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1. Strong CP Puzzle & QCD axion
A soft introduction

Outline of this talk

3. Axion-Like Particle Effective Field Theories
Discussion on scenarios and useful benchmarks

4. ALPs at FCC-ee and FCC-hh
Some prospects

2. Axion couplings to massive gauge bosons
Non-intuitive results in axion DFSZ-like scenario



3A shift of paradigm

-enlarges Poincaré algebraSupersymmetry :

-can preserve SM gauge group
-needs many new particles

(new energy scale)

‘Peccei-Quinn’ theory : -enforces CP-symmetry
-needs a new global ‘no symmetry’
(anomalous+spontaneously broken)

-entangled with SM gauge group :
(careful!)

(new energy scale)

• To solve: the hierarchy problem
concretely: why the gravitational force is so much weaker than the other fundamental interactions? 
Main candidate,

• To solve: the strong CP puzzle
concretely: why matter and not anti-matter in our universe? 
Main candidate,

the QCD axion:  « new » Goldstone bosons combination ⊥ ZL

<latexit sha1_base64="wZEliDgmeyaG5F61eb4HQFVpmgw="></latexit>

[SU(3)c ⌦ SU(2)L ⌦ U(1)Y ]local ⇥ [U(1)B,L,PQ]global
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The Strong CP Puzzle in particle physics

LQCD = q̄(i�µDµ �mqe
i✓EW )q � 1

4
Gµ⌫

a Ga
µ⌫ � ✓QCD

↵s

8⇡
Gµ⌫

a G̃a
µ⌫

LQCD = q̄(i�µDµ �mq)q �
1

4
Gµ⌫

a Ga
µ⌫ � (✓QCD � ✓EW )

↵s

8⇡
Gµ⌫

a G̃a
µ⌫

n✓̄

q ! ei�
5✓EW qchiral transformation:

4-component Dirac field

U(1)A
anomalous

 symmetry

the measure of the path integral is not invariant under this transformation
axial anomaly shifts quark mass phase to QCD vacuum

Yukawa coupling to the Higgs are complex
6= 0

✓CKM 6= 0

Why is this strong CP-violation term so puzzling? LCP =✓̄
↵s

8⇡
Gµ⌫

a G̃a
µ⌫

The strong CP problem is really why the combination of QCD and EW parameters make up 
should be so small…

this induces a huge electric dipole moment for the neutron:

|dn| ⇠ |✓̄|10�16e.cm |dn| . 10�26e.cmTheory: Experiment:vs

✓̄ < 10�10 The strong CP problem

=Why is    so small?✓̄

CPV CPV



5The Peccei-Quinn Axion Solution
axial anomaly: ✓EW ✓QCD

Solution to the strong CP problem of QCD: add fields such that  rotate     to the phase of a 
complex SM-singlet scalar who gets a VEV and dynamicaly drives 

✓̄
✓̄ ! 0 Peccei & Quinn

CPV CPV

1. Introduce a new global axial                 symmetry S.B. at high scale 

LQCD = q̄(i�µDµ �mqe
i✓EW )q � 1

4
Gµ⌫

a Ga
µ⌫ � ✓QCD

↵s

8⇡
Gµ⌫

a G̃a
µ⌫

U(1)PQ

the low-energy theory has a Goldstone boson (the axion field)

2. Design                 such that  Laxion Q(qL) 6=Q(qR) this makes the                 anomalous : U(1)PQ

@µJ
µ⇠ Ga

µ⌫G̃
µ⌫
anet effect: Laxion = LQCD +

a

v
Gµ⌫G̃

µ⌫ + ...

3. Non-perturbative QCD effects induce: 

Laxion = LChPT (@µa,⇡, ⌘, ⌘
0, ...) + Veff (✓̄ +

a

v
,⇡, ⌘, ...)

⇠ �⇤4
QCDcos(✓̄+

a

v
)

minimum of the potential: ✓̄+
< a >

v
= 0 CP-violating term cancels!

CP symmetry is dynamically restored!
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KSVZ axion :

Two standard axion models

DFSZ axion :

PQWW axion :

axion identified with a phase in a 2HDM ( ) : ruled outfa ∼ vew

phenomenology calls for   (« invisible axion ») fa ≫ vew

method: mix it with a complex SM singlet with « big » VEV 

New « heavy » electrically neutral quark, charged under U(1)PQ

Kim ’79
Shifman, Vainshtein, Zakharov ‘80 

2HDM, SM quarks and leptons are charged under U(1)PQ

Zhitnitskii ’80
Dine, Fischler, Srednicki ‘81

+ a new complex scalar singlet

ℒKSVZ = ℒSM+Ψ̄L,RDΨL,R+yΨ̄LΨRϕ+V(ϕ)

Peccei, Quinn ‘77
Weinberg ‘78
Wilczek ‘78

+ a new complex scalar singlet



7Axion Like Particles

- QCD axion has couplings correlated to its mass, ma ∼ Λ2
QCD

1
fa

typical coupling

Current bounds push the mass well below the eV

-ALP: add an explicit mass term to get a new light pseudo scalar state

Non-trivial topology of 
the QCD vacuum

ℒALP =
1
2

(∂μa∂μa − m2
aaa) + couplings to SM particles

No longer solve the strong CP problem
May be a DM candidate
Few might arise from string theory
Mass window spans over sub-eV to few GeV

If the mass is greater than a few GeV: LHC could say something!

How to tackle ALP-SM couplings?
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Axion couplings

f

f̄

a
g

g

a
�

�

a

�

Z
a

Z

Z

a
W

W

a

Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃

<latexit sha1_base64="wexBfawIOtgDOKn38fw/6Gdgl1s="></latexit>
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2fa
jµa +

a

fa

↵s
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fa

E

N
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E

N
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fa

E

N
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a

fa

K

N

↵

4⇡cwsw
ZF̃ +
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fa

Z

N

↵

4⇡c2ws
2
w

ZZ̃ +
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fa

L

N

↵

4⇡s2w
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2fa
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#Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃

Energy

Laxion � @µa

2fa
jµa +

a

fa

↵s

4⇡
GG̃+

a

fa

E

N

↵

4⇡
FF̃

  At energies below       (SSB):        
<latexit sha1_base64="HECulSuz90rl+7ZOd5w9n5qqd40="></latexit>

fa

At energies below  :  mixing       ΛQCD a − η′￼− π0 − η − . . .

⇠
⇤2
QCD

fa
ma = m⇡

f⇡
fa

p
mumd

mu +md
axion mass:    

axion couplings to electrons, nucleons, mesons, photons, …    
(EDMs) mostly explored:

electroweak couplings recently computed

do not follow the expected pattern

J.Q. and C. Smith, arXiv:1903.12559, 2006.06778, 
2010.13683;

J.Q., C. Smith and P.N.H. Vuong , arXiv:2112.00553

ga�� =
↵

2⇡fa

✓
E

N
� 1.92

◆

model dep.

model indep.


below confinement

LHC regime
probe different couplings than low energy experiments
free from (complex) low energy QCD effects
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Axion couplings to massive 
gauge bosons



Axion electroweak couplings 11

•  :h → aa

• a → ll :

• a → γγ :

• e+e− → aγ :

• Muon anomalous magnetic moment: 

…

ALP electroweak couplings matters
They need to be crucially explored at the LHC and 

beyond!
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Why axions « have » derivative 
couplings?



, new scalar field    :

13

An axionic toy model: simple QED extension

L = �1

4
Fµ⌫F

µ⌫ +  ̄L(iD) L+  ̄R(iD) R+(y� ̄L R+h.c.)+@µ�
†@µ��V (�)

U(1)em �•local

Goldstone boson (axion) remnant of                 S.S.B.

Linear representation:

Polar representation:

U(1)PQ

Higgs
Goldstone

ϕ(x) = v + σ(x) + ia(x)

ϕ(x) =
1

2
(v + σ(x))e−ia(x)/v

x + iy

ρiθ
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Linear representation

LLinear � 1
2@µa

0@µa0 + m
v a

0 ̄i�5 
(no tree-level couplings 

to gauge fields)

ϕ(x) = v + σ(x) + ia(x)

The axion is a usual pseudo-scalar with no derivative couplings to fermions→



One reparametrizes fermion fields:

15

Polar representation

 L(x) ! exp(i↵a0(x)/v) L(x) ,  R(x) ! exp(i(↵+ 1)a0(x)/v) R(x)

�LDer = �@µa
0

v
(↵ ̄L�

µ L+(↵+1) ̄R�
µ R) = �@µa

0

2v
((2↵+1) ̄�µ + ̄�µ�5 )

LPolar � 1
2@µa

0@µa0 + �LDer + �LJac

Fermion kinetic term induce derivative interactions→
L = �1

4
Fµ⌫F

µ⌫ +  ̄L(iD) L+  ̄R(iD) R+(y� ̄L R+h.c.)+@µ�
†@µ��V (�)

L = �1

4
Fµ⌫F

µ⌫ +  ̄L(iD) L+  ̄R(iD) R+(y� ̄L R+h.c.)+@µ�
†@µ��V (�)

ϕ(x) = ρe−ia(x)/v

To remove «   » from the Yukawa termsa

?
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Polar representation
�(x) = 1p

2
(v + �0(x))e�ia0(x)/v

�LJac =
e2

16⇡2v
a0(↵� (↵+ 1))Fµ⌫ F̃

µ⌫ = � e2

16⇡2v
a0Fµ⌫ F̃

µ⌫

LPolar � 1
2@µa

0@µa0 + �LDer + �LJac

•Fermionic path integral measure is not invariant under the 
fermion reparametrisation: 

new local interaction (anomaly - Jacobian of the transformation)

Q(qL) 6=Q(qR)Q(qL) 6=Q(qR)�

[Fujikawa]
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Effective couplings to SM gauge bosons at one loop:

DFSZ axion couplings to SM gauge fields
Axion with derivative couplings to fermions

Figure 3: Representation of the contributions to a
0
! ��, gg in the polar representation, and their

matching with the A
0
! ��, gg amplitude of the linearly realized theory. The notation P, V,A

denotes pseudoscalar, vector, and axial vertices, that is, �5, �µ, and �
µ
�5 Dirac structures. The

green disk depicts the local anomalous vertex derived from Eq. (57). All the SM fermions but the
neutrinos circulate in the �� loops, while only quarks occur for the gg loops.

