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In x-decades years from now
✤ An experimental opportunity
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In 10 years from now ?



In 10 years from now ?

2.  Axion couplings 

    [from EFTs to UV models]

★ Time now to rethink the QCD 
axion

✤ An experimental opportunity
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3.  QCD axions beyond standard 

    benchmarks 

1.  PQ mechanism
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QCD axion
Strong CP problem Dark Matter

-� π -π � π � π
θ

�(
θ)

promote θ to a dynamical field, 

which relaxes to zero via QCD dynamics 

1 Introduction
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
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PQ mechanism
• Assume a new spin-0 boson with a pseudo-shift symmetry
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PQ mechanism works accidentally in the SM !
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:

@
µ
J
PQ

µ
=

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (39)
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Renormalizable UV Completion of SM Predicting Axion  

>  A singlet complex scalar field     featuring 
a global            symmetry is added to SM  

>  Symmetry is broken by vev 

§  Excitation of modulus:  

§  Excitation of angle: NGB 

>  Quarks (SM or extra) carry PQ charges                                           
such that            is anomalously broken 
due to gluonic triangle anomaly 
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• Assume a new spin-0 boson with a pseudo-shift symmetry
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[iē�5e] + ...

a

p

p

a a

n

n

e

e

KSVZ

DFSZ1

DFSZ2

Ca� ' �1.92

Ca� ' 8

3
� 1.92

Ca� ' 2

3
� 1.92

Ca� ' E

N
� 2

3

4md +mu

md +mu

Cap ' [Cau � md

mu +md
]�u+ [Cad �

mu

mu +md
]�d

Can ' [Cau � md

mu +md
]�d+ [Cad �

mu

mu +md
]�u

Ca(u,d,e) = 0

Cau =
1

3
sin2 �

Ca(d,e) =
1

3
cos2 �

Ca(u,e) =
1

3
sin2 �

Cad =
1

3
cos2 �

QCD

2

I. INTRODUCTION

a (1)

⇡0 (2)

E(0)  E(a) (3)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(4)

mUV
u

6= m�PT
u

(5)

⇢ ⇠ 1/⇤QCD (6)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (7)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (8)

Lq (9)

LN (10)

sµ�q = hN |q�µ�5|Ni (11)

ga� < 6.6 10�11 GeV�1 (12)

aF F̃ (13)

afi�5f (14)

fa & 4⇥ 108 GeV (15)

K ! ⇡a (16)

2

I. INTRODUCTION

a (1)

⇡0 (2)

E(0)  E(a) (3)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(4)

mUV
u

6= m�PT
u

(5)

⇢ ⇠ 1/⇤QCD (6)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (7)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (8)

Lq (9)

LN (10)

sµ�q = hN |q�µ�5|Ni (11)

ga� < 6.6 10�11 GeV�1 (12)

aF F̃ (13)

afi�5f (14)

fa & 4⇥ 108 GeV (15)

K ! ⇡a (16)

2

I. INTRODUCTION

e (1)

e (2)

p (3)

p (4)

n (5)

n (6)

a (7)

⇡0 (8)

E(0)  E(a) (9)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(10)

mUV
u

6= m�PT
u

(11)

⇢ ⇠ 1/⇤QCD (12)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (13)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (14)

Lq (15)

LN (16)

2

I. INTRODUCTION

e (1)

e (2)

p (3)

p (4)

n (5)

n (6)

a (7)

⇡0 (8)

E(0)  E(a) (9)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(10)

mUV
u

6= m�PT
u

(11)

⇢ ⇠ 1/⇤QCD (12)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (13)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (14)

Lq (15)

LN (16)

2

I. INTRODUCTION

p (1)

p (2)

n (3)

n (4)

a (5)

⇡0 (6)

E(0)  E(a) (7)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(8)

mUV
u

6= m�PT
u

(9)

⇢ ⇠ 1/⇤QCD (10)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (11)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (12)

Lq (13)

LN (14)

sµ�q = hN |q�µ�5|Ni (15)

ga� < 6.6 10�11 GeV�1 (16)

2

I. INTRODUCTION

p (1)

p (2)

n (3)

n (4)

a (5)

⇡0 (6)

E(0)  E(a) (7)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(8)

mUV
u

6= m�PT
u

(9)

⇢ ⇠ 1/⇤QCD (10)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (11)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (12)

Lq (13)

LN (14)

sµ�q = hN |q�µ�5|Ni (15)

ga� < 6.6 10�11 GeV�1 (16)

QCD

2

I. INTRODUCTION

a (1)

⇡0 (2)

E(0)  E(a) (3)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(4)

mUV
u

6= m�PT
u

(5)

⇢ ⇠ 1/⇤QCD (6)

Z =

Z
�G�q�q e�S✓=0�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓ �! e

� 8⇡
g2
s cos ✓ (7)

cu � cd =
Xu �Xd

N| {z }
c
2
�
�s

2
�

�
md �mu

mu +md| {z }
' 1

3

= 0 (8)

Lq (9)

LN (10)

sµ�q = hN |q�µ�5|Ni (11)

ga� < 6.6 10�11 GeV�1 (12)

aF F̃ (13)

afi�5f (14)

fa & 4⇥ 108 GeV (15)

K ! ⇡a (16)

2. ‘model-independent’ axion couplings to photons, nucleons, electrons, …

2

I. INTRODUCTION

(f = p, n, e) (1)

eVq��CV
µe

��2 +
��CA

µe

��2
(2)

✓ ⇠
1

(4⇡)14
g02

⇥
Y 2(uR)� Y 2(dR)

⇤
JCKM log⇤UV (3)

JCKM = ImDet
h
YUY

†
U
, YDY †

D

i
⇡ 10�29 (4)

✓ ⇠
JCKM

(4⇡)14
log⇤UV (5)

 = p, n, e (6)

C m 
a

fa
[i �5 ] (7)

⇠
⇤4
QCD

f2
a

(8)

|✓ � arg det (YuYd)| < 10�10 (9)

✓ = ✓ � arg det (YuYd) (10)

