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Axion-Like Particles: Motivations

Axion-Like Particles (ALPs)

ALPs are the pseudo Nambu-Goldstone bosons (pNGBs) that
emerge from the spontaneous breaking of an anomalous
symmetry in the UV

(Softly broken) shift symmetry:

(small) mass terms

(mainly) derivative interactions

Differently from the QCD axion, ALPs:

Need not solving the strong CP problem

Have arbitrary masses and couplings (fϕmϕ ≁ fπmπ)
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Axion-Like Particles: Motivations
ALPs can address several open problems in particle physics:

Strong CP problem (QCD axion)

Hierarchy problem (relaxion)

Flavour problem (axiflavon/flaxion)

The observed dark matter abundance

ALPs can be probed experimentally via:

Higgs and Z boson decay processes (h → Zϕ, Z → γϕ)

Flavour-changing neutral current processes (K± → π±ϕ)

Electric Dipole Moments (EDMs): Electric Dipole
Moments (EDMs) are flavour-diagonal, CP-violating
observables with (basically) no SM background

3
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Probing the CP violating ALP-I
How can we probe CPV ALPs at low energies? Start from

SU(3)c×U(1)em invariant EFT for a CPV ALP ϕ at the EW scale

Ldim-5
ALP ⊃ e2

Cγ

Λ
ϕFµνFµν + g2

s

Cg

Λ
ϕGµν

a G a
µν +

v

Λ
y ij
S ϕ f̄i fj

e2
C̃γ

Λ
ϕFµν F̃µν + g2

s

C̃g

Λ
ϕGµν

a G̃ a
µν + i

v

Λ
y ij
Pϕ f̄iγ5fj + O

(
1

Λ2

)
[Di Luzio, Gröber, Paradisi,’20]

CP-even. Non-derivative, shift-symmetry violating

CP-odd. Derivative, shift-symmetry preserving

Jarlskog invariants: basis-independent measures of CP violation

CaC̃b, y
ii
S C̃a, y

ii
PCa, y

ii
S y

jj
P , y

ik
S ykkSMykiP

[Di Luzio, Gröber, Paradisi,’20] [Bonnefoy, Grojean, Kley,’22]
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Probing the CP violating ALP-II
Three regimes:

mϕ ≳ few GeV: QCD is perturbative [Di Luzio, Gröber, Paradisi,’20]

1GeV ≲ mϕ ≲ few GeV. Dispersive approach?

mϕ ≲ 1 GeV: QCD confines and χpt [Di Luzio, GL, Paradisi,’23]

Different approaches are required, but common features are:

Renormalization of Ldim-5
ALP + running of its Wilson

coefficients [Chala, Guedes, Ramos, Santiago,’20],[Bakshi,
Machado-Rodŕıguez, Ramos,’23],[Bauer, Neubert, Renner, Schnubel,
Tamm,’20],[Bonilla, Brivio, Gavela, Sanz,’20][Bresciani, Brunello, GL, Mastrolia,

Paradisi,’24]

Lagrangian Matching on effective low-energy descriptions

Classification of the CPV Jarlskog invariants of the theory

Experimental bounds in terms of the Jarlskog invariants
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Light ALPs (mϕ ≲ 1 GeV) - I

External gauge and scalar fields enter as sources in LQCD:

LQCD = L0
QCD + q̄γµ(2rµPR + 2ℓµPL)q − q̄(s − iγ5p)q

These enter Lχpt via

LχPT =
f 2

4
Tr
[
DµΣ

†DµΣ+ Σ†χ+ χ†Σ
]

DµΣ = ∂µΣ+ iΣℓµ − i rµΣ, χ = 2B0(s + ip)

Chiral counterparts to quark-containing operators are found
exploiting the low-energy path-integral duality∫

DqDq̄DGµ exp

(
i

∫
d4x Lext

QCD

)
=

∫
DΣexp

(
i

∫
d4x Lext

χpt

)
(∗)
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From quarks to mesons

We want to find the chiral counterpart to our Lagrangian

EFT for a CP-violating ALP ϕ at the QCD scale at O(Λ−2)