4.3.1 The a
0
! �� and a

0
! gg decays

For the decays into photons or gluons, only the AV V triangle contributes since SU(3) and U(1)em
are vector symmetries. Then, the situation is exactly the same as in the toy model of Section 2.
Setting a = �b = 1 in Eq. (30), we find

M(a0 ! ��)AV V

Der = �
e
2

2v

X

f=u,d,e

d
f

C
⇥ �

f

A
Q

2
f
⇥ i(q1 + q2)�T

�↵�

AV V
(f)

= �M(a0 ! ��)Jac +M(A0
! ��)Linear , (63)

and

M(a0 ! gg)AV V

Der = �
g
2
s

2v

X

f=u,d

�
f

A
C

f

C
⇥ i(q1 + q2)�T

�↵�

AV V
(f)

= �M(a0 ! gg)Jac +M(A0
! gg)Linear , (64)

where du,d
C

= NC , d
e,⌫

C
= 1, Qf is the electric charge of f , and C

u,d

C
= 1/2, Ce,⌫

C
= 0. The amplitudes

in the polar representation thus trivially match that in the linear case, see Fig. 3,

M(a0 ! ��, gg)Polar = M(a0 ! ��, gg)AV V

Der +M(a0 ! ��, gg)Jac = M(A0
! ��, gg)Linear . (65)

In other words, the anomalous contact interactions do cancel out systematically with the anomalous
part of the triangle graphs.

As for the toy model, the polar representation is thus interesting only to make the shift symmetry
manifest, and because the contact a

0
�� and a

0
gg interactions read o↵ �LJac are reliable book-

keeping of the e↵ects of heavy fermions. Specifically, M(a0 ! ��, gg)AV V

Der
m!1
= 0 implies that

M(A0
! ��, gg)Linear

m!1
= M(a0 ! ��, gg)Jac. Finally, remark that the cancellation of the

local anomalous terms ensures M(a0 ! ��, gg)Polar = 0 in the mu,d,e ! 0 limit. So, though
interpreting the axion coupling to photons or gluons as induced by the anomaly is incorrect, this
misidentification does not lead to serious consequences for those final states. For heavy fermions,
the coupling to gluons is tuned by NC , and that to photons by Nem, and their ratio, when restricted
to quarks, give back the usual N q

em/NC = 8/3. However, as we will see in the next subsection,
interpreting the axion coupling involving at least one electroweak gauge boson as induced by the
anomaly is not only wrong in principle but also leads to incorrect couplings.
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Axion-photons :

Axion-gluons:

Figure 3: Representation of the contributions to a
0
! ��, gg in the polar representation, and their

matching with the A
0
! ��, gg amplitude of the linearly realized theory. The notation P, V,A

denotes pseudoscalar, vector, and axial vertices, that is, �5, �µ, and �
µ
�5 Dirac structures. The

green disk depicts the local anomalous vertex derived from Eq. (57). All the SM fermions but the
neutrinos circulate in the �� loops, while only quarks occur for the gg loops.

4.3.1 The a
0
! �� and a

0
! gg decays

For the decays into photons or gluons, only the AV V triangle contributes since SU(3) and U(1)em
are vector symmetries. Then, the situation is exactly the same as in the toy model of Section 2.
Setting a = �b = 1 in Eq. (30), we find

M(a0 ! ��)AV V

Der = �
e
2

2v

X

f=u,d,e

d
f

C
⇥ �

f

A
Q

2
f
⇥ i(q1 + q2)�T

�↵�

AV V
(f)

= �M(a0 ! ��)Jac +M(A0
! ��)Linear , (63)

and

M(a0 ! gg)AV V

Der = �
g
2
s

2v

X

f=u,d

�
f

A
C

f

C
⇥ i(q1 + q2)�T

�↵�

AV V
(f)

= �M(a0 ! gg)Jac +M(A0
! gg)Linear , (64)

where du,d
C

= NC , d
e,⌫

C
= 1, Qf is the electric charge of f , and C

u,d

C
= 1/2, Ce,⌫

C
= 0. The amplitudes

in the polar representation thus trivially match that in the linear case, see Fig. 3,

M(a0 ! ��, gg)Polar = M(a0 ! ��, gg)AV V

Der +M(a0 ! ��, gg)Jac = M(A0
! ��, gg)Linear . (65)

In other words, the anomalous contact interactions do cancel out systematically with the anomalous
part of the triangle graphs.

As for the toy model, the polar representation is thus interesting only to make the shift symmetry
manifest, and because the contact a

0
�� and a

0
gg interactions read o↵ �LJac are reliable book-

keeping of the e↵ects of heavy fermions. Specifically, M(a0 ! ��, gg)AV V

Der
m!1
= 0 implies that

M(A0
! ��, gg)Linear

m!1
= M(a0 ! ��, gg)Jac. Finally, remark that the cancellation of the

local anomalous terms ensures M(a0 ! ��, gg)Polar = 0 in the mu,d,e ! 0 limit. So, though
interpreting the axion coupling to photons or gluons as induced by the anomaly is incorrect, this
misidentification does not lead to serious consequences for those final states. For heavy fermions,
the coupling to gluons is tuned by NC , and that to photons by Nem, and their ratio, when restricted
to quarks, give back the usual N q

em/NC = 8/3. However, as we will see in the next subsection,
interpreting the axion coupling involving at least one electroweak gauge boson as induced by the
anomaly is not only wrong in principle but also leads to incorrect couplings.
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« anomalous coupling »

0mq ! 1

0mq ! 1

Convenient book-keeping of 
the effect of heavy fermions
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Figure 4: Contributions to the axion decay into �Z in the polar (left) and linear (right) represen-
tations, using the same notations as in Fig. 3. All the SM fermions but the neutrinos circulate in
the loops.

4.3.2 The a
0
! �Z decay

For electroweak gauge bosons in the final state, the situation is less simple. Consider first the �Z

final state. The derivative interactions induce again only the AV V triangle graphs since the photon
coupling is vectorial. However, this time we have two possible contributions, depending on which
current is carrying the anomaly, see Fig. 4. First, there are the usual A(@µa0) � V (�) � V (Z)
triangles, for which the anomaly is in the axial current. Using Eq. (30) with a = �b = 1, we find

M(a0 ! �Z)AV V

Der = �
1

2v

X

f=u,d,e

d
f

C
⇥ �

f

A
g
f

V,�
g
f

V,Z
⇥ i(q1 + q2)�T

�↵�

AV V
(f)

= �
1

4⇡2v

e
2

cW sW

�
N0 � s

2
WNem

�
"
"
⇤
1"

⇤
2q1q2 +M(A0

! �Z)Linear , (66)

where ""
⇤
1"

⇤
2q1q2 ⌘ "

↵�µ⌫
"(q1)⇤↵"(q2)

⇤
�
q1µq2⌫ . But contrary to the �� and gg final state, there are now

new contributions from the V (@µa0) � V (�) � A(Z) triangles, with the axion vector couplings of
Eq. (55). Using again Eq. (30) but this time with a = b = 1 to preserve SU(2)L ⌦ U(1)Y , and

noting that �i(q1)�T
↵��

AV V
= �i(q1 + q2)�T

�↵�

V AV
,

M(a0 ! �Z)V AV

Der = �
1

2v

X

f=u,d,e

d
f

C
⇥ �

f

V
g
f

V,�
g
f

A,Z
⇥ (�i)(q1 + q2)�T

�↵�

V AV

=
1

4⇡2v

e
2

cW sW
(N0 �NL) "

"
⇤
1"

⇤
2q1q2 . (67)

As explained in Section 3, this contribution is free of any mass-dependent term because the naive
vector current conservation must hold, up to the anomaly.

These two contributions from the derivative interactions combine with the Jacobian term from
Eq. (61),

M(a0 ! �Z)Jac =
1

4⇡2v

e
2

cW sW

�
NL � s

2
WNem

�
"
"
⇤
1"

⇤
2q1q2 , (68)

to give the total decay amplitude in the polar representation:

M(a0 ! �Z)Polar = M(a0 ! �Z)AV V

Der +M(a0 ! �Z)V AV

Der +M(a0 ! �Z)Jac

= M(A0
! �Z)Linear , (69)

as it should. We can now understand why M(a0 ! �Z)Jac does not match M(A0
! �Z)Linear

in the mu,d,e ! 1 limit. Indeed, while M(a0 ! �Z)AV V

Der vanishes in the mu,d,e ! 1 limit,
M(a0 ! �Z)V AV

Der obviously does not since it is independent of mu,d,e. In that limit, we should
write

M(A0
! �Z)Linear

��
mu,d,e!1 = M(a0 ! �Z)V AV

Der +M(a0 ! �Z)Jac , (70)

16

A =  ̄�µ�5 

V =  ̄�µ 

P =  ̄�5 Axial current

Vector current

Pseudo-scalar current

Linear 

representation:

Polar 

representation:

mq ! 1
6= 00mq ! 1 anomalous 

interaction

not a reliable book-keeping of 
the effect of heavy fermions

• idem for ZZ and WW

•  : a → γZ

« Polar = Linear »

Vector current is not conserved 

One has to consider both couplings:

(@µa) ̄�
µ 

<latexit sha1_base64="svdhi9zbAIfl9XdLceJNpXs0SYs="></latexit>

(@µa) ̄�
µ�5 

<latexit sha1_base64="OuDBbndSZkg85OwCGztlREXQrzc="></latexit>

and
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Axion-Like Particle 

Effective Field Theories
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Observed exclusion 95% CL

Expected exclusion 95% CL

EPJC 79 (2019) 421
h(125)

CMS-PAS-HIG-18-010
µµ →A/H/h 

JHEP 1808 (2018) 113
 bb→A/H 

JHEP 1809 (2018) 007
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JHEP 03 (2020) 034
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)ττ Zh (ll→A 

hMSSM

Toy model
(simple, intuitive, model independant, etc.)