L� � dn n�µ⌫�5 nFµ⌫ (11)

Z =

Z
�Ge�

1
4

R
GG�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓

I + AI
����! e

� 8⇡
g2
s cos ✓ (12)

E(0)  E(✓e↵ = hai) (13)

e (14)

e (15)

p (16)

2

I. INTRODUCTION

La �
@µa

2fa
 i�

µ(CV

 i j
+ CA

 i j
�5) j , (1)

with  = u, d, e

La �
↵

8⇡

C�

fa
aFµ⌫ F̃

µ⌫ +
Cf

2fa
@µaf�

µ�5f , (2)

(f = p, n, e) (3)

eVq��CV
µe

��2 +
��CA

µe

��2
(4)

✓ ⇠
1

(4⇡)14
g02

⇥
Y 2(uR)� Y 2(dR)

⇤
JCKM log⇤UV (5)

JCKM = ImDet
h
YUY

†
U
, YDY †

D

i
⇡ 10�29 (6)

✓ ⇠
JCKM

(4⇡)14
log⇤UV (7)

 = p, n, e (8)

C m 
a

fa
[i �5 ] (9)

⇠
⇤4
QCD

f2
a

(10)

|✓ � arg det (YuYd)| < 10�10 (11)

✓ = ✓ � arg det (YuYd) (12)

L� � dn n�µ⌫�5 nFµ⌫ (13)

Z =

Z
�Ge�

1
4

R
GG�i✓

↵s

8⇡

R
GG̃

⇠ e
� 8⇡

g2
s ei✓

I + AI
����! e

� 8⇡
g2
s cos ✓ (14)

E(0)  E(✓e↵ = hai) (15)

the numerical values of the coe�cients C�, p, n, e can be determined via chiral Lagrangian
techniques, as well as inputs from Lattice QCD, and they are found to be [4–6]

C� = �1.92(4) , Cp = �0.47(3) , Cn = �0.02(3) , Ce = �7.8(2) ⇥ 10�6 log
 

fa

me

!
. (3)

However, being the description of the e↵ective operator in Eq. (1) valid only until energies
of the order of fa, the theory must be UV completed. Remarkably, the UV completion of the
axion e↵ective Lagrangian can drastically a↵ect the low-energy properties of the axion, and
hence the way to experimentally probe it.

There are basically two main ways in which this can happen, as depicted schematically
in the diagrams of Fig. (2).

Figure 2. Model-dependent axion couplings to photons and SM quarks and leptons.

In the left diagram of Fig. (2), the PQ-charged colored fermions responsible for generating
the aGG̃ operator can also lead to a direct QED-anomalous contribution to aFF̃, if the new
fermions they are charged under U(1)EM. Then the axion coupling to photons gets modified
into C� = E/N � 1.92(4), where E/N is a group theory factor which depends on the quantum
numbers of the fermions running in the loop (see e.g. Refs. [7, 8] for phenomenologically
motivated ranges of E/N).

The other possibility, depicted in the right diagram of Fig. (2), is that the axion interacts
directly with the Standard Model (SM) fermions, which are charged under the U(1)PQ. In this
case, the axion e↵ective interaction can be written as (keeping for the sake of illustration only
SM quarks)
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where J
µ
PQ is the conserved (up to anomalies) PQ current, depending on the U(1)PQ charges.

The latter are denoted by XQL, uR, dR
, which are diagonal (in general, non-universal) matrices.

After going to the mass basis: uL ! VuL
uL, etc., and using the relation fa = vPQ/(2N) between

the axion decay constant and the PQ-breaking order parameter, we can recast Eq. (4) as
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where mass eigenstates are denoted as  i = {ui, di} and we have introduced the vector1 and
axial couplings
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1The diagonal vector couplings do not contribute to on-shell physical processes, as it can be seen upon integrating
by parts and using the equations of motion.
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the numerical values of the coe�cients C�, p, n, e can be determined via chiral Lagrangian
techniques, as well as inputs from Lattice QCD, and they are found to be [4–6]

C� = �1.92(4) , Cp = �0.47(3) , Cn = �0.02(3) , Ce = �7.8(2) ⇥ 10�6 log
 

fa

me

!
. (3)

However, being the description of the e↵ective operator in Eq. (1) valid only until energies
of the order of fa, the theory must be UV completed. Remarkably, the UV completion of the
axion e↵ective Lagrangian can drastically a↵ect the low-energy properties of the axion, and
hence the way to experimentally probe it.

There are basically two main ways in which this can happen, as depicted schematically
in the diagrams of Fig. (2).

Figure 2. Model-dependent axion couplings to photons and SM quarks and leptons.

In the left diagram of Fig. (2), the PQ-charged colored fermions responsible for generating
the aGG̃ operator can also lead to a direct QED-anomalous contribution to aFF̃, if the new
fermions they are charged under U(1)EM. Then the axion coupling to photons gets modified
into C� = E/N � 1.92(4), where E/N is a group theory factor which depends on the quantum
numbers of the fermions running in the loop (see e.g. Refs. [7, 8] for phenomenologically
motivated ranges of E/N).

The other possibility, depicted in the right diagram of Fig. (2), is that the axion interacts
directly with the Standard Model (SM) fermions, which are charged under the U(1)PQ. In this
case, the axion e↵ective interaction can be written as (keeping for the sake of illustration only
SM quarks)
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where J
µ
PQ is the conserved (up to anomalies) PQ current, depending on the U(1)PQ charges.

The latter are denoted by XQL, uR, dR
, which are diagonal (in general, non-universal) matrices.