LQCD scale
ALP = e2

Cγ

Λ
ϕF F + e2

C̃ ′
γ

Λ
ϕF F̃ + g2

s

Cg

Λ
ϕG G + g2

s

C̃ ′
g

Λ
ϕGG̃

+
∂µϕ

Λ
q̄ γµ(YS + YPγ5) q +

v

Λ
ϕ q̄ yq,S q + LQCD scale

ALP, leptons

Chiral counterparts to quark-containing operators are found
exploiting the low-energy path-integral duality (*). For instance:

Example

q̄iy
S
ij qj = −ySij

∂LQCD

∂ySij
−→ −ySij

∂Lχpt

∂ySij
= − f 2π

2
B0Tr

[
yS(Σ + Σ†)

]

7



Light ALPs (mϕ ≲ 1 GeV) - II

EFT for a CP-violating ALP ϕ at the QCD scale at O(Λ−2)

LQCD scale
ALP = e2

cγ

Λ
ϕFF + e2

c̃γ

Λ
ϕFF̃ +

∂µϕ

Λ
q̄γµ (YV + YAγ5) q

− κ
ϕ

Λ
Tµ

µ +
v

Λ
ϕ q̄Zq + q̄LM

ϕ
q qR + h.c. + LQCD scale

ALP, leptons

Its counterpart is found by using the duality in (*)

low-energy CP-violating ALP Lagrangian

Lϕχ =−
1

3

m2
π

m2
π −M2

ϕ

∆ud

fπΛ

[
− 2∂ϕ

(
2π+π−∂π0 + π0π

+∂π− + π0π
−∂π+)

+M2
ϕϕ (π3

0 + 2π+π−π0)
)]

+ 2κ
ϕ

Λ
[∂µπ

+∂µπ− +
1

2
∂µπ

0∂µπ0]

−m2
πω

ϕ

Λ

[
π+π− +

1

2
π2
0

]
+ CS

N

ϕ

Λ
N̄vNv + CA

N

∂µϕ

Λ
N̄vγ

µγ5Nv

+ e2C̃ ′
γ

ϕ

Λ
FF̃ + e2C ′

γ

ϕ

Λ
FF ++i

v

Λ
y ij
P,ℓ ϕℓ̄iγ5ℓj +

v

Λ
y ij
S,ℓ ϕℓ̄i ℓj
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CPV Jarlskog invariants (nf = 2)

The low-energy Jarlskog invariants are found from Lϕχ by
multiplying the Wilson coefficients of operators possessing
opposite CP transformation properties

Example

cγFF
CP−→ cγFF

c̃γF F̃
CP−→ −c̃γF F̃

−→ cγ c̃γ is a Jarlskog invariant!

Matching dictionary between UV and IR Jarlskog invariants!

cγ c̃γ =

(
Cγ −

β0QED

β0QCD

Cg

)(
C̃γ − 4Nc tr (QAQ

2
q) C̃g

)

9



Phenomenological applications

EDMs of protons, neutrons, atoms, molecules . . .

dp ≃ −
e Qp

4π2Λ2

[
CϕppC̃ϕp + e2mpcγ C̃ϕp

(
6 + 2 ln

Λ2
ren

m2
p

)

+e2c̃γCϕpp

(
2 + ln

Λ2
ren

m2
p

)
+ 3

Q2
p

π2
mpe

6cγ c̃γ ln2
Λren

mϕ

]

dn ∼ −
e Cn

4π2Λ2

[
−
3

8
CϕnnC̃ϕn

Λ2
ren

m2
n

+ e2(2mncγ C̃ϕn + 3c̃γCϕnn) ln
Λ2
ren

m2
n

]

−→ Cg C̃g < 4.4× 10−8
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Interplay with other precision observables
Interplays with other precision observables are important . . .

flavour probes: Kaon decays K → πϕ (ϕ→ inv)

BR (K+ → π++inv) and BR (KL → π0+inv) to probe Y ds
V :

|Y ds
V | ≲ 1.4× 10−9 Λ

TeV |Im Y ds
V | ≲ 3.6× 10−9 Λ

TeV

Similarly for K → ππϕ(ϕ→ inv,mϕ ≪ mπ)

|Y ds
A | ≲ 1.1× 10−5 Λ

TeV |Re Y ds
A | ≲ 1.7× 10−6 Λ

TeV

magnetic moments: if de ̸= 0, what about (g−2)e?

lepton flavour violation: what about µ→ eee?