Ex: Higgs kappa-framework

Ultra-Violet model
(solve problems, complicated, many parameters, etc.)

Ex: MSSM

Effective Field Theory
(phenomenological QFT, model independant, etc.)

Ex: SMEFT

BSM Higgs strategy

ℒBSM
Higgs ⊃ κWgSM

hWWhW+W− + κZgSM
hZZhZZ + κtgSM

htt ht̄t + . . .

experimental data ⟶

experimental data ⟶
experimental data ⟶
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Ultra-Violet model

Ex: PQWW axion

ALP Effective Field Theory

Ex:

BSM Axion strategy

KSVZ invisible axion
DFSZ invisible axion

etc.

On going theoretical effort

}QCD axion

ALP models

ℒSM−ALP−EFT = ℒSM + ℒa + ℒa−SM

On going theoretical effort

ℒD=5
a−SM ⊃ ∑

f

Cff
∂μa
Λ

f̄γμγ5 f + CGG
a
Λ

GμνG̃μν + Cγγ
a
Λ

FμνF̃μν

ℒD≥6
a−SM ⊃

Cah

Λ2
(∂μa)(∂μa)H†H + …

+CγZ
a
Λ

FμνZ̃μν + CZZ
a
Λ

ZμνZ̃μν + CWW
a
Λ

WμνW̃μν

Which basis for ALP-SM couplings?

Several independent Wilson coefficients : 
Is this always reasonable from a UV 

point of view?

Useful for model independent searches



22Implication for ALPs searches
How to construct a truly axion-like basis?

Le↵
ALP =

1

2
(@µa

0@µa0 �m2
aa

0a0) + LKSVZ�like + LDFSZ�like
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KSVZ like:

a0

16⇡2fa

⇣
g2sNCG

a
µ⌫G̃

a,µ⌫ + g2NLWµ⌫W̃
µ⌫ + g02NY Bµ⌫B̃

µ⌫
⌘
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Le↵
KSVZ-like =

<latexit sha1_base64="afkkyeOSTcPGNkPbtNihnJQkdJE="></latexit>

• Typically assuming some heavy vector-like fermions

• No direct coupling to SM fermions, but one loop induced:

• Manifestly symmetric under SU(3)C ⌦ SU(2)L ⌦ U(1)L

<latexit sha1_base64="xTOzxr/hqzp/WkeD6Pb+CLiozMc="></latexit>

New, heavy, electrically neutral quark, charged under U(1)PQ

<latexit sha1_base64="Z6yJWPdHwkoWOwCQFtd542A7m9o="></latexit>

3 KSVZ-like ALPs

In this section, we proceed to carry a similar analysis to the one performed in the
previous case but taking the KSVZ scenario as a guide. For the true QCD axion, the
KSVZ scenario is built by introducing a new heavy coloured fermion, vector-like under the
SM gauge symmetries, but not under U(1)PQ. As none of the SM fields are charged under
U(1)PQ, the low-energy axion e↵ective theory obtained after integrating out the heavy
fermion contains only anomalous SU(2)L ⌦ U(1)Y invariant couplings of the axion to the
gauge fields. So, based on this, we construct a generic KSVZ-like ALP e↵ective Lagrangian
as

LKSV Z =
1

2

�
@µa@

µ
a�m

2
aaa
�

+
a

16⇡2va

⇣
g
2
sNCG

a
µ⌫G̃

a,µ⌫ + g
2
NLW

i
µ⌫W̃

i,µ⌫ + g
02
NYBµ⌫B̃

µ⌫
⌘

,

(3.1)

without any of the derivative couplings of the axion to SM fermions. After EWSB, this
Lagrangian can be projected onto the broken basis for the gauge bosons, giving back
Eq. (2.2) with

gagg = ↵sNC ,

ga�� = ↵ (NL +NY ) ,

ga�Z = 2↵ (�NL/tW + tWNY ) ,

gaZZ = ↵
�
NL/t

2
W + t

2
WNY

�
,

gaWW =
2↵

s
2
W

NL .

(3.2)

Contrary to the DFSZ-like ALP scenario, the ALP mass does not appear in these couplings
as a free parameter, and the correlations are di↵erent, as it can be seen in Fig. 5.

Though the ALP does not couple at tree-level to the SM fermions, they are induced at
one loop via the diagram shown on the right of Fig. 1. Since the gauge couplings explicitly
break the ALP shift symmetry, the induced ALP-fermion interaction should match onto

L eff
fermion =

X

f=u,d,e

mf

va
cafaf̄�5f . (3.3)

As before, summation over fermion flavors is understood. We can explicitly compute the
di↵erent amplitudes to find the following expression for the coupling caf :

caf =16

 
↵
2
Q

2
f (NL +NY ) + ↵

2
s

4

3
NC

!
I0 �

↵
2(NL/t

2
W + t

2
WNY )

s
2
W c

2
W

IZZ

+
16↵2

Qf (T 3
f � 2Qfs

2
W )(�NL/tW + tWNY )

sW cW
I�Z �

4↵2
NL

s
4
W

X

f 0

Vff 0IWW ,

(3.4)

where Qf is the electric charge of the fermion f under consideration, Vff 0 is the fermion
mixing matrix (CKM in the quark sector and identity in the case of massless neutrinos for
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coupling to heavy quarks  ⇒ 𝒩X ⇒ cf ≡ f(𝒩X)



23KSZV-like ALPs

• Parameter space easy to bound, with for example, limits on  :gaγγ

Figure 6: Parameter space for a KSVZ-like ALP coupling with the same strength to all
gauge bosons in the unbroken phase for va = 1 TeV. The colour code on the background
shows the induced fermion coupling, with the electron, top and down from left to right.
The shadowed region is excluded due to limits on the ALP coupling to photons. The results
in the ma ⇠ 1 TeV should be taken carefully due to the possible non-validity of the EFT.

Figure 6 shows how the parameter space for this simplified KSVZ scenario is con-
strained, with the colour code in the background representing now the induced ALP-
fermion couplings. As in the DFSZ case, we stress that this does not aim to be a full
analysis on all the existing bounds, and further study would be required to include all
bounds. This section, however, represents a guideline for dealing with a KSVZ-like ALP,
with particular attention on the scalar integrals involved in the ALP-fermion couplings.
These functions, however, are not UV finite, which raises two issues concerning renor-
malization scale and scheme, especially given the explicit presence of the four-dimensional
Levi-Civita symbol in the gauge couplings. Let us now discuss these matters more in depth.

3.1 On the �5 scheme

Through the loop calculation, the Levi-Civita tensors in the gauge couplings of Eq. (3.1)
must translate into the �5 couplings to the fermions in the e↵ective Lagrangian Eq. (3.3).
Both these objects are intrinsically four dimensional, so there are ambiguities when dealing
with them in dimensional regularization. Fixing these ambiguities as in Refs. [6, 19] adds
some scheme-dependence that, as we now show, can be alleviated.

The basic idea is to project from the start the amplitude into the right fermion state.
Since the fermion pair must be in a pseudoscalar JPC = 0�+ state, this is done with [46]

PS=0 =
1

2
p
2p2

✓
�
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2
"⇢�µ⌫(p
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1p

�
2 � p

�
1p

⇢
2)�

µ⌫ + (p2 � 2mf (/p1 + /p2
))�5

◆
, (3.6)

with �
µ⌫ = i(�µ

�
⌫
� �

⌫
�
µ) and p, p1 and p2 the ALP, fermion and anti-fermion momenta

respectively. With this projector, we can extract:

M(a ! ff̄) = ū(p1)T (a ! ff̄)v(p2) = ū(p1)�5v(p2)F (a ! ff̄), (3.7)
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Figure 6: Parameter space for a KSVZ-like ALP coupling with the same strength to all
gauge bosons in the unbroken phase for va = 1 TeV. The colour code on the background
shows the induced fermion coupling, with the electron, top and down from left to right.
The shadowed region is excluded due to limits on the ALP coupling to photons. The results
in the ma ⇠ 1 TeV should be taken carefully due to the possible non-validity of the EFT.

Figure 6 shows how the parameter space for this simplified KSVZ scenario is con-
strained, with the colour code in the background representing now the induced ALP-
fermion couplings. As in the DFSZ case, we stress that this does not aim to be a full
analysis on all the existing bounds, and further study would be required to include all
bounds. This section, however, represents a guideline for dealing with a KSVZ-like ALP,
with particular attention on the scalar integrals involved in the ALP-fermion couplings.
These functions, however, are not UV finite, which raises two issues concerning renor-
malization scale and scheme, especially given the explicit presence of the four-dimensional
Levi-Civita symbol in the gauge couplings. Let us now discuss these matters more in depth.