After going to the mass basis: uL ! VuL
uL, etc., and using the relation fa = vPQ/(2N) between

the axion decay constant and the PQ-breaking order parameter, we can recast Eq. (4) as
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where mass eigenstates are denoted as  i = {ui, di} and we have introduced the vector1 and
axial couplings

C
V, A
uiu j
=

1
2N

⇣
V
†

uL
XQL

VuL
± V

†

uR
XuR

VuR

⌘
i j
, (6)

C
V, A
did j

=
1

2N

⇣
V
†

dL

XQL
VdL
± V

†

dR

XdR
VdR

⌘
i j
. (7)

1The diagonal vector couplings do not contribute to on-shell physical processes, as it can be seen upon integrating
by parts and using the equations of motion.
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• EFT breaks down at energies of order fa UV completion can drastically 
affect low-energy axion properties
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Renormalizable UV Completion of SM Predicting Axion  

>  A singlet complex scalar field     featuring 
a global            symmetry is added to SM  

>  Symmetry is broken by vev 

§  Excitation of modulus:  

§  Excitation of angle: NGB 

>  Quarks (SM or extra) carry PQ charges                                           
such that            is anomalously broken 
due to gluonic triangle anomaly 
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:

@
µ
J
PQ

µ
=

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (39)

1.  Axion-photon

enhance/suppress Cɣ
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Renormalizable UV Completion of SM Predicting Axion  

>  A singlet complex scalar field     featuring 
a global            symmetry is added to SM  

>  Symmetry is broken by vev 

§  Excitation of modulus:  

§  Excitation of angle: NGB 

>  Quarks (SM or extra) carry PQ charges                                           
such that            is anomalously broken 
due to gluonic triangle anomaly 
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:
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7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at
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CQ 6= I (38)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:

@
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J
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2.  Axion-SM fermion current1.  Axion-photon

enhance/suppress Cp,n,e

enhance/suppress Cɣ monopole-monopole monopole-dipole

flavour-violating axion coupling

ARIADNE 

QUAX-gpgs

 L. Di Luzio (INFN & Padova U.) - Opening the QCD Axion Window                                             05/11



Axion Models

Specify anomalous breaking of PQ (fermion sector) 
and spontaneous PQ breaking (scalar sector) 

[Dine, Fischler, Srednicki, 
Zhitnitsky ’80]

[Kim, Shifman, Vainshtein, 
Zakharov ’80]

[Peccei, Quinn, 
Wilczek, Weinberg ’78]

U(1)PQ ⇥ SU(3)2c

BSM fermionsSM fermions

2Higgs 2Higgs+Singlet Higgs+Singlet

DFSZ KSVZPQWW

ex
clu

de
d

hSingleti � v : “Invisible” axion models
J/ ! �a

see however 1710.03764

SM fermions BSM fermions

2Higgs 2Higgs+Singlet Higgs+Singlet

PQWW DFSZ KSVZ

[Zhitnitsky ’80, 

Dine, Fischler, Srednicki ’81]

[Kim ’79, 

Shifman, Vainshtein, Zakharov ’80]

[Peccei, Quinn ’77, 

Weinberg ’78, Wilczek ’78]

ruled out            “Invisible” axion (phase of singlet field)

Benchmark axion models

6

ye,u,d ⇠ 10�6
÷ 10�5 (65)

✓e↵(x) (66)

a(x) ! a(x) + �↵ fa (67)

Leff = LSM + ✓
g
2

32⇡2
G

µ⌫

a
G̃

a

µ⌫
+

a

fa

g
2

32⇡2
G

µ⌫

a
G̃

a

µ⌫
�

1

2
@
µ
a@µa+ L(@µa, ) (68)

Le↵ =

✓
✓ +

a

fa

◆
↵s

8⇡
G

µ⌫

a
G̃

a

µ⌫
�

1

2
@
µ
a@µa+ L(@µa, ) (69)

fa ⇠ vEW (70)

fa ⇠ v (71)

fa � v (72)

fa � vEW (73)

✓ . 10�2 (74)

Field Spin SU(3)C SU(2)L U(1)Y U(1)PQ

QL 1/2 CQ IQ YQ XL

QR 1/2 CQ IQ YQ XR

� 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. (C, I,Y) denote irreps of the SM gauge group nontrivial
under color (C 6= 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [? ]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
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Axion Models

Specify anomalous breaking of PQ (fermion sector) 
and spontaneous PQ breaking (scalar sector) 

[Dine, Fischler, Srednicki, 
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Axions beyond benchmarks

QCD axion parameter space much larger than what traditionally thought

enhance Wilson coefficient for fixed ma suppress axion mass for fixed fa
[LDL, Mescia, Nardi 1610.07593 + 1705.05370

Farina, Pappadopulo, Rompineve, Tesi 1611.09855

Agrawal, Fan, Reece, Wang 1709.06085 

Darme’, LDL, Giannotti, Nardi 2010.15846

Ringwald, Sokolov 2104.02574]

[Hook 1802.10093, 

LDL, Gavela, Quilez, Ringwald 2102.00012 

+ 2102.01082]
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Figure 17: Phenomenological summary of the axion-photon interactions. We show also the region accessible to CASPEr
electric in phase II, when it will be able to probe the model independent axion coupling to gluons. The hatched region next to
it represents the experimental uncertainty induced by the QCD error in the coupling. The region expected for hadronic axions
for certain ranges of E/N is shown in yellow. The relevance of these particular ranges for E/N is discussed in Section 5. For
completeness, we also show the position of the DFSZ I and DFSZ II axions. However, in the case of helioscope the figure does
not take into account the possible contribution of gae to the axion production. Refer to Fig. 16 for a more comprehensive
analysis of the DFSZ axion models.{fig_gag_parameter_space}

principle (see, e.g., [14] and references therein). A better strategy for axion detection consists in using NMR
techniques to detect the axion field sourced by a macroscopic object. This program will be carried out by
the ARIADNE experiment [454]. Interestingly, in the most optimistic scenario (largest allowed CP odd
couplings), ARIADNE is expected to have enough sensitivity to probe the ḡaNgan combination of couplings
down to values expected for the DFSZ axion [454, 455]. The forecasted sensitivity under these assumptions
is shown in Fig. 16. Standard KSVZ axions are not accessible to ARIADNE, since in that case the coupling
to neutrons is vanishingly small.

