez-Nicola, J. R. Peláez and JRE (2013)]
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ChPT and partner degeneration

Compare χπ and χσ in ChPT

χChPT
π (T ) = −〈q̄q〉T

mq
+O(f−4

π )

[A. Gómez-Nicola, JRE and R. Torres-Andrés (2013)]

Compare this relation in the lattice
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Ward Identities

Expected value of a local operator

〈O(y)〉 = Z−1
∫

[dG][dψ̄][dψ]O(y)eSQCD

Consider an axial transformation on the fermion fields〈
δO(y)

δαa
A(x)

〉
= −

〈
O(y)

[
ψ̄(x){

λa

2
,M}γ5ψ(x)

]〉
+ i

δa0

√
6
〈O(y)A(x)〉

with A(x) = 3g2

16π2 TrcGµνG̃µν , the anomalous divergence of the U(1)A current

For O(y) = Pb(y) = i ψ̄(y)γ5λ
bψ(y)

δPb(y)

δαa
A(x)

= −2ψ̄(x)

{
λa

2
,
λb

2

}
ψ(x)δ(4)(x − y)

Integrating over the Euclidean space

〈
ψ̄(y)

{
λa

2
,
λb

2

}
ψ(y)

〉
= −

1
2

∫
T

dx
〈

Pb(y)

[
iψ̄(x){

λa

2
,M}γ5ψ(x)

]〉
−

1
2

∫
T

dx
〈

Pb(y)A(x)
〉
δ

a 0
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Ward Identities: susceptibilities and condensates

π sector: 〈q̄q〉l (T ) = −mq χ
π
P(T )

K sector: 〈q̄q〉l (T ) + 2 〈s̄s〉(T ) = − (mq + ms) χK
P (T )

η and η′ sectors: the U(1)A anomaly enters

χηl
P (T ) = −〈q̄q〉l (T )

mq
− 4

m2
q
χtop(T )

χηs
P (T ) = −〈s̄s〉(T )

ms
− 1

m2
s
χtop(T )

χls
P (T ) = − 2

mqms
χtop(T )

with

χtop(T ) ≡ − 1
36
χAA

P (T ) = − 1
36

∫
T

dx〈T A(x)A(0)〉
[A. Gómez-Nicola and JRE (2016)]
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Chiral patterns and partners from WIs

Crossed ls correlator nonzero due to η-η′ mixing at T=0

χls
P (T ) = − 2

mqms
χtop(T )= − mq

2ms

(
χπP (T )− χηl

P (T )
)

= −2mq

ms
χ5,disc(T )

where χ5,disc(T ) = 1
4

(
χπP (T )− χηl

P (T )
)

measures of the O(4)× U(1)A

In the O(4) phase:

χ
ηl
P

O(4)∼ χδS → χls
P

O(4)∼ 0

At exact O(4) restoration

χ5,disc
O(4)∼ 0, χtop

O(4)∼ 0

↪→ O(4)× U(1)A pattern [A. Gómez-Nicola and JRE (2017)]
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Chiral patterns and partners from WIs in the physical case

Physical case: Nf = 2 + 1 and mq 6= 0

↪→ no exact χηl
P – χδS degeneration

What is the effect of this breaking on χ5,disc?

↪→ let’s compare with the condensate 〈q̄q〉l data from Buchoff et al. (HotQCD Collaboration) (2014)
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[A. Gómez-Nicola and JRE (2017)]
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Chiral patterns and partners in ChPT

How to study the chiral limit?

ChPT provides a way to study the dependence on the pion mass

↪→ use U(3) ChPT to study χab
P and χab

S

χP
π (T)/(B0

r )2

χS
ll (T)/(B0

r )2

χS
δ(T)/(B0

r )2

χP
ll (T)/(B0

r )2

U(3) ChPT
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Tc2

Tc
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δ(Tc2)

○○○
Tc3

Tc
χ5,disc(Tc3)=0
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Tc4

Tc
χP
K(Tc4)=χS

κ (Tc4)

χP
π (Tc)=χS

σ(Tc)
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[A. Gómez-Nicola and JRE (2017)]
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Chiral Patterns and Partners in ChPT

< qq >l (T)
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Chiral patterns and partners from WIs: I = 1/2

I = 1/2 sector: K– κ degeneration→ measures O(4)× U(1)A restoration

χK
P (T ) = −〈q̄q〉l (T ) + 2 〈s̄s〉(T )

mq + ms

WIs for a vector transformations〈
δOS(y)