3.1 On the �5 scheme

Through the loop calculation, the Levi-Civita tensors in the gauge couplings of Eq. (3.1)
must translate into the �5 couplings to the fermions in the e↵ective Lagrangian Eq. (3.3).
Both these objects are intrinsically four dimensional, so there are ambiguities when dealing
with them in dimensional regularization. Fixing these ambiguities as in Refs. [6, 19] adds
some scheme-dependence that, as we now show, can be alleviated.

The basic idea is to project from the start the amplitude into the right fermion state.
Since the fermion pair must be in a pseudoscalar JPC = 0�+ state, this is done with [46]
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respectively. With this projector, we can extract:

M(a ! ff̄) = ū(p1)T (a ! ff̄)v(p2) = ū(p1)�5v(p2)F (a ! ff̄), (3.7)
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24Implication for ALPs searches
How to construct a truly axion-like basis?
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• Vector currents do contribute to physical observables

• Spurious  and  violation includedℬ ℒ

• Axion-like  need to impose anomaly cancellation!⇒



25Implication for ALPs searches
How to construct a truly axion-like basis?

Le↵
ALP =

1

2
(@µa

0@µa0 �m2
aa

0a0) + LKSVZ�like + LDFSZ�like

<latexit sha1_base64="lStmMXXVmyBsaV1+eLRGJjXIoAo=">AAADkXicjVFdb9MwFL1Z+BjlY4U98hJRIQ2hVUmZBDwgFYbQpO2haLSrWNbIcZ3NqvMhx0FMlv/h3hH/AP7Frk0KG9MEjpKce+49x76+aSV4rcLwu7fi37h56/bqnc7de/cfrHUfPprUZSMpG9NSlHKakpoJXrCx4kqwaSUZyVPBDtLFts0ffGGy5mXxSZ1W7CgnxwXPOCUKqaR7FudEnVAi9J5J9Nu9kZnpWLGvSrMsM+ZNnE lCdWT0wGzEFZGKE5HoOG8MmenQLKnZH2ozTzRBl8Gv0H2edZ47U3denYqGGX1pYxfIXO/uTz5vCr5gxpiLEsnm1yjef9j/rUi6vbAfuhVcBVELetCuUdn9BjHMoQQKDeTAoACFWACBGp9DiCCECrkj0MhJRNzlGRjooLbBKoYVBNkFfo8xOmzZAmPrWTs1xV0EvhKVATxFTYl1ErHdLXD5xjlb9jpv7Tzt2U7xn7ZeObIKTpD9l25Z+b8624uCDF65Hjj2VDnGdkdbl8bdij15cKErhQ4VchbPMS8RU6dc3nPgNLXr3d4tcfkfrtKyNqZtbQM/7SlxwNHf47wKJoN+tNV/8XGrN3zXjnoVHsMT2MB5voQh7MAIxkC9gTf1iJf66/5rf+i3tSteq1mHS8vfPQcXjd+z</latexit>

DFSZ like:

Le↵
DFSZ-like = � i

fa
a0

X

u,d,e

mf�
f
A( ̄f�5 f )

<latexit sha1_base64="t/0vm507+40eLYlNwb0mbBG3SX4="></latexit>

Anomaly cancellation 
taken into account!

Simple pseudo-scalar couplings

2HDM plus extra scalar, SM quarks and leptons are charged under U(1)PQ

<latexit sha1_base64="Z6yJWPdHwkoWOwCQFtd542A7m9o="></latexit>

• One should not build EFTs with both anomalous couplings 

and vectorial-axial fermion couplings : because of anomaly cancellations!

• Effective interactions are not always equal to anomalous interactions!
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Figure 1: On the left: ALP coupling to gauge bosons in a DFSZ-like scenario. On the
right: ALP coupling to SM fermions in a KSVZ-like scenario. In both cases, X can be any
pair of gauge bosons in the EW broken phase that respects U(1)EM .
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DFSZ-like ALPs

• 4 physical parameters ( , ) as opposed to 7 in the generic ALP EFTχf /va ma

•  is now a function of the ALP mass :gaXX

• Non-linear correlations among EW  in the Higgs broken phasegaXX

• Ex: measuring ,  fixes  &  in the KSVZ-like scenario (generic EFT) gagg, gaγγ gaZγ gaWW gaZZ

• In DFSZ-like scenario one degree of freedom remains: curve in the  &  spacegaWW gaZZ

Figure 3: Predicted ALP couplings to gauge bosons with x = 1 on the left and x = 20 on
the right. The di↵erent peaks correspond to kinematic thresholds, namely ma = 2mf for
di↵erent fermions, which are almost lost in the presence of EW gauge bosons due to their
high mass.

vanishes, it is possible to have sizeable couplings to all of the remaining EW gauge bosons,
as well as possible hierarchies among them. Notice also that fixing �e in this scenario does
not imply anything for gagg, which remains with the same freedom as in the unconstrained
scenario.

2.2 A more constrained scenario

Let us now consider a further reduction of the number of free parameters. There are
indeed many phenomenologically motivated scenarios, like the photophobic one we just
discussed, leptophobic ALPs with vanishing �e, or leptophilic ones, where �u = �d = 0.
In this section, however, we will consider an ALP that mimics the DFSZ axion couplings
to fermions (see Refs. [42, 43] for reviews on axion models). In that model, two Higgs
doublets are present; Hu coupling to up quarks and Hd coupling to down quarks and
charged leptons (which would correspond to a 2HDM type-II). These two Higgs doublets
couple to an additional scalar � that has a VEV v� much larger than those of the Higgs
doublets, vu and vd. In terms of our Lagrangian from Eq. (2.1), this implies that the
formerly free couplings �f now take the following values:

�u =
x
2

1 + x2
, �d = �e =

1

1 + x2
, (2.8)

where x = tan � = vu/vd is the ratio of the VEVs of the two Higgs doublets. In this setup,
the number of free parameters has been reduced from four to three, namely va, ma and x.
Notice that, while in the generic case, it is impossible to separately fix �f and va, since
only the ratios �f/va enter observables, it is now possible to do so since specific values are
prescribed for the �f . This means that if we were to measure experimentally two of the
�f in this setup, we could immediately extract the values of x and, more importantly, the
ALP energy scale va.

It is interesting to study the possible correlations among EW gauge boson couplings.
Whereas in the usual EFT approach of Eq. (1.1), two free parameters enter linearly these
couplings, namely NL and NY , and consequently, correlations are expected among the four
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DFSZ-like ALPs - a more constrained case

• Mimicking the 2HDM type-II pseudoscalar couplings:

Figure 3: Predicted ALP couplings to gauge bosons with x = 1 on the left and x = 20 on
the right. The di↵erent peaks correspond to kinematic thresholds, namely ma = 2mf for
di↵erent fermions, which are almost lost in the presence of EW gauge bosons due to their
high mass.
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• Allows to recast  pseudoscalar searches for 2HDM on the DFSZ-like ALP parameter space

Figure 4: Parameter space for an ALP mimicking DFSZ axion couplings to fermions, with
va = 100 TeV. The colour code on the background shows the induced coupling to gauge
bosons, photon, Z-photon, ZZ, WW and gluons in order from top to bottom, left to right.
These plots are independent of va, and only the possible exclusion limits and regions valid
under the EFT assumption change with va. For va & 100 GeV the parameter space is
completely unconstrained by the ALP-photon coupling, while all regions where ma < va

remain safe in the EFT approach.
10

Figure 4: Parameter space for an ALP mimicking DFSZ axion couplings to fermions, with
va = 100 TeV. The colour code on the background shows the induced coupling to gauge
bosons, photon, Z-photon, ZZ, WW and gluons in order from top to bottom, left to right.
These plots are independent of va, and only the possible exclusion limits and regions valid
under the EFT assumption change with va. For va & 100 GeV the parameter space is
completely unconstrained by the ALP-photon coupling, while all regions where ma < va

remain safe in the EFT approach.
10

For  GeV  the parameter space is completely unconstrained by the ALP-photon couplingva ≳ 100

?



28

Ex:

Switch to generic ALP EFT

ℒSM−ALP−EFT = ℒSM + ℒa + ℒa−SM
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More degrees of freedom
Major difference for analysis: fermionic & gauge sectors are truly secluded here
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Figure 4: Left: Summary plot of constraints on the parameter space spanned by the ALP mass

and ALP-photon coupling. Right: Enlarged display of the constraints from collider searches: LEP

(light blue and blue), CDF (purple), LHC from associated production and Z decays (orange), LHC

from photon fusion (light orange), and from heavy-ion collisions at the LHC (green).

3.1 ALP searches at the LHC and LEP

Constraints from ALP searches at LEP have been discussed for the associated production of
ALPs with a photon and the subsequent ALP decay into photon pairs (e+e� ! �a ! 3�)
[34], as well as for on-shell Z decays (e+e� ! Z ! �a ! 3�) [35]. The excluded parameter
space in the ma � |Ce↵

�� |/⇤ plane is shown in blue in Figure 4. At the LHC, exotic Higgs and Z
boson decays are the most promising search channels. Decays of on shell Z bosons at the LHC
have been discussed in [25, 34, 35, 37]. The constraints from these searches can be mapped
onto the ma � |Ce↵

�� |/⇤ plane under the assumption that the two couplings Ce↵
�� and Ce↵

�Z are
related to each other. For example, if the ALP couples to hypercharge but not to SU(2)L,
then (3) implies C�Z = �s2w C��, since CWW = 0. The corresponding constraint is shown in
orange in Figure 4.2 The purple region is excluded by Tevatron searches for pp̄ ! 3� [83],
again assuming CWW = 0.