Somewhat similarly, QUAX-gpgs probes the gS
aN

gae combination. However, even in the most optimistic
case, the expected sensitivity is still far from the coupling region expected in the case of KSVZ or DFSZ
axions.

4.5. Summary of experimental constraints
In this section we summarize the experimental and astrophyscal bounds on the individual axion couplings.

Table 4 provides a quick reference to the major probes for each coupling. More details can be found in Fig. 17,
for what concerns the axion-photon coupling, Fig. 18 for the axion-electron coupling, and Fig. 19 for the
axion couplings to protons and neutrons. Notice that, in all cases, we are assuming that the axion solves
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Axion-PhotonEnhancing gaγ

where we have added to the list of [25] also Cae, Ca⇡ (at the LO in the chiral expansion) and Can� (from
the static nEDM result in Eq. (31)).

Sometimes the axion coupling to photons and matter field (first two terms in Eq. (108)) is written as

L
int

a
�

1

4
ga�aF F̃ � igafaf̄�5f �

i

2
gd a n̄�µ⌫�5nF

µ⌫ , (116){eq:Laint2}{eq:Laint2}

where in the second term we have integrated by parts, applied the equations of motion (which is only valid
for on-shell fermion states) and defined

ga� =
↵

2⇡

Ca�

fa
, gaf = Caf

mf

fa
, gd =

Can�

mnfa
. (117){eq:gagammagaf}{eq:gagammagaf}

The ‘model-independent’ predictions for the axion couplings (namely those exclusively due to the aGG̃
operator) are obtained by setting E/N ! 0 and c0

i
! 0 in Eqs. (109)–(115). The latter also correspond

to the predictions of the simplest KSVZ model discussed in Section 1.7.1, while the two DFSZ variants of
Section 1.7.2 yield
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1

3
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DFSZ-II : E/N = 2/3 c0
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3
sin2 � , c0

ei
=

1

3
cos2 � , (119)

with the index i = 1, 2, 3 denoting generations and the perturbative unitarity domain tan� 2 [0.25, 170]. In
Section 5 we will explore in depth how these ‘model-dependent’ coefficients can be modified compared to
the standard KSVZ/DFSZ benchmarks.

For completeness, in the next two Sections we are going to discuss two other classes of model-dependent
axion couplings which can be of phenomenological interest, although they do not arise to a sizeable level in
the standard KSVZ/DFSZ benchmarks. These are namely flavour violating axion couplings (Section 1.9)
and CP-violating ones (Section 1.10).

1.9. Flavour violating axion couplings{sec:IntroFlavourViolating}
Relaxing the hypothesis of the universality of the PQ current in DFSZ-like constructions leads to flavour

violating axion couplings to quarks and leptons. This option will be explored in detail in Section 5.5.1. Here,
we preliminary show how such couplings arise in a generalized DFSZ setup with non-universal PQ charges.
Let us assume that quarks with the same EM charge but of different generations couple to different Higgs
doublets, for definiteness H1 or H2, to which we assign the same hypercharge YH1 = YH2 = �

1

2
but different

PQ charges X1 6= X2. Let us start by considering the following Yukawa terms for the up-type quarks

L
YU

12
= �(YU )11 q̄1Lu1RH1 � (YU )22 q̄2Lu2RH2 � (YU )12 q̄1Lu2RH1 + . . . . (120){eq:H1H2}{eq:H1H2}

The quark bilinear q̄1Lu2R in the last term (or alternatively a similar term in the down-quark sector) is needed
to generate the CKM mixing, and for the present discussion it is irrelevant whether it couples to H1 or H2.
Note, also, that from PQ charge consistency X (q̄2Lu1R) = X (q̄2Lu2R)�X (q̄1Lu2R)+X (q̄1Lu1R) = �X2 it
follows that the term q̄2Lu1RH2 is also allowed. However, being its structure determined by the first three
terms we do not need to consider it explicitly. Projecting out from the Higgs doublets the neutral Goldstone
bosons, as was done in Eq. (92), and identifying the axion field, we obtain the analogous of Eq. (97) in the
form

L
mU

12
= �(mu)11 ū1Lu1R eiX1

a

va � (mu)22 ū2Lu2R eiX2
a

va � (mu)12 ū1Lu2R eiX1
a

va + . . . . (121){eq:Lmu12}{eq:Lmu12}

Because of the presence of the mixing term, in this case it is not possible to remove the axion field from the
mass terms with a pure axial redefinition of the quark fields as in Eq. (98), but it is necessary to introduce
also a vectorial part in the field redefinition:

u1 ! e�i(�5X1+X2)
a

2va u1 , u2 ! e�i(�5X2+X1)
a

2va u2 . (122){eq:u1u2Vector}{eq:u1u2Vector}
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:

@
µ
J
PQ

µ
=

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (39)
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where we have added to the list of [25] also Cae, Ca⇡ (at the LO in the chiral expansion) and Can� (from
the static nEDM result in Eq. (31)).

Sometimes the axion coupling to photons and matter field (first two terms in Eq. (108)) is written as

L
int

a
�

1

4
ga�aF F̃ � igafaf̄�5f �

i

2
gd a n̄�µ⌫�5nF

µ⌫ , (116){eq:Laint2}{eq:Laint2}

where in the second term we have integrated by parts, applied the equations of motion (which is only valid
for on-shell fermion states) and defined

ga� =
↵

2⇡

Ca�

fa
, gaf = Caf

mf

fa
, gd =

Can�

mnfa
. (117){eq:gagammagaf}{eq:gagammagaf}

The ‘model-independent’ predictions for the axion couplings (namely those exclusively due to the aGG̃
operator) are obtained by setting E/N ! 0 and c0

i
! 0 in Eqs. (109)–(115). The latter also correspond

to the predictions of the simplest KSVZ model discussed in Section 1.7.1, while the two DFSZ variants of
Section 1.7.2 yield

DFSZ-I : E/N = 8/3 c0
ui

= �
1

3
cos2 � , c0

di
= �

1

3
sin2 � , c0

ei
= �

1

3
sin2 � , (118)

DFSZ-II : E/N = 2/3 c0
ui

= �
1

3
cos2 � , c0

di
= �

1

3
sin2 � , c0

ei
=

1

3
cos2 � , (119)

with the index i = 1, 2, 3 denoting generations and the perturbative unitarity domain tan� 2 [0.25, 170]. In
Section 5 we will explore in depth how these ‘model-dependent’ coefficients can be modified compared to
the standard KSVZ/DFSZ benchmarks.