. . . as they provide a handle on individual Wilson coefficients!
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CPV ALP from composite dynamics - I

Key idea: new confining dark sector with a sizable theta term

LD = −1

4
Fa
µνF

µν
a + Q̄iγµDµQ− θTC

32π2
Fa
µνF̃

µν
a

+ Q̄γµ(vµ + aµγ5)Q− Q(s − ipγ5)Q

Confinement: dark mesons
and baryons.
The lightest SM gauge
singlet to be identified as the
CPV ALP. (Bonus: DM?)
[Abe, Sato, Yamanaka, ’24.]

mTP
mTN

mϕ ≃ B̃0MQ

m±

mη̃′￼

ΛTC ∼ B̃0

ΔEMm2
ϕ ≃ 3B̃20e2

64π2 n2
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CPV ALP from composite dynamics - II

CPV interactions are generated as for the SM π0:

ϕF F̃ and ϕGG̃ : anomalous couplings to gauge bosons

ϕFF and ϕGG : via heavy dark baryon loops

ϕψ̄ψ and ϕψ̄γ5ψ: generated radiatively
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CPV ALP from relaxion models
CPV interactions from mixing between an ALP and the Higgs:

ϕF F̃ , ϕGG̃ , ∂µϕ ψ̄γ
µψ from the shift-symmetry preserving

ALP interactions

ϕFF , ϕGG and ϕψ̄ψ from the Higgs portal:

LALP-Higgs =|H†H|
(
Ca cos

Φ

Λ
+ Cb sin

Φ

Λ

)
+ |H†H|2

(
Cc cos

Φ

Λ
+ Cd sin

Φ

Λ

)
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Summary

New physics at the precision frontier: CP-violating ALPs. We have

Shown that EDMs are flavour-diagonal probes of CP violation
and offer huge potentialities for discoveries (here ALPs)

Provided the matching dictionary relating the IR couplings in
low-energy Lagrangians to the UV couplings at the EW scale

Classified the Jarlskog invariants of the theory

Explored the parameter space for light and heavy ALPs

Identified the natural regions of the parameter space

FeynRules model available for both the 2- and the 3-flavors
setting in χpt → extensive, automatized pheno analyses

15



Thanks for your attention!
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Backup slides
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Heavy ALPs (mϕ ≳ few GeV) - I
Running from the EW scale to the ALP mass scale mϕ ≳ 5 GeV,
then one-loop matching onto [Pospelov, Ritz,’05]

LCPV =
∑

i,j=u,d,e

Cij (f̄i fi )(f̄j iγ5fj ) + αsCGe GG ēiγ5e + αsCG̃e GG̃ ēe

−
i

2

∑
i=u,d,e

di f̄i (F · σ)γ5fi −
i

2

∑
i=u,d

gs d
C
i f̄i (G · σ)γ5fi +

dG

3
f abcG aG̃bG c

18
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Heavy ALPs (mϕ ≳ few GeV) - II
Bounds are set from:

Neutron EDM: dexp
n < 1.8 · 10−26e cm ,

dn ≃ 0.8du − 0.2dd − 0.6e dC
u − 1.1e dC

d − 50 MeV e dG +30 MeV e (Cud −Cdu)

Hg EDM: dexp
Hg < 6 · 10−30e cm ,

dHg ≃ 4× 10−4dn − [2.8CS − 2.1CP ]× 10−22

ThO electron precession frequency: ωexp
ThO < 1.3 mrad/s ,

ωThO = 1.2 mrad/s
(

de
10−29e cm

)
+ 1.8 mrad/s

(
CS

10−9

)
with CS/v

2 ≃ −17(Cue +Cde) + 5 GeV CGe , CP/v
2 ≃ 350(Ceu +Ced ) + 1 GeV CG̃e .

For instance (mϕ = 5 GeV, Λ = 1 TeV):

|Cg C̃g | < 1.4 · 10−6 from dn, dHg (dG )

|yuuS y eeP |, |yddS y eeP | < 2.1 · 10−13 from ωThO(CS)
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Getting rid of gluons

Eliminate ϕGG thanks to the trace anomaly equation
[Leutwyler, Shifman,’89]:

Tµ
µ =

∑
q

mqq̄q − αs

8π
β0QCD Gµν

a G a
µν −

αem

8π
β0QED FµνFµν

Eliminate ϕGG̃ via an ALP-dependent quark field
redefinition[Georgi, Kaplan, Randall,’86]:

q → q = exp

[
i
ϕ

Λ

(
QV + λ∗gQAγ5

)]
q′

with QV and QA are arbitrary hermitian 3× 3 matrices (QV is
diagonal, Tr(QA)= 1/2, λ∗g = 32π2C̃ ′

g ).