The dark green area in Figure 14 in Section 3.3 below depicts the region where 100 events
are expected in the process pp ! Z ! �a ! 3� at the LHC with

p
s = 14TeV and L =

3 ab�1. We demand that the ALPs decay before they reach the electromagnetic calorimeter
Ldet = 1.5m. Note that for a part of this parameter space the photons from the ALP decay
are very boosted and hard to distinguish from a single photon in the detector [84]. Searches for
the exotic Higgs decays pp ! h ! Za ! Z�� and pp ! h ! aa ! 4� cannot be translated

2
The LHC reach is slightly enhanced for the scenario CBB = 0, cf. Figure 23 in [25].
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Figure 5: Left: Existing constraints on the ALP mass and coupling to gluons by mono-jet searches

at the LHC (light blue), rare kaon decays (light red) and three-jet events (purple). Right: Constraints

on the ALP mass and coupling to leptons from searches for solar axions (purple), the evolution of

red giants (light red), beam dump searches for ALP decays into electrons (blue) and BaBar searches

for e+e� ! 4µ.

into constraints in the ma � |Ce↵
�� |/⇤ plane, because the ALP-Higgs couplings governed by the

coe�cients Ce↵
Zh and Ce↵

ah are generally not related to Ce↵
�� . Instead, we show the reach of the

high-luminosity LHC in the |Ce↵
Zh|/⇤ � |Ce↵

�� |/⇤ or |Ce↵
ah |/⇤2

� |Ce↵
�� |/⇤ planes for some fixed

ALP masses in Figure 15 in Section 3.3.
Besides ALP production in exotic decays of Higgs and Z bosons, ALP production through

photon fusion plays an important role at the LHC. This process was first considered in a
VBF-type topology in [85], and the excluded region is part of the orange shaded region in
Figure 4. For GeV-scale ALPs produced in photon-fusion, (quasi-)elastic heavy-ion collisions
can provide even stronger constraints due to the large charge of the lead ions (Z = 82) used
in the LHC heavy-ion collisions [36, 86]. The parameter space probed by this process is shown
in green in Figure 4.

Recently, the parton distribution function of the photon has been determined with sig-
nificantly improved accuracy [71], and searches for di-photon resonances at the LHC can be
recast to give bounds on heavy pseudoscalar particles with couplings to photons [87]. We have
computed the constraints based on the most recent ATLAS analysis with 39.6 fb�1 of data [88]
and show the corresponding sensitivity regions in light orange in Figure 4. A recent proposal
to search for ALPs in elastic photon scattering at the LHC allows for a similar reach in the
ma � |Ce↵

�� |/⇤ plane [89].
Searches for ALPs decaying into photons are motivated by the relation between the ALP

coupling to gluons Ce↵
GG and to photons Ce↵

�� in models addressing the strong CP problem, and
from a practical point of view by the di�culty of observing light ALPs decaying into jets at
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31FCC-ee searches for DFSZ-like ALPs

Recast of bounds on  from  :gaγγ e+e− → γa

Figure 4: Parameter space for an ALP mimicking DFSZ axion couplings to fermions, with
va = 100 TeV. The colour code on the background shows the induced coupling to gauge
bosons, photon, Z-photon, ZZ, WW and gluons in order from top to bottom, left to right.
These plots are independent of va, and only the possible exclusion limits and regions valid
under the EFT assumption change with va. For va & 100 GeV the parameter space is
completely unconstrained by the ALP-photon coupling, while all regions where ma < va

remain safe in the EFT approach.
10
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Figure 13: Projected reach in searches for pp ! a ! �� with the LHC (green), HE-LHC (light

green) and a 100 TeV collider (blue). Contours of constant branching ratios Br(a ! ��) are shown

as dotted lines. The sensitivity regions are based on 100 expected signal events.

as on ALPs produced in the decays of Z and Higgs bosons.

Resonant ALP production

At hadron colliders ALPs can be produced resonantly in gluon-gluon fusion. A gluon coupling
implies the presence of di-jet final states, which are hard to distinguish from the background for
masses ma < 1 TeV. A more promising strategy is the search for di-photon events. Assuming
non-vanishing couplings to photons and gluons, we show in Figure 13 the sensitivity reach for
the LHC, LHC27 and FCC-hh in the Ce↵

GG�Ce↵
�� plane. This reach is obtained by a rescaling of

the constraint derived in the ATLAS analysis with 39.6 fb�1 of data [88]. The ALP production
cross section is computed with MadGraph5 [77] and corrected for N3LO corrections using the
K factors Kgg = 2.7 at ma = 200 GeV, Kgg = 2.45 at ma = 500 GeV and Kgg = 2.35 at
ma = 1 TeV [70].

ALP production in exotic decays of Z or Higgs bosons

In analogy with the LHC specifications, we demand ALPs produced at pp colliders and de-
caying into photons to decay inside the detector and before the electromagnetic colorimeter,
Ldet = 1.5m, and for ALPs decaying into leptonic final states to decay before they reach the in-
ner tracker, Ldet = 2 cm. Our sensitivity reach is defined by requiring at least 100 signal events.
We use the reference cross sections �(gg ! h) = 146.6 pb [101] and �(pp ! Z) = 118.76 nb
at

p
s = 27TeV, computed at NNLO [75, 76]. At

p
s = 100TeV, the relevant cross sections

are �(gg ! h) = 802 pb and �(pp ! Z) = 0.4µb [102].
In Figure 14 we show the reach of the LHC, the HE-LHC (LHC27) and the FCC-hh in

searches for pp ! Z ! �a ! 3�, assuming as before that CWW = 0 and Br(a ! ��) = 1.
The reach of the HE-LHC extends beyond the reach of the LHC at

p
s = 14TeV by a factor

23

Resonant ALP production - constraints on , Ceff
GG Ceff

γγ

pp → a → γγ
M. Bauer, M. Heiles, M. Neubert, A. Thamm, arXiv:1808.10323
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Figure 15: Projected reach in searches for h ! Za ! `+`� + 2� and h ! aa ! 4� decays with

the LHC (green), HE-LHC (light green) and a 100 TeV collider (blue). The parameter region with

the solid contours correspond to a branching ratio of Br(a ! ��) = 1, and the contours showing

the reach for smaller branching ratios are dotted. The sensitivity regions are based on 100 expected

signal events.

the projections for searches at future lepton colliders shown in Figure 11.

3.4 Searches for ALPs with macroscopic lifetime

For small couplings and light ALPs produced in Higgs or Z decays, the ALP decay vertex can
be considerably displaced from the production vertex. For ALPs still decaying in the detector
volume, this secondary vertex can be used to further suppress backgrounds. Very long-lived
ALPs, which leave the detector before they decay, only leave a trace of missing energy. A
detector further away from the interaction point can detect the decay products of these ALPs
and reconstruct the ALP mass and direction. Recent proposals include the MATHUSLA

25
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the projections for searches at future lepton colliders shown in Figure 11.

3.4 Searches for ALPs with macroscopic lifetime

For small couplings and light ALPs produced in Higgs or Z decays, the ALP decay vertex can
be considerably displaced from the production vertex. For ALPs still decaying in the detector
volume, this secondary vertex can be used to further suppress backgrounds. Very long-lived
ALPs, which leave the detector before they decay, only leave a trace of missing energy. A
detector further away from the interaction point can detect the decay products of these ALPs
and reconstruct the ALP mass and direction. Recent proposals include the MATHUSLA
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in the background. The sensitivity regions are based on 4 expected signal events.

independent of this assumption. For branching ratios smaller than Br(a ! ��) = 1, the

reach in Ce↵
�� however is reduced by a factor

⇥
Br(a ! ��)

⇤1/2
. This follows from the cross

sections (16) and (17), which imply the scaling �(e+e� ! �a ! 3�) ⇠ |Ce↵
��|

2 Br(a ! ��) and
�(e+e� ! Za ! Z��) ⇠ |Ce↵

��|
2 Br(a ! ��), respectively.8

ALPs can also be produced in association with a Higgs boson. The rate for the process
e+e� ! ha depends on the Wilson coe�cient Ce↵

Zh in (5). The constraint �(h ! BSM) <
2.1MeV on the partial Higgs decay width into non-SM final states implies the upper bound
|Ce↵

Zh| < 0.72⇤/TeV [72]. Assuming that the Higgs boson is reconstructed in the bb̄ final states
with Br(h ! bb̄) = 0.58, we derive the sensitivity to Ce↵

�� and ma displayed in the upper left
panel of Figure 7. In the upper right panel of Figure 7 we show how these projected sensitivity
regions vary for di↵erent values of Ce↵

Zh. The expected sensitivity remains the same down to
a critical value of the branching ratio Br(a ! ��) < 1. Below this critical value less than 4
events are produced and the discovery reach is lost. For the FCC-ee, these critical values are
Br(a ! ��) = 2 ⇥ 10�4 for Ce↵

Zh = 0.72⇤/TeV, Br(a ! ��) = 10�2 for Ce↵
Zh = 0.1⇤/TeV

and Br(a ! ��) = 0.4 for Ce↵
Zh = 0.015⇤/TeV. For the case of leptonic ALP decays these

values do not change, and they are only slightly di↵erent in the case of CLIC. In that case,
searches for other final states can become more promising. This includes searches for invisibly
decaying (or stable) ALPs [98]. Lepton colliders are particularly powerful in constraining ALP-
lepton couplings. In order to avoid large lepton-flavor changing ALP couplings, we choose a
benchmark with ALP couplings to leptons,

c`` ⌘ cee = cµµ = c⌧⌧ . (30)

The lower panels of Figure 7 show the regions of sensitivity for ALP searches in the process
e+e� ! ha ! bb̄ `+`�. The jumps in the sensitivity region appear at the thresholds for the

8
Here we have again used that C�Z = �s2

wC�� .
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Figure 15: Projected reach in searches for h ! Za ! `+`� + 2� and h ! aa ! 4� decays with
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the solid contours correspond to a branching ratio of Br(a ! ��) = 1, and the contours showing

the reach for smaller branching ratios are dotted. The sensitivity regions are based on 100 expected

signal events.

the projections for searches at future lepton colliders shown in Figure 11.