For completeness, in the next two Sections we are going to discuss two other classes of model-dependent
axion couplings which can be of phenomenological interest, although they do not arise to a sizeable level in
the standard KSVZ/DFSZ benchmarks. These are namely flavour violating axion couplings (Section 1.9)
and CP-violating ones (Section 1.10).

1.9. Flavour violating axion couplings{sec:IntroFlavourViolating}
Relaxing the hypothesis of the universality of the PQ current in DFSZ-like constructions leads to flavour

violating axion couplings to quarks and leptons. This option will be explored in detail in Section 5.5.1. Here,
we preliminary show how such couplings arise in a generalized DFSZ setup with non-universal PQ charges.
Let us assume that quarks with the same EM charge but of different generations couple to different Higgs
doublets, for definiteness H1 or H2, to which we assign the same hypercharge YH1 = YH2 = �

1

2
but different

PQ charges X1 6= X2. Let us start by considering the following Yukawa terms for the up-type quarks

L
YU

12
= �(YU )11 q̄1Lu1RH1 � (YU )22 q̄2Lu2RH2 � (YU )12 q̄1Lu2RH1 + . . . . (120){eq:H1H2}{eq:H1H2}

The quark bilinear q̄1Lu2R in the last term (or alternatively a similar term in the down-quark sector) is needed
to generate the CKM mixing, and for the present discussion it is irrelevant whether it couples to H1 or H2.
Note, also, that from PQ charge consistency X (q̄2Lu1R) = X (q̄2Lu2R)�X (q̄1Lu2R)+X (q̄1Lu1R) = �X2 it
follows that the term q̄2Lu1RH2 is also allowed. However, being its structure determined by the first three
terms we do not need to consider it explicitly. Projecting out from the Higgs doublets the neutral Goldstone
bosons, as was done in Eq. (92), and identifying the axion field, we obtain the analogous of Eq. (97) in the
form

L
mU

12
= �(mu)11 ū1Lu1R eiX1

a

va � (mu)22 ū2Lu2R eiX2
a

va � (mu)12 ū1Lu2R eiX1
a

va + . . . . (121){eq:Lmu12}{eq:Lmu12}

Because of the presence of the mixing term, in this case it is not possible to remove the axion field from the
mass terms with a pure axial redefinition of the quark fields as in Eq. (98), but it is necessary to introduce
also a vectorial part in the field redefinition:

u1 ! e�i(�5X1+X2)
a

2va u1 , u2 ! e�i(�5X2+X1)
a

2va u2 . (122){eq:u1u2Vector}{eq:u1u2Vector}

24

2

I. INTRODUCTION

Ca� = E/N � 1.92(4) (1)

q q � a (2)

tan� =
vu
vd

(3)

E/N = 8/3 (4)

E/N = 0 (5)

⇡ 10�5 (6)

✓e↵ ⇠ G2
F
f4
⇡
jCKM ⇡ 10�18 , (7)

(note that jCKM = ImVudV ⇤
cd
VcsV ⇤

us

fa & 108 GeV (8)

ma . 0.1 eV (9)

�LQCD = ✓
↵s

8⇡
GG̃ (10)

✓ (11)

��✓
�� . 10�10 (12)

m2
H

⇠ loop⇥ ⇤2
UV (13)

⇠ 10�46 log⇤UV (14)

10�2
÷ 10�3 (15)

e GeV�1 (16)

4

ga�� =
ma

eV

2.0

1010 GeV

✓
Ec

Nc

� 1.92(4)

◆
(33)

R
1
Q
+R

2
Q

(34)

Ec

Nc

=
E1 + E2

N1 + E2
(35)

(3, 2, 1/6)� (3, 3,�4/3) (36)

Ec/Nc = 122/3 (37)

CQ 6= I (38)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
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explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:
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by eq. (44). Finally, even in case ⌦Q is eventually close to the estimate eq. (44), the relative concentration

of Q-hadrons nQ/nb ⇠ 10�8 (mQ/TeV)1/2 would still be quite large, and if the Q’s could accumulate with
similar concentrations within the galactic disk, existing limits from searches of anomalously heavy isotopes
in terrestrial, lunar, and meteoritic materials [41] would be able to exclude them for most of the allowed
range of masses. Many other arguments have been put forth disfavoring the possibility of heavy stable Q’s:
their capture in neutron stars would form black holes on a time scale of a few years [42] and, more generically,
they could endanger stellar stability [43] (? check this ref.), their annihilation in the Earth interior would
result in an anomalously large heat flow [44], etc.

IV. Selection criteria. All in all, although no uncircumventable argument seems to exist forbidding
completely heavy strongly interacting relics, the first discriminating criterium we adopt is that: (i) Models

that allow for su�ciently short lifetimes ⌧Q <
⇠ 10�2

s are phenomenologically preferred with respect to models

containing long lived or cosmologically stable Q’s. All RQ allowing for decays via renormalizable operators
satisfy this requirement. Decays can also occur via operators of higher dimensions. To avoid introducing
(unnecessary) new scales, we assume that the cuto↵ scale is mP , and we write O

d>4
Qq

= m
4�d

P
Pd(Q,'

n)
where Pd is a d-dimensional Lorentz and gauge invariant monomial linear in Q and containing n SM fields
'. For d = 5, 6, 7 the final states always contain n � d � 3 particles. Taking conservatively n = d � 3 we
obtain:

�d
<
⇠

⇡gfmQ

(d� 4)!(d� 5)!

