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Noé Duarte González IMPRS Recruitment Workshop July 2025 3 / 13



Contents

1 Academic background

2 Introduction

3 Axion Lagrangian

4 Axion-meson mixing

5 Amplitudes parameterizations

6 Conclusions and outlook
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Introduction

• QCD Axion: Solution to the strong CP problem:

LQCD ⊃ θ
αs
8π
Ga,µνG̃aµν , θ = θ − arg(det(YuYd)) < 10−10

Peccei-Quinn mechanism

L ⊃
(
θ − a

fa

)
αs
8π
Ga,µνG̃aµν

• Axion-Like-Particles (ALPs): do not solve strong CP , more general
pseudoscalars

• Dark matter candidates!
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Introduction

• Motivation
• Effects of ALPs in low energy QCD
• Formalism of axion-meson interaction

• Objectives
• Axio-hadronic decays: η/η′ → ππa
• Study of axion-meson interactions in the early universe

• ππ ↔ πa
• Kπ ↔ Ka
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ALP-QCD Lagrangian

N-quark QCD Lagrangian:

LQCD = −1

4
Ga,µνGaµν + q(i /D −M)q + θ

αs
8π
Ga,µνG̃aµν

Axion-Like-Particle (ALP) Lagrangian:

L ⊃ LQCD − a

fa

αs
8π
Ga,µνG̃aµν +

1

2
(∂µa)

2 − 1

2
m2

0a
2 − ∂µa

2fa
qcγµγ5q

Equivalent ALP Lagrangian:

L ⊃ −1

4
Ga,µνGaµν + q(i /D − M̃(a))q +

1

2
(∂µa)

2 − 1

2
m2

0a
2 − ∂µa

2fa
qγµγ5cq
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M = diag(mq)
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q 7→ exp
(
i a
2fa
κγ5

)
q
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Chiral Perturbation Theory

Leading order Large-Nc χPT Lagrangian:

L ⊃ F 2

4
⟨(DµU)(DµU)†⟩+ F 2

4
⟨χU† + χ†U⟩ − 1

2
M2

0ϕ
2
0

Leading order χPT-ALP Lagrangian:

L ⊃ F 2

4
⟨(∂µU)(∂µU†)⟩+ B0F

2

2
⟨M̂(a)U† + M̂(a)†U⟩ − 1

2
M2

0ϕ
2
0+

+
1

2
(∂µa)(∂

µa)− 1

2
m2

0a
2−

− i
F 2

4fa
(∂µa)⟨c(U†∂µU − U∂µU†)⟩+ F 2

8f2a
(∂µa)(∂

µa)⟨c2 + cUcU†⟩
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DµU = ∂µU − i
∂µa

2fa
{c,U}

χ = 2B0 exp

(
−i a

2fa
κ

)
M exp

(
−i a

2fa
κ

)
= 2B0M̂(a)
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Axion-meson mixing

For the neutral fields, φ = (a0, ϕ3, ϕ8, ϕ0)
T :

L ⊃ 1

2
(∂µφ)

TK(∂µφ)− 1

2
φTM2

mixφ ̸=
∑
i

1

2
(∂µφi)(∂

µφi)−
1

2
m2
iφ

2
i

Mixing: Field redefinition φ 7→ φphys = (a, π0, η, η′)

6-angle parameterization of R ∈ R4:

R ≡ R6(θaη′)R5(θaη)R4(θaπ)R3(θπη′)R2(θπη)R1(θηη′)

Small angle dependence:

θπη(′) ∝ ε(mu −md) ∼ 0.01, θaP ∝ F

fa
≪ 1
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Axion-meson mixing

Axion mass:

m2
a = m2

0+
F 2

f2a

B0mumdms

mumd +mums +mdms

Field mixing:

ϕ8 = cos(θηη′)η + sin(θηη′)η
′ + [cos(θηη′)θπη + sin(θηη′)θπη′ ]π

0 + γaηa

ϕ0 = − sin(θηη′)η + cos(θηη′)η
′ − [sin(θηη′)θπη − cos(θηη′)θπη′ ]π

0 + γaη′a

ϕ3 = π0 − θπηη − θπη′η
′ + γaπa

a0 = a+ hππ
0 + hη′η

′ + hηη
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One axion amplitudes

k1

k2 ka

k3

P1

P2

a

P3

A = cPs4γaP +
cs3
fa

+

(
caP1
ax

fa
+ caP1;P

D γaP

)
(ka · k1)+

+

(
caP2
ax

fa
+ caP2;P

D γaP

)
(ka · k2)−

(
caP3
ax

fa
+ caP3;P

D γaP

)
(ka · k3)−

− cP1P2;P
D γaP (k1 · k2) + cP1P3;P

D γaP (k1 · k3) + cP2P3;P
D γaP (k2 · k3)
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Application: neutral η/η′ decays

kη k1

ka

k2

η/η′ P1

a

P2

A = cπs4γaπ + cηs4γaη + cη
′
s4γaη′ +

cs3
fa
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Conclusions and outlook

• Conclusions
• Theoretical study of insertion of ALPs in χPT at LO
• Formal calculation of axion-meson mixing, including isospin breaking

corrections
• Complete parameterizations of 4-body amplitudes with 1 to 4 axions

• Outlook
• Beyond LO (χPT@NLO, resonances, FSI...)
• Application of this framework to cosmological problems
• Axion search with phenomenological η/η′ decay analysis

(η → ππl+l−, . . . )
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Kinetic mixing

There is only kinetic mixing with the axion at LO:

K(ϕα, ϕβ) = δαβ, α, β = 0, 3, 8

K(a, ϕβ) =
F

2fa
⟨cλβ⟩

K(a, a) = 1 +
F 2

2f2a
⟨c2⟩

At a LO in 1/fa, we take Λ = K1/2:

Λ(ϕα, ϕβ) = δαβ, α, β = 0, 3, 8

Λ(a, ϕβ) =
F

4fa
⟨cλβ⟩

Λ(a, a) = 1
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Decays of interest for axion searches

ALP-lepton and ALP-photon terms:

LALP ⊃ −∂
µa

2fa
lclγµγ5l −

a

fa

αem

8π
c̃γFµνF̃

µν

η/η′ decays of interest:

η/η′ → ππa∗ → ππγγ

η/η′ → ππa∗ → ππl+l−

η′ → π+π−a∗ → 2(π+π−)π0
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Four-field Lagrangian

L(4)
LO = − 1

48F 2
⟨[Φ, ∂µΦ][Φ, ∂µΦ]⟩+

B0

24F 2
⟨MΦ4⟩−

− B0

6Ffa

a

⟨M−1⟩
⟨Φ3⟩ − 1

12Ffa
(∂µa)⟨c[Φ, [Φ, ∂µΦ]]⟩+

+
B0

4f2a

a2

⟨M−1⟩2
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16f2a
(∂µa)(∂

µa)⟨[c,Φ][c,Φ]⟩+

+
B0F

6f3a

a3

⟨M−1⟩3
⟨(M−1)2Φ⟩+ B0F

2

24f4a

a4

⟨M−1⟩4
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• Naturales: rayos cósmicos, neutrinos cosmológicos, decaimiento β...

• Artificiales: centrales nucleares, aceleradores (decaimiento π)...
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Interacción elástica neutrino-nucleón

νl + n −→ l + p

νl l

n p

W
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Ĺımite elástico: |Q2| ≪M2
W



Interacción elástica neutrino-nucleón

Sección eficaz

dσ =
|S|2

TΦinc
dNf , S = −i

∫
d4XHw(X)

Hamiltoniano electrodébil

Hw(X) =

(
g

2
√
2

)2

J (l)†
µ Aµ(N)(X)

Corriente leptónica
J (l)†
µ = ψlγµ(1− γ5)ψνl

4-potencial hadrónico

Aµ(N)(X) =

∫
dY

∫
dQDµν

W (Q)J (N)
ν (Y )

eiQ(X−Y )

(2π)4
.
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Interacción elástica neutrino-nucleón

Propagador bosón W

DW
µν(Q) =

1

Q2 −M2
W + iε

(
−gµν +

QµQν
M2
W

)
∼ gµν
M2
W

Corriente hadrónica

J (N)
µ =

√
M2

EpEn
upΓµun, Γµ ∈ ⟨1, γµ, γ5, γµγ5, σµν⟩

Γµ = ΓµV + ΓµA =

(
F1γ

µ +
i

2M
F2σ

µνQν

)
+

(
GPγ

5Qµ +GAγ
µγ5

)
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Interacción elástica neutrino-nucleón