3.4 Searches for ALPs with macroscopic lifetime

For small couplings and light ALPs produced in Higgs or Z decays, the ALP decay vertex can
be considerably displaced from the production vertex. For ALPs still decaying in the detector
volume, this secondary vertex can be used to further suppress backgrounds. Very long-lived
ALPs, which leave the detector before they decay, only leave a trace of missing energy. A
detector further away from the interaction point can detect the decay products of these ALPs
and reconstruct the ALP mass and direction. Recent proposals include the MATHUSLA
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radiated o↵ an initial-state electron are suppressed by m2
e/s relative to the shown graphs and

hence neglected here. ALPs can be radiated of a photon or a Z boson and thereby be produced
in association with a �, a Z or a Higgs. The di↵erential cross sections for ALPs produced in
association with a �, a Z or a Higgs boson are given by
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final state become independent of s in the high-energy limit m2
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section for e+e� ! ha decreases as 1/s in this limit.
Light or weakly coupled ALPs can be long-lived, and thus only a fraction of them decays

inside the detector and can be reconstructed. The average ALP decay length perpendicular
to the beam axis is given by
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Figure 7: Left: Projected sensitivity regions for searches for e+e� ! ha ! bb̄�� (upper panels) and

e+e� ! ha ! bb̄`+`� (lower panels) for future e+e� colliders, assuming that |Ce↵
Zh| = 0.72 ⇤/TeV

and Br(a ! ��) = 1 (upper panels) and Br(a ! `+`�) = 1 (lower panels). Right: Sensitivity regions

for the example of the FCC-ee with |Ce↵
Zh| = 0.72 ⇤/TeV (solid contour), |Ce↵

Zh| = 0.1 ⇤/TeV (dashed

contour), and |Ce↵
Zh| = 0.015 ⇤/TeV (dotted contour), which corresponds to Br(h ! Za) = 34%, 1%

and Br(h ! Za) = 0.02%, respectively. The constraints from Figure 4 are shown in the background.

The sensitivity regions are based on 4 expected signal events.

production of muon and tau pairs. The ALP decays predominantly into the heaviest lepton
that is kinematically accessible.

The graphical representation in Figure 7 is suboptimal, because it highlights the depen-
dence on one ALP coupling (|Ce↵

��| or |ce↵`` |), while the dependence on the other coupling (Ce↵
Zh)

is only reflected by the di↵erent contours. In Figure 8 we show an alternative representation
of the results in the plane of the two relevant ALP couplings, but for fixed values of the ALP
mass. The sensitivity reach of the FCC-ee and the three versions of the CLIC collider for an
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Figure 10: Parameter regions which can be probed in the decay h ! Za with a ! �� (upper row)

and h ! aa with a ! �� (lower row) at future e+e� colliders. The grey shaded area is excluded by

LHC Higgs measurements. The dotted contours correspond to the sensitivity region of the FCC-ee

for ALP branching ratios smaller than 1. The sensitivity regions are based on 4 expected signal

events.

sensitivity. In Figure 10 we further show the reach of the FCC-ee for di↵erent values of
Br(a ! ��) = 10�5

� 10�1 given by the respective dotted lines. For leptonic ALP decays,
the analogous plots are shown in Figure 11, where, in contrast to Figure 9, no connection
between Ce↵

ah, C
e↵
Zh and ce↵`` has been assumed. CLIC has a larger reach than the FCC-ee for

leptonic ALP decays due to the larger detector volume, Ldet = 0.6m at CLIC, compared to
Ldet = 0.02m at the FCC-ee. Since Ce↵

ah and Ce↵
Zh are not controlled by the anomaly equation,

the one-loop contribution from a tree-level ce↵`` coupling is proportional to m2
`/v

2 [25]. The
grey regions in Figures 10 and 11 correspond to |Ce↵

Zh| > 0.72⇤/TeV and |Ce↵
ah| > 1.34⇤2/TeV2

excluded by the current upper limit on Br(h ! BSM) < 0.34 (at 95% CL) [72].
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Conclusion

• DFSZ-like and KSZV-like benchmarks presented

• Different set of parameters identified, reduced with respect to generic 
ALP EFT with totally different correlations

• Axion-electroweak couplings do not always follow the expected pattern                                 
 must be kept in mind for ALP searches→

• Axion with fermion pseudoscalar couplings is safer (no ambiguity)

• Scenarios easy to constrain, in particular DFSZ-like through 2HDM 
searches

• Full dedicated analysis with all bounds required for LHC and FCC!

• Axion-electroweak couplings are mostly unexplored yet

• Generic ALP EFT does not « incorporate » DFSZ and KSVZ-like benchmarks 
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1019
<latexit sha1_base64="5Hii8nbVYwDtFtvGrDmRblXwDaY=">AAAB7nicbVDLSsNAFL2prxpfVZdugkVwVZKWkmYhFty4rGAf0MYymU7aoZMHMxOhhIK/4MaFIm79A//DnX/jNCni68DA4ZxzmXuPFzMqpGl+aIWV1bX1jeKmvrW9s7tX2j/oiCjhmLRxxCLe85AgjIakLalkpBdzggKPka43vVj43VvCBY3CazmLiRugcUh9ipFUUtcyb1LLmQ9LZbNiZjD+EmtJyudv+tkdALSGpffBKMJJQEKJGRKib5mxdFPEJcWMzPVBIkiM8BSNSV/REAVEuGm27tw4UcrI8COuXiiNTP0+kaJAiFngqWSA5ET89hbif14/kX7DTWkYJ5KEOP/IT5ghI2NxuzGinGDJZoogzKna1cATxBGWqiE9K8Gq2nbdUrc7jmPXazkxa42vEjrViqViV2a5WYUcRTiCYzgFC2xowiW0oA0YpnAPj/CkxdqD9qy95NGCtpw5hB/QXj8By3SQ7g==</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="9t03LVISqgghxiTXM9vMSe+oytY=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KklLmc6u4MZlBfuAdiyZNNOGZjJDkhHK0I9w40IRt36PO//GtB3E14HA4Zxzyb0nSATXBqEPp7CxubW9U9wt7e0fHB6Vj0+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gtmV0u/d8+U5rG8NfOE+RGZSB5ySoyVehjdZdhbjMoVVEUrwL8E56QCcrRH5ffhOKZpxKShgmg9wCgxfkaU4VSwRWmYapYQOiMTNrBUkohpP1utu4AXVhnDMFb2SQNX6veJjERaz6PAJiNipvq3txT/8wapCZt+xmWSGibp+qMwFdDEcHk7HHPFqBFzSwhV3O4K6ZQoQo1tqLQqAddct4Ht7Z7nuY36mqB686uEbq2KbewGVVq1vI4iOAPn4BJg4IIWuAZt0AEUzMADeALPTuI8Oi/O6zpacPKZU/ADztsnceyPMQ==</latexit>
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<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

More interactingLess interacting

Excluded (too much DM) ok sub

⇠ ⇡0.1 < ✓I < 3.0
<latexit sha1_base64="zQWFXuYexA8CWvIW1Ja163MDaa8=">AAAB/HicdVDLSsNAFJ34rPVV7dLNYBFchaQt1EIXBTe6q2Af0IYwmU7aoZMHMzdCKPVX3LhQxK0f4s6/cZpGUNEDFw7n3Mu993ix4Aos68NYW9/Y3Nou7BR39/YPDktHxz0VJZKyLo1EJAceUUzwkHWBg2CDWDISeIL1vdnl0u/fMal4FN5CGjMnIJOQ+5wS0JJbKlum3cIjmDIg7jVu4ZppuaWKZTYz4BVp1HPStLFtWhkqKEfHLb2PxhFNAhYCFUSpoW3F4MyJBE4FWxRHiWIxoTMyYUNNQxIw5cyz4xf4TCtj7EdSVwg4U79PzEmgVBp4ujMgMFW/vaX4lzdMwL9w5jyME2AhXS3yE4Ehwssk8JhLRkGkmhAqub4V0ymRhILOq6hD+PoU/096VdOumdWbeqVdz+MooBN0is6RjRqoja5QB3URRSl6QE/o2bg3Ho0X43XVumbkM2X0A8bbJ/MrkwQ=</latexit>

10�3 < ✓I < 0.1
<latexit sha1_base64="HWb3VuwkV0xzCQjLXDR3SJ9omi0=">AAACAHicdVA9SwNBEN3zM8avqIWFzWIQbDzukkAMpAjYaBfBfEASw95mkyzZ2zt254RwXONfsbFQxNafYee/cZOcoKIPBh7vzTAzzwsF1+A4H9bS8srq2npmI7u5tb2zm9vbb+ogUpQ1aCAC1faIZoJL1gAOgrVDxYjvCdbyJhczv3XHlOaBvIFpyHo+GUk+5JSAkfq5Q9e5jc+KSRV3YcyA9K9wFTu228/lHbsyB16QciklFRe7tjNHHqWo93Pv3UFAI59JoIJo3XGdEHoxUcCpYEm2G2kWEjohI9YxVBKf6V48fyDBJ0YZ4GGgTEnAc/X7REx8rae+Zzp9AmP925uJf3mdCIbnvZjLMAIm6WLRMBIYAjxLAw+4YhTE1BBCFTe3YjomilAwmWVNCF+f4v9Js2C7RbtwXcrXSmkcGXSEjtEpclEZ1dAlqqMGoihBD+gJPVv31qP1Yr0uWpesdOYA/YD19gn0kJSy</latexit>

The axion DM mass:  two predictions

Scenario B : Initial conditions after inflation 

Scenario A : Inflation AFTER initial conditions 

✓I =?