 
m

2
Q

16⇡2m2
P

!d�4

, (45)

where gf accounts for final states degrees of freedom, and we have integrated analytically the n-body phase
space neglecting ' masses and assuming momentum independent matrix elements (see e.g. [45]). Requiring

mQ  fa we obtain respectively for d = 5, 6, 7, ⌧ (d)
Q

>
⇠

�
4 · 10�20

, 7 · 10�3
, 4 · 1015

�
⇥ (fa/mQ)2d�7 s. For

d = 5, as long as mQ
>
⇠ 800TeV decays occur with safe lifetimes ⌧

(5)
Q

<
⇠ 10�2 s. For d = 6, even for the

largest values mQ ⇠ fa decays occur dangerously close to BBN [46]. Operators of d = 7 and higher are
always excluded. The RQ selected by this first criterium are the first seven listed in Table II which allow
for LQq 6= 0, plus other thirteen which allow for d = 5 decay operators. Some of these representations
are, however, rather large, and could induce Landau poles (LP) in the SM gauge couplings g1, g2, g3 at
some uncomfortably low energy scale ⇤LP < mP . Quantum gravity corrections to the running of the
gauge couplings can become relevant at scales approaching mP , and their e↵ect is to delay the emergence
of LP [47]. Then, to be conservative, we choose a value of ⇤LP for which gravitational corrections can
presumably be neglected. Then, our second criterium is that: (ii) RQ’s which do not induce LP in g1, g2, g3

below ⇤LP ⇠ 1018 GeV are phenomenologically preferred. We apply this criterium employing two-loop beta
functions [45] and setting conservatively the threshold for RQ at mQ = 5 · 1011 GeV. The RQ satisfying
both our criteria are listed in Table II. The gauge coupling and the energy scale where the first LP occurs
are given in the third column.
Other features can render the choice of some RQ more appealing than others. For example if NDW = 1

problems with cosmological domain walls (DW) are avoided [48], and some RQ could improve gauge coupling
unification [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
problem exist (see e.g. [50]), while improved unification might simply be an accident because of the many
RQ we consider. Nevertheless, we have analyzed both these issues: the values of NDW are given in the
last column in Table II, while only RQ = (3, 2, 1/6) in the third line improves considerably gauge coupling
unification (this has been also remarked in [49]).

V. Axion coupling to photons. From the experimental point of view, the most promising way to unveil
the axion is via its interaction with photons, which is described by the e↵ective term La�� = �(1/4)ga��aF ·

F̃ , where the coupling is given in terms of the anomaly coe�cients in eq. (33) by [14]:

ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92(4)

◆
(46)

where the uncertainty comes from QCD corrections evaluated at NLO [51]. The values of E/N for our
preferred RQ are given in the last column of Table II. The corresponding couplings are given in Fig. 2 by
the set of oblique dotted lines, which are plotted only at small ma values to give an idea of the “density
of preferred hadronic axion models”. All in all, we find that the strongest coupling is obtained for R

s

Q
=

(3, 3,�4/3) that gives Es/Ns � 1.92 ⇠ 12.75, almost twice the usually adopted value of 7.0 [33], while the
weakest coupling is obtained for Rw

Q
= (3, 2, 1/6) for which Ew/Nw � 1.92 ⇠ �0.25 is about 3.5 times larger

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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where the uncertainty comes from QCD corrections evaluated at NLO [51]. The values of E/N for our
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RQ OQq ⇤2�loop
Landau[GeV] E/N NDW

(3, 1,�1/3) QLdR 9.3 · 1038(g1) 2/3 1

(3, 1, 2/3) QLuR 5.4 · 1034(g1) 8/3 1

(3, 2, 1/6) QRqL 6.5 · 1039(g1) 5/3 2

(3, 2,�5/6) QLdRH
† 4.3 · 1027(g1) 17/3 2

(3, 2, 7/6) QLuRH 5.6 · 1022(g1) 29/3 2

(3, 3,�1/3) QRqLH
† 5.1 · 1030(g2) 14/3 3

(3, 3, 2/3) QRqLH 6.6 · 1027(g2) 20/3 3

(3, 3,�4/3) QLdRH
†2 3.5 · 1018(g1) 44/3 3

(6, 1,�1/3) QL�µ⌫dRG
µ⌫ 2.3 · 1037(g1) 4/15 5

(6, 1, 2/3) QL�µ⌫uRG
µ⌫ 5.1 · 1030(g1) 16/15 5

(6, 2, 1/6) QR�µ⌫qLG
µ⌫ 7.3 · 1038(g1) 2/3 10

(8, 1,�1) QL�µ⌫eRG
µ⌫ 7.6 · 1022(g1) 8/3 6

(8, 2,�1/2) QR�µ⌫`LG
µ⌫ 6.7 · 1027(g1) 4/3 12

(15, 1,�1/3) QL�µ⌫dRG
µ⌫ 8.3 · 1021(g3) 1/6 20

(15, 1, 2/3) QL�µ⌫uRG
µ⌫ 7.6 · 1021(g3) 2/3 20

TABLE II. RQ irreps which allow for renormalizable Q-decay operators (first seven rows above the bold horizontal
line) or d = 5 ones (next eight rows below the bold horizontal line), and leading to LPs above, or within one order of
magnitude below, the Planck scale. The second column list a sample operator OQq which can be responsible for the
decay of Q, while in the third one we report the value of the LP estimated at two loops by setting the threshold of
the vectorlike quarks at 5 · 1011 GeV (the gauge coupling which triggers the Landau pole is specified in parenthesis).
The next column gives the value of the E/N term contributing to the axion-photon coupling (cf. Eq. (22)), and the
last one is the DW number (cf. Eq. (??)).

massless nf final states, the phase space factor can be integrated analytically, thus yielding (see e.g. [? ])

�NDA =
1

4(4⇡)2nf�3(nf � 1)!(nf � 2)!

m
2d�7
Q

M
2(d�4)
Planck

, (17)

where we neglected the possibility of scalar field condensations in the e↵ective operator.
Since Q-decay operators of d = 5, 6, 7 will at least involve nf = 2, 3, 4 particles in the final state, we have