δαa
V (x)

〉
=

〈
OS(y)ψ̄(x)

[
λa

2
,M

]
ψ(x)

〉

Non-trivial relation for I = 1/2 χκS(T ) =
〈q̄q〉l (T )− 2〈s̄s〉(T )

ms −mq

Combining

χκS(T )− χK
P (T ) =

2ms

m2
s −m2

q

[
〈q̄q〉l (T )− 2

mq

ms
〈s̄s〉(T )

]
=

2ms

m2
s −m2

q
∆ls(T )

χκS(T )
O(4)∼ χK

P (T ) at exact chiral restoration

χκS(T )
O(4)×U(1)A∼ χK

P (T ) in the physical case

↪→ given by ∆ls(T ) [A. Gómez-Nicola and JRE (2017)]
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Chiral Patterns and Partners from WIs: I = 1/2

No χK − χκ lattice data available

↪→ reconstruct them from WIs and lattice condensate data [Bazavov et al. (HotQCD) (2014)]

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
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2.2

T (MeV) [A. Gómez-Nicola, JRE, A. Vioque (2021)]

χκ shows a peak close to Tc , which is enhanced as ml/ms is reduced

χK − χκ|ms�ml = 2〈q̄q〉l/ms +O
(

m−2
s

)
↪→ consistent with Nf = 2 simulations

O(4)× U(1)A restoration is driven by ml/ms and 〈s̄s〉
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Chiral Patterns and Partners from WIs: I = 1/2

More lattice data is needed

Compute πK scattering in ChPT at finite temperature and unitarize using the IAM
[J. R. Peláez talk on Tuesday]

χκ from κ(700) resonance mass at finite T

physical case
MK=400 MeV
MK=350 MeV

χS
κ,IAM
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[A. Gómez-Nicola, JRE, A. Vioque (2023)]

J. Ruiz de Elvira (IPARCOS, UCM) Chiral and U(1)A restoration in EFTs Granada, January 11th, 2026 29



Conclusions

WIs allow one to study partner degeneration

↪→ benchmark for lattice and model analyses

WIs suggest a O(4)× U(1)A pattern for exact chiral restoration

↪→ also suggested in ChPT

In the physical case there is a explicit O(4) breaking, distortion of δ − ηl degeneration

WIs and ChPT suggest χ5,disc ∼ ∆ls

I = 1/2 channel provides additional information

↪→ Nf = 2 and Nf = 2 + 1 results reconciled in the ms � ml limit.

↪→ ml/ms and 〈s̄s〉 responsible of O(4)× U(1)A restoration
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Spare slides
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Ward identities and Screening masses

χP,S(T ) = KP,S(p = 0,T ) ∼ gP,S(T )2

Mpole
P,S (T )2

Assuming soft T behavior for residues and Mpole/Msc

↪→WIs explain the T behavior of screening masses
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[A. Gómez-Nicola and JRE (2018)]
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Ward identities for two-point functions

Considering in the WI master formula a Oab(y1, y2) = Pa(y1)Sb(y2)

Pπ(y)− Sσ(y) = mq

∫
T

dx 〈T σl (y)π(x)π(0)〉

Pηl (y)− Sδ(y) = mq

∫
T

dx 〈T δ(y)π(x)ηl (0)〉

Pls(y) =
1
3

m̂
∫

T
dx 〈T ηs(y)π(x)δ(0)〉

Sls(y) = −1
3

m̂
∫

T
dx 〈T σs(y)π(x)π(0)〉

Pπ(y)− Sδ(y) =

∫
T

dx 〈T π(y)δ(0)η̃(x)〉

Pηl (y)− Sσ(y) =

∫
T

dx 〈T ηl (y)σl (0)η̃(x)〉

Pls(y)− Sls(y) =

∫
T

dx 〈T ηl (y)σs(0)η̃(x)〉

Pss(y)− Sss(y) =

∫
T

dx 〈T ηs(y)σs(0)η̃(x)〉
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Ward identities and Screening masses
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[A. Gómez-Nicola, JRE and R. Torres 2013]
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Ward identities and Screening masses
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[A. Gómez-Nicola, JRE 2017]
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Ward identities and Screening masses
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Ward identities and Screening masses
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Ward identities and Screening masses
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