Post-inflation scenario: a prediction is possible (IC conditions are averaged accross the universe) 

Predictions precision is spoiled by cosmic strings
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10�13
<latexit sha1_base64="hcseoUaYV0rVluf7pAM5TWzX32o=">AAAB73icbVDLSsNAFL2prxpfVZdugkVwY0laStqFWHDjsoJ9QBvLZDpph04ezkyEEgp+gxsXirj1C/wPd/6N06SIrwMDh3POZe49bsSokKb5oeWWlldW1/Lr+sbm1vZOYXevLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru5Hzud24JFzQMruQ0Io6PRgH1KEZSSV3LvE5OrMpsUCiaJTOF8ZdYC1I8e9NP7wCgOSi894chjn0SSMyQED3LjKSTIC4pZmSm92NBIoQnaER6igbIJ8JJ0n1nxpFShoYXcvUCaaTq94kE+UJMfVclfSTH4rc3F//zerH0ak5CgyiWJMDZR17MDBka8+ONIeUESzZVBGFO1a4GHiOOsFQV6WkJVtm2q5a6vV6v29VKRsxK7auEdrlkqdilWWyUIUMeDuAQjsECGxpwAU1oAQYG9/AIT9qN9qA9ay9ZNKctZvbhB7TXTy1KkR8=</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="F3MxFS5DuFR5Np+w1wajzSawxnE=">AAAB73icbVDLSgMxFM3UV62vqks3wSK4sSQtZdpdwY3LCvYB7VgyadqGZjJjkhHK0J9w40IRt/6OO//GdDqIrwOBwznnknuPHwmuDUIfTm5tfWNzK79d2Nnd2z8oHh51dBgryto0FKHq+UQzwSVrG24E60WKkcAXrOvPLpd+954pzUN5Y+YR8wIykXzMKTFW6mF0m1zg6mJYLKEySgH/EpyREsjQGhbfB6OQxgGThgqidR+jyHgJUYZTwRaFQaxZROiMTFjfUkkCpr0k3XcBz6wyguNQ2ScNTNXvEwkJtJ4Hvk0GxEz1b28p/uf1YzOuewmXUWyYpKuPxrGAJoTL4+GIK0aNmFtCqOJ2V0inRBFqbEWFtARccd0atrc3Gg23Vl0RVK1/ldCplLGNXaNSs5LVkQcn4BScAwxc0ARXoAXagAIBHsATeHbunEfnxXldRXNONnMMfsB5+wTTs49i</latexit>

1019
<latexit sha1_base64="5Hii8nbVYwDtFtvGrDmRblXwDaY=">AAAB7nicbVDLSsNAFL2prxpfVZdugkVwVZKWkmYhFty4rGAf0MYymU7aoZMHMxOhhIK/4MaFIm79A//DnX/jNCni68DA4ZxzmXuPFzMqpGl+aIWV1bX1jeKmvrW9s7tX2j/oiCjhmLRxxCLe85AgjIakLalkpBdzggKPka43vVj43VvCBY3CazmLiRugcUh9ipFUUtcyb1LLmQ9LZbNiZjD+EmtJyudv+tkdALSGpffBKMJJQEKJGRKib5mxdFPEJcWMzPVBIkiM8BSNSV/REAVEuGm27tw4UcrI8COuXiiNTP0+kaJAiFngqWSA5ET89hbif14/kX7DTWkYJ5KEOP/IT5ghI2NxuzGinGDJZoogzKna1cATxBGWqiE9K8Gq2nbdUrc7jmPXazkxa42vEjrViqViV2a5WYUcRTiCYzgFC2xowiW0oA0YpnAPj/CkxdqD9qy95NGCtpw5hB/QXj8By3SQ7g==</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="9t03LVISqgghxiTXM9vMSe+oytY=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KklLmc6u4MZlBfuAdiyZNNOGZjJDkhHK0I9w40IRt36PO//GtB3E14HA4Zxzyb0nSATXBqEPp7CxubW9U9wt7e0fHB6Vj0+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gtmV0u/d8+U5rG8NfOE+RGZSB5ySoyVehjdZdhbjMoVVEUrwL8E56QCcrRH5ffhOKZpxKShgmg9wCgxfkaU4VSwRWmYapYQOiMTNrBUkohpP1utu4AXVhnDMFb2SQNX6veJjERaz6PAJiNipvq3txT/8wapCZt+xmWSGibp+qMwFdDEcHk7HHPFqBFzSwhV3O4K6ZQoQo1tqLQqAddct4Ht7Z7nuY36mqB686uEbq2KbewGVVq1vI4iOAPn4BJg4IIWuAZt0AEUzMADeALPTuI8Oi/O6zpacPKZU/ADztsnceyPMQ==</latexit>

A<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

A<latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit><latexit sha1_base64="ARn4qxGxJYEXnLUqyqTv3vT9Up8=">AAAB6XicZVDLagJBEJw1L2NeJjnmMkSEnGRXI6s3Qy45KsQH6CKzY68Ozj6YmQ3I4hfkFEgg5JpPyil/k3FdJCYFDUVVN91dbsSZVKb5beR2dvf2D/KHhaPjk9Oz4vlFT4axoNClIQ/FwCUSOAugq5jiMIgEEN/l0Hfn9yu//wRCsjB4VIsIHJ9MA+YxSpSWOnfjYsmsmCnwf2JlpIQytMfFr9EkpLEPgaKcSDm0zEg5CRGKUQ7LwiiWEBE6J1MYahoQH6STpIcucVkrE+yFQlegcKr+nkiIL+XCd3WnT9RM/vVW4sYrb61SXsNJWBDFCgK63uTFHKsQr97GEyaAKr7QhFDB9LGYzoggVOlwCmkKVtW265Z+vtls2vXampi1xiaFXrVi6bbObanVyPLIoyt0jW6QhWzUQg+ojbqIIkDP6BW9GXPjxXg3PtatOSObuURbMD5/ADiZjUo=</latexit>

Stellar evolution accelerated*Black hole spin radiated 

More interactingLess interacting

too much DM not enough

10−3 < θi < 0.1 0.1 < θi < 3.0

OK
PQ after inflation

( ⋆ )

,  predictions spoiled by topological defects( ⋆ ) for NDW > 1

Axion DM constraints from laboratory experiments, from stars and cosmos observations



39QFT Anomalies
Anomalies: classical symmetry broken at the quantum level

Example: « triangle anomalies » in massless QED

ℒQED = −
1
4

FμνFμν + ψ̄ iDψ

Vμ = ψ̄γμψ , ∂μVμ = 0

Aμ = ψ̄γμγ5ψ , ∂μAμ = 0

∂μAμ =
1

8π2
FμνF̃μν

∙ ψ → eiθVψ

∙ ψ → e−iθAγ5ψ

Two invariances: Two classicaly conserved currents:

At the quantum level:

Vμ = ψ̄γμψ , ∂μVμ = 0 holds

But axial symmetry is broken :

(Noether theorem)

⟹

•Fermionic path integral measure is not invariant: [Fujikawa]

Z = ∫ 𝒟ψ𝒟ψ̄eiS
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3
2N
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1 �NL �
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Table 1: Coe�cients of the e↵ective axion to gauge boson couplings of Eq. (96) in the mu,d,e !

1 limit. For the linear representation, those are found directly from the THDM amplitudes of
Ref. [19]. For the polar representation, the contributions of the local anomalous terms and that
of the triangle amplitudes built on the axial (A) and vector (V ) derivative interactions have to
be added together. The fact that only the three independent coe�cients N

gg, N
�� , and NL

occur for the local anomalous interactions comes from their SU(2)L ⌦ U(1)Y invariance. The
coe�cient NL = �1/2(3↵ + �), with ↵ and � being the free parameters tuning the U(1)B and
U(1)L components of U(1)PQ. The explicit presence of � in the a

0
! ZZ,WW triangles is due to

the peculiar nature of the neutrinos, which are kept massless. They do not contribute in the linear
representation but have to explicitly appear in the anomalous interactions and derivative terms
since those are SU(2)L ⌦ U(1)Y invariant.

shown in Table 1, this parametrization is particularly convenient for a
0
! �� and a

0
! gg

because the derivative interactions do not contribute in the mu,d,e ! 1 limit [9,10], and thus
the strengths of the a

0
! �� and a

0
! gg processes can be read o↵ the anomalous couplings

a
0
Fµ⌫F̃

µ⌫ and a
0
G

a
µ⌫G̃

a,µ⌫ . By contrast, and contrary to what is conjectured in Ref. [9], the
central result of this paper is that for chiral gauge theories in which chiral fermions have
non-trivial PQ charges, the strengths of the a

0
! �Z, ZZ, and W

+
W

� processes do not
match the anomalous couplings, even in the mu,d,e ! 1 limit, as evident comparing the
first and second columns of Table 1. They thus cannot be encoded into the SU(2)L ⌦U(1)Y
invariant e↵ective interactions a0Bµ⌫B̃

µ⌫ and a
0
W

i
µ⌫W̃

i,µ⌫ .