⌧
NDA
d=5, nf=2 = 3.9 · 10�20 s

✓
5 · 1011 GeV

mQ

◆3

, (18)

⌧
NDA
d=6, nf=3 = 7.4 · 10�3 s

✓
5 · 1011 GeV

mQ

◆5

, (19)

⌧
NDA
d=7, nf=4 = 4.2 · 1015 s

✓
5 · 1011 GeV

mQ

◆7

. (20)

In order to be completely safe from a cosmological point of view the decay must happen before the time of
BBN, namely ⇠ 0.01 s [? ]. This is always the case for d = 5 operators if mQ & 106 GeV. On the other
hand, if the decay happens via d = 6 operators a much higher mass scale mQ & 1011÷12 GeV is needed. In
the post-inflationary PQ symmetry breaking scenario this is in tension with the bounds from axion DM via
the misalignment mechanism, leading to fa . 5 · 1011 GeV (see Refs. [? ? ] for some recent Lattice QCD
analyses). Finally, operators of d � 7 require an even higher mQ in the ballpark of the GUT or Planck
scale, which is clearly in the cosmological dangerous region.

Landau Poles. The presence of large matter multiplets drives the gauge couplings of the SM towards a
nonperturbative regime, eventually leading to Landau poles (LPs). We require the KSVZ axion model to
be a perturbatively calculable and UV complete framework up to the Planck scale, and hence reject those
irreps which lead to LPs below the Planck scale. To be conservative, and to retain the largest number of
RQ, we set the threshold of the heavy quark at mQ = 5 · 1011 GeV (at the boundary of compatibility with
post-inflationary axion-DM limits) and also keep those irreps with a LP within an order of magnitude below
the Planck scale. In fact, gravitational corrections on the running of the gauge couplings, that are under
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1. Q-fermions short lived (no coloured relics)

2. No Landau poles below Planck 

[LDL, Mescia, Nardi 1610.07593]
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Axion-Photon

where we have added to the list of [25] also Cae, Ca⇡ (at the LO in the chiral expansion) and Can� (from
the static nEDM result in Eq. (31)).

Sometimes the axion coupling to photons and matter field (first two terms in Eq. (108)) is written as

L
int

a
�

1

4
ga�aF F̃ � igafaf̄�5f �

i

2
gd a n̄�µ⌫�5nF

µ⌫ , (116){eq:Laint2}{eq:Laint2}

where in the second term we have integrated by parts, applied the equations of motion (which is only valid
for on-shell fermion states) and defined

ga� =
↵

2⇡

Ca�

fa
, gaf = Caf

mf

fa
, gd =

Can�

mnfa
. (117){eq:gagammagaf}{eq:gagammagaf}

The ‘model-independent’ predictions for the axion couplings (namely those exclusively due to the aGG̃
operator) are obtained by setting E/N ! 0 and c0

i
! 0 in Eqs. (109)–(115). The latter also correspond

to the predictions of the simplest KSVZ model discussed in Section 1.7.1, while the two DFSZ variants of
Section 1.7.2 yield

DFSZ-I : E/N = 8/3 c0
ui

= �
1

3
cos2 � , c0

di
= �

1

3
sin2 � , c0

ei
= �

1

3
sin2 � , (118)

DFSZ-II : E/N = 2/3 c0
ui

= �
1

3
cos2 � , c0

di
= �

1

3
sin2 � , c0

ei
=

1

3
cos2 � , (119)

with the index i = 1, 2, 3 denoting generations and the perturbative unitarity domain tan� 2 [0.25, 170]. In
Section 5 we will explore in depth how these ‘model-dependent’ coefficients can be modified compared to
the standard KSVZ/DFSZ benchmarks.

For completeness, in the next two Sections we are going to discuss two other classes of model-dependent
axion couplings which can be of phenomenological interest, although they do not arise to a sizeable level in
the standard KSVZ/DFSZ benchmarks. These are namely flavour violating axion couplings (Section 1.9)
and CP-violating ones (Section 1.10).

1.9. Flavour violating axion couplings{sec:IntroFlavourViolating}
Relaxing the hypothesis of the universality of the PQ current in DFSZ-like constructions leads to flavour

violating axion couplings to quarks and leptons. This option will be explored in detail in Section 5.5.1. Here,
we preliminary show how such couplings arise in a generalized DFSZ setup with non-universal PQ charges.
Let us assume that quarks with the same EM charge but of different generations couple to different Higgs
doublets, for definiteness H1 or H2, to which we assign the same hypercharge YH1 = YH2 = �

1

2
but different

PQ charges X1 6= X2. Let us start by considering the following Yukawa terms for the up-type quarks

L
YU

12
= �(YU )11 q̄1Lu1RH1 � (YU )22 q̄2Lu2RH2 � (YU )12 q̄1Lu2RH1 + . . . . (120){eq:H1H2}{eq:H1H2}

The quark bilinear q̄1Lu2R in the last term (or alternatively a similar term in the down-quark sector) is needed
to generate the CKM mixing, and for the present discussion it is irrelevant whether it couples to H1 or H2.
Note, also, that from PQ charge consistency X (q̄2Lu1R) = X (q̄2Lu2R)�X (q̄1Lu2R)+X (q̄1Lu1R) = �X2 it
follows that the term q̄2Lu1RH2 is also allowed. However, being its structure determined by the first three
terms we do not need to consider it explicitly. Projecting out from the Higgs doublets the neutral Goldstone
bosons, as was done in Eq. (92), and identifying the axion field, we obtain the analogous of Eq. (97) in the
form

L
mU

12
= �(mu)11 ū1Lu1R eiX1

a

va � (mu)22 ū2Lu2R eiX2
a

va � (mu)12 ū1Lu2R eiX1
a

va + . . . . (121){eq:Lmu12}{eq:Lmu12}

Because of the presence of the mixing term, in this case it is not possible to remove the axion field from the
mass terms with a pure axial redefinition of the quark fields as in Eq. (98), but it is necessary to introduce
also a vectorial part in the field redefinition:

u1 ! e�i(�5X1+X2)
a

2va u1 , u2 ! e�i(�5X2+X1)
a

2va u2 . (122){eq:u1u2Vector}{eq:u1u2Vector}

24

2

I. INTRODUCTION

Ca� = E/N � 1.92(4) (1)

q q � a (2)

tan� =
vu
vd

(3)