Other couplings are modified (currents, masses, . . . )!

20
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Chiral Lagrangian for the CPV ALP
All of the previous modifications lead to the following

EFT for a CP-violating ALP ϕ at the QCD scale at O(Λ−2)

LQCD scale
ALP = e2

cγ

Λ
ϕFF + e2

c̃γ

Λ
ϕFF̃ +

∂µϕ

Λ
q̄γµ (YV + YAγ5) q

− κ
ϕ

Λ
Tµ

µ +
v

Λ
ϕ q̄Zq + q̄LM

ϕ
q qR + h.c. + LQCD scale

ALP, leptons

Its counterpart is found by using the duality in (*)

Mesonic Chiral Lagrangian for a CP-violating ALP ϕ at O(Λ−2)

L
χpt
ALP =

∂µϕ

Λ

[
2Tr(YVTa) j

µ,a
V + 2Tr(YATa) j

µ,a
A

]
+

f 2π
2
B0Tr

[
MϕΣ

† +ΣMϕ
†
]

+ κ
f 2π
2

ϕ

Λ

[
Tr(∂µΣ∂µΣ

†) + 4B0Tr
[
Mq(Σ + Σ†)

]]
−

f 2π
2

v

Λ
B0 ϕTr

[
Z(Σ + Σ†)

]
+ e2

cγ

Λ
ϕFF + e2

c̃γ

Λ
ϕFF̃ + LQCD scale

ALP, leptons
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Matching onto the low-energy Lagrangian (nf = 2)

The O(Λ−2) low-energy Lagrangian Lϕχ valid for E < 1−2 GeV is:

low-energy CP-violating ALP Lagrangian

Lϕχ =−
1

3

m2
π

m2
π −M2

ϕ

∆ud

fπΛ

[
− 2∂ϕ

(
2π+π−∂π0 + π0π

+∂π− + π0π
−∂π+)

+M2
ϕϕ (π3

0 + 2π+π−π0)
)]

+ 2κ
ϕ

Λ
[∂µπ

+∂µπ− +
1

2
∂µπ

0∂µπ0]

−m2
πω

ϕ

Λ

[
π+π− +

1

2
π2
0

]
+ CS

N

ϕ

Λ
N̄vNv + CA

N

∂µϕ

Λ
N̄vγ

µγ5Nv

+ e2C̃ ′
γ

ϕ

Λ
FF̃ + e2C ′

γ

ϕ

Λ
FF ++i

v

Λ
y ij
P,ℓ ϕℓ̄iγ5ℓj +

v

Λ
y ij
S,ℓ ϕℓ̄i ℓj

All the couplings in Lϕχ can be expressed in terms of those in
Ldim-5
ALP or at most of measurable/computable quantities.

Example: Y ij
A = −y ijq,P

v
mi+mj

− 32π2Q ij
AC̃g
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CPV Jarlskog invariants (nf = 2)
The low-energy Jarlskog invariants are found from Lϕχ by
multiplying the Wilson coefficients of operators possessing
opposite CP transformation properties

Example

cγFF
CP−→ cγFF

c̃γF F̃
CP−→ −c̃γF F̃

−→ cγ c̃γ is a Jarlskog invariant!

cγ yℓ,S κ Z CϕNN

c̃γ c̃γ cγ c̃γ yℓ,S c̃γ κ c̃γ Z c̃γ CϕNN

yℓ,P yℓ,P cγ yℓ,P yℓ,S yℓ,P κ yℓ,P Z yℓ,P CϕNN

∆A
ud ∆A

ud cγ ∆A
ud yℓ,S ∆A

ud κ ∆A
ud Z ∆A

ud CϕNN

C̃ϕN C̃ϕN cγ C̃ϕN yℓ,S C̃ϕN κ C̃ϕN Z C̃ϕN CϕNN

Table: Jarlskog invariants of the low-energy chiral Lagrangian Lϕχ
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Perturbative vs non-perturbative: matching

Figure: Enter Caption24