• The main reason for this mismatch is due to the presence of triangle graphs arising from the
derivative interactions @µa0 ̄�µ�5 and @µa0 ̄�µ , which do not vanish in the mu,d,e ! 1

limit for chiral gauge theories. Importantly, even the vector couplings play a role since
the anomalous breaking of the axionic vector current conservation enters through the V AV

triangle graphs (see Figs. 4 and 5). One important result of this paper is the proof that once
all these triangle contributions (last three columns of Table 1) are summed with the local
anomalous amplitudes (second column of Table 1), the THDM results are recovered. Without
surprise, physical observables do not depend on the chosen parametrization, and this further
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e↵ective couplings in Eq. (48), with

NC =
1

2

⇣
�
u

A + �
d

A

⌘
, (95a)

Nem =
4

9
NC�

u

A +
1

9
NC�

d

A + �
e

A , (95b)

N0 =
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4

✓
NC

✓
2

3
�
u

A +
1

3
�
d

A

◆
+ �

e

A

◆
, (95c)

N1 =
1

12

⇣
NC

⇣
�
u

A + �
d

A

⌘
+ �

e

A

⌘
, (95d)

N2 =
1

12

✓
NC

⇣
�
u

A + �
d

A

⌘
+

3

2
�
e

A

◆
. (95e)

In this limit, we thus do not recover the manifestly SU(2)L⌦U(1)Y invariant pattern of anomalous
interactions of Le↵

NR
. Finally, note that if one takes �u

A
= �

u

P
= x, �d

A
= �

d

P
= �

e

A
= �

e

P
= 1/x, the

results in Eq. (49) are recovered. This shows that L
e↵
R

is the most generic implementation of the
PQ (or DFSZ) axion model, where the U(1)PQ charges of the SM fermions can take any value.

5 Conclusion and perspective

In this paper, we derived the couplings of axions to gauge bosons. We started from a simplified
toy model, and then extended the discussions to the KSVZ axion [12], the original PQ axion [1],
and the DFSZ axion [24]. In each model, our strategy has been to match the axion decay modes
computed using either a linear or a polar representation for the scalar field breaking the U(1)PQ

symmetry. In this way, we were able to unravel the physics at play, and uncovered a number of
interesting features:

• In the linear representation, the axion couplings to gauge bosons are not induced by the
anomaly, but by non-anomalous pseudoscalar triangle graphs with fermions circulating in the
loop. Though this has to our knowledge not been exploited before, these amplitudes can be
identified with those of the pseudoscalar Higgs to gauge bosons calculated in the THDM,
which have been known for a long time [19]. In the mu,d,e ! 1 limit, they match onto the
e↵ective interactions

L
e↵ =

a
0

16⇡2v

✓
g
2
sN

gg
G

a

µ⌫G̃
a,µ⌫ + e

2
N

��
Fµ⌫F̃

µ⌫ +
2e2

cW sW

⇣
N

�Z

1 � s
2
WN

�Z

2

⌘
Zµ⌫F̃

µ⌫

+
e
2

c
2
W
s
2
W

�
N

ZZ

1 � 2s2WN
ZZ

2 + s
4
WN

ZZ

3

�
Zµ⌫Z̃

µ⌫ + 2NWW
g
2
W

+
µ⌫W̃

�,µ⌫

◆
,

(96)

with the coe�cients shown in the first column of Table 1. In the opposite limit mu,d,e ! 0, all
these amplitudes vanish since the axion couplings to fermions are proportional to the fermion
masses.

• In the context of axion models, it is customary to adopt a polar representation for the scalar
fields. The pseudoscalar axion couplings to fermions are replaced by contact anomalous
interactions to the gauge bosons and axion derivative interactions to the fermions. All these
interactions are entirely fixed in terms of the assigned PQ charges of the SM fermions. As
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where we introduce x = v2/v1 = 1/ tan�

in the limit mu,d,e → ∞

Effective interactions are not always equal to anomalous interactions!
Remember that  is ambiguous𝒩L
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The 2HDM

V2HDM = m2
1Φ†

1 + m2
2Φ†

2Φ2 +
λ1

2
(Φ†

1Φ1)2 +
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
2Φ1)(Φ†

1Φ2)

After Spontaneous Symmetry Breaking :

ℒYukawa = − ūRYuqLΦ1 − d̄RYdqLΦ†
2 − ēRYeℓLΦ†

2 + h . c .

- two neutral scalar Higgs bosons:   h and H

- a pseudo-scalar A
- a pair of charged Higgs boson H±

v2
1 + v2

2 = v2 ∼ (246 GeV)2with

<latexit sha1_base64="JBki1Xe/tP8EQ1d0/VMnsPh6CYw="></latexit>

�2 =
1p
2

✓
H

+
2

v2 +H2 + iP2

◆
(1)

<latexit sha1_base64="Rk6fCIP2JHLkldhSeKsKOFBX/HE="></latexit>

�1 =
1p
2

✓
v1 +H1 + iP1

H
�
1

◆

{
,

linear or polar rep. !

-charged Higges:

-neutral CP-even Higges:

-neutral CP-odd Higges:
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DFSZ axion couplings
2. in the polar representation

• Axion derivative couplings to fermions :

ℒDer = −
1

2fa
∂μa ∑

u,d,e,ν

χ f
V(ψ̄f γμψf ) + χ f

A(ψ̄f γμγ5ψf )

Fermion reparametrization: 

(Jacobian of the transformation)

Consequence 1 : non-invariance of the kinetic terms

• Anomalous axion couplings to SM gauge fields at tree-level :
Consequence 2 : non-invariance of the fermionic measure

Freedom/ambiguity in the PQ charge
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Effective couplings at one loop:

DFSZ axion couplings to SM gauge fields
2. Axion has derivative couplings to fermions

 :a → ZZ, W+W−

contribute partially contribute contribute does not contribute

The anomalous contact int. does cancel out systematically with the anomalous part 
to the triangle graphs

<latexit sha1_base64="ZjG/NLTqqVbqx1faAMq6B/WuLPY="></latexit>

Laxion-gauge =LPolar � 1
2@µa

0@µa0 + �LDer + �LJacLPolar � 1
2@µa

0@µa0 + �LDer + �LJac

finite+divergence anomaly

Freedom/ambiguity in the PQ charge cancel exactly

2.



44KSZV-like ALPs
• The fermion one-loop coupling arises from an infinite diagram

• Regularizing this diagram may introduce scheme-dependence due to γ5

• Dependence removed by projecting fermion pair on the  stateJCP = 0−+

• This yields a result with more physical meaning than the other schemes

• Renormalization scale  identified from two-loop finite processμ = va

a

f

f̄

Q

Figure 7: ALP coupling to SM fermions in a KSVZ-like scenario, where Q are the heavy
fermions carrying PQ charge.

in terms of constraints on the one-loop results of Eq. (3.3), let us first consider a simpler
situation in which a ! f̄f arises only from two-loop processes with intermediate photons.
That amplitude has been calculated long ago in the context of neutral meson decays to
lepton pairs, and can be found in Ref. [49] (see also Ref. [50]). In the limit of vanishing
ALP mass, it has the expansion

c
��
af = c

✓
0 + ln

m
2
Q

m
2
f

+
17

6
+

5

27

m
2
f

m
2
Q

ln
m

2
Q

m
2
f

+
11

54

m
2
f

m
2
Q

+ ...

◆
. (3.11)

The first three terms are to be compared to Eq. (3.9) and Eq. (3.10). Obviously, there is
no divergence here, while the scale is naturally set by the heavy quark mass, µ = mQ. The
true finite term ends up being very close to that of Eq. (3.10). Note well that here, there
is no scheme dependence of any sort since the amplitude is finite. This, in our opinion,
justifies our earlier claim that using the projector Eq. (3.6) allows for a physically more
meaningful treatment of �5.

The correspondence with the EFT approach would suggest to split the logarithm in
Eq. (3.11) at the MW scale and define the renormalized c

ren
af to appear just below the

electroweak scale as c
ren
af = c ln(m2

Q/M
2
W ). Given that c includes all the typical two-loop

suppression factors, c
ren
af is clearly not of O(1), even for mQ � MW . Though this is

illustrated with the �� intermediate state, the other cases should exhibit the same behav-
iors, there should be no significant tree-level contributions to the ALP-fermion couplings
in a KSVZ-like ALP scenario. In practice, since we do not have the full two-loop result
for intermediate weak bosons, we will use the one-loop results of Eq. (3.5), set the scale
at µ = va ⇡ mQ considering how the heavy quarks receive their mass, and rely on the
projector Eq. (3.6) to give reasonable finite terms.

To close this section, let us give a di↵erent take on why one should set µ = va ⇡ mQ in
the one-loop results. This is clearly di↵erent from what one finds in the literature, seems to
go against the EFT paradigm, and may be a bit puzzling given that SM fermions are mass-
less above the EW scale. Naively, anything happening above MW looks irrelevant since the
two-loop process is proportional to the fermion mass. There are two ways of understanding
this. First, notice that in the KSVZ scenario, the electroweak and PQ symmetry breaking
mechanisms are totally separated. So, in principle, the two-loop calculation can be done
in the EW broken phase, there is no need to first integrate out the heavy fermions. The
leading logarithm ln(m2

Q/m
2
f ) then arises naturally.

A second way of understanding this, in line with the EFT picture, is to remember that
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