Sección eficaz
dσ

dΩ
=
G2
F

4π2
|p⃗l|
Eνl

f−1
rec η̃µνW

µν

Tensor leptónico

η̃µν = mνlml

∑
sνl ,sl

J (l)†
µ J (l)

ν

Tensor hadrónico

Wµν =
∑
sp,sn

J (N)†
µ J (N)

ν

Noé Duarte González IMPRS Recruitment Workshop July 2025 10 / 21
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Noé Duarte González IMPRS Recruitment Workshop July 2025 10 / 21



Factores de forma hadrónicos

ΓµV =

(
F1γ

µ +
i

2M
F2σ

µνQν

)

Conservación corriente vectorial → Relación con los factores EM

Factores EM de Sachs: Gn,pE , Gn,pM

Factores débiles

F1 =
(GpE −GnE) + τ(GpM −GnM )

2(1 + τ)
, F2 =

(GpM −GnM )− (GpE −GnE)

2(1 + τ)
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Factores de forma hadrónicos

Parametrización dipolar de Galster

GpE = GD(Q
2), GnE = 0

GpM = µpGD(Q
2), GnM = µnGD(Q

2)

Factor dipolar

GD(Q
2) =

(
1 +

|Q2|
M2
V

)−2

, MV = 0.843 GeV

Parametrizaciones de Gary-Krümpelmann y GKeX
Se extienden hasta |Q2| ∼ 10 GeV incluyendo pQCD y mesones vectoriales
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Factores de forma hadrónicos

ΓµA =
(
GPγ

5Qµ +GAγ
µγ5

)

−→
{
GA: Estructura axial
GP : Estructura pseudoescalar

Estructura axial

GA(Q
2) = gA

(
1 +

|Q2|
M2
A

)−2

,

{
gA = −1.267

MA = 1.03 GeV

Estructura pseudoescalar

GP (Q
2) =

2M

Q2 +m2
π

GA(Q
2)
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Interacción QE neutrino-núcleo

νµ + (A,Z) −→ µ− + p+ (A− 1, Z)

νl l

n

p

W

(A,Z)

(A− 1, Z)
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Interacción QE neutrino-núcleo

Dinámica nuclear

[
dσ

dΩ

]
sn

=
G2
F

4π2
|p⃗l|
Eνl

f−1
rec η̃µνW

µν
sn 7−→ dσ

dΩ
=
G2
F

4π2
|p⃗l|
Eνl

f−1
rec η̃µνW

µν

Gas de Fermi relativista (RFG)

Relación de scaling

Wµν =
1

kF
fRFG(ψ)

N
2κ
Wµν
sn
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Interacción QE neutrino-núcleo

Función de scaling

fRFG(ψ) =
3

4
(1− ψ2)Θ(1− ψ2)

Clases de scaling

• Primera clase: f sólo depende de q mediante ψ

• Segunda clase: f es independiente de la especie nuclear

• Clase cero: fL = fT = f

• Superscaling: todas las condiciones previas
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Noé Duarte González IMPRS Recruitment Workshop July 2025 16 / 21



Interacción QE neutrino-núcleo
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Noé Duarte González IMPRS Recruitment Workshop July 2025 16 / 21



Interacción QE neutrino-núcleo: scaling

Superscaling approach (SuSA)

: Función scaling fenomenológica

fSuSA(ψ) =
p1

[1 + p22(ψ − p3)2](1 + ep4ψ)

Observaciones experimentales

• Ruptura scaling (clase 0)

fT (ψ) > fL(ψ)

• Mejor ajuste incluyendo RMF

SuSAv2: mejora de SuSA con efectos teóricos de RMF
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11 Resultados

12 Conclusiones
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11 Resultados

12 Conclusiones
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Conclusiones

• Estudio de la interacción elástica neutrino-nucleón y la dependencia
con los factores de forma hadrónicos

• Análisis de la interacción cuasielástica neutrino-núcleo y su relación
con la interacción neutrino-núcleo en modelos de scaling

• Comparación de predicciones teóricas que caracterizan los factores de
forma y el modelo nuclear
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