E/N = 8/3 (4)

E/N = 0 (5)

⇡ 10�5 (6)

✓e↵ ⇠ G2
F
f4
⇡
jCKM ⇡ 10�18 , (7)

(note that jCKM = ImVudV ⇤
cd
VcsV ⇤

us

fa & 108 GeV (8)

ma . 0.1 eV (9)

�LQCD = ✓
↵s

8⇡
GG̃ (10)

✓ (11)

��✓
�� . 10�10 (12)

m2
H

⇠ loop⇥ ⇤2
UV (13)

⇠ 10�46 log⇤UV (14)

10�2
÷ 10�3 (15)

e GeV�1 (16)

4

ga�� =
ma

eV

2.0

1010 GeV

✓
Ec

Nc

� 1.92(4)

◆
(33)

R
1
Q
+R

2
Q

(34)

Ec

Nc

=
E1 + E2

N1 + E2
(35)

(3, 2, 1/6)� (3, 3,�4/3) (36)

Ec/Nc = 122/3 (37)

CQ 6= I (38)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient µ

2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6

� 10�5 and the strong CP violating angle
✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <

⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga�� , which is linearly proportional to the inverse of the axion decay constant
fa. Since the axion mass ma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for specific models, can be conveniently presented in the ma-ga�� plane. The commonly adopted
“axion band” corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠ 10�10 (ma/eV)GeV�1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14–16]. In this Letter we put
forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i) do not contain cosmologically dangerous strongly interacting relics; ii) do not induce Landau
poles below a scale ⇤LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

II. Hadronic axion models. The basic ingredient of any renormalizable axion model is a global U(1)PQ

symmetry. The associated Nöether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:

@
µ
J
PQ

µ
=

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (39)
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[“such a cancellation is immoral, but not unnatural”, 

D. B. Kaplan, NPB260 (1985)]

(perturbativity)

[LDL, Mescia, Nardi 1705.05370]

•  Going above E/N = 170/3 ? 

- boost global charge (clockwork)

- be agnostic, E/N is a free parameter
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where we have added to the list of [25] also Cae, Ca⇡ (at the LO in the chiral expansion) and Can� (from
the static nEDM result in Eq. (31)).

Sometimes the axion coupling to photons and matter field (first two terms in Eq. (108)) is written as

L
int

a
�

1

4
ga�aF F̃ � igafaf̄�5f �

i

2
gd a n̄�µ⌫�5nF

µ⌫ , (116){eq:Laint2}{eq:Laint2}

where in the second term we have integrated by parts, applied the equations of motion (which is only valid
for on-shell fermion states) and defined

ga� =
↵

2⇡

Ca�

fa
, gaf = Caf

mf

fa
, gd =

Can�

mnfa
. (117){eq:gagammagaf}{eq:gagammagaf}

The ‘model-independent’ predictions for the axion couplings (namely those exclusively due to the aGG̃
operator) are obtained by setting E/N ! 0 and c0

i
! 0 in Eqs. (109)–(115). The latter also correspond

to the predictions of the simplest KSVZ model discussed in Section 1.7.1, while the two DFSZ variants of
Section 1.7.2 yield

DFSZ-I : E/N = 8/3 c0
ui

= �
1

3
cos2 � , c0

di
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1

3
sin2 � , c0

ei
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3
sin2 � , (118)

DFSZ-II : E/N = 2/3 c0
ui
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3
cos2 � , c0

di
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1

3
sin2 � , c0

ei
=

1

3
cos2 � , (119)

with the index i = 1, 2, 3 denoting generations and the perturbative unitarity domain tan� 2 [0.25, 170]. In
Section 5 we will explore in depth how these ‘model-dependent’ coefficients can be modified compared to
the standard KSVZ/DFSZ benchmarks.

For completeness, in the next two Sections we are going to discuss two other classes of model-dependent
axion couplings which can be of phenomenological interest, although they do not arise to a sizeable level in
the standard KSVZ/DFSZ benchmarks. These are namely flavour violating axion couplings (Section 1.9)
and CP-violating ones (Section 1.10).

1.9. Flavour violating axion couplings{sec:IntroFlavourViolating}
Relaxing the hypothesis of the universality of the PQ current in DFSZ-like constructions leads to flavour

violating axion couplings to quarks and leptons. This option will be explored in detail in Section 5.5.1. Here,
we preliminary show how such couplings arise in a generalized DFSZ setup with non-universal PQ charges.
Let us assume that quarks with the same EM charge but of different generations couple to different Higgs
doublets, for definiteness H1 or H2, to which we assign the same hypercharge YH1 = YH2 = �

1

2
but different

PQ charges X1 6= X2. Let us start by considering the following Yukawa terms for the up-type quarks

L
YU

12
= �(YU )11 q̄1Lu1RH1 � (YU )22 q̄2Lu2RH2 � (YU )12 q̄1Lu2RH1 + . . . . (120){eq:H1H2}{eq:H1H2}

The quark bilinear q̄1Lu2R in the last term (or alternatively a similar term in the down-quark sector) is needed
to generate the CKM mixing, and for the present discussion it is irrelevant whether it couples to H1 or H2.
Note, also, that from PQ charge consistency X (q̄2Lu1R) = X (q̄2Lu2R)�X (q̄1Lu2R)+X (q̄1Lu1R) = �X2 it
follows that the term q̄2Lu1RH2 is also allowed. However, being its structure determined by the first three
terms we do not need to consider it explicitly. Projecting out from the Higgs doublets the neutral Goldstone
bosons, as was done in Eq. (92), and identifying the axion field, we obtain the analogous of Eq. (97) in the
form

L
mU

12
= �(mu)11 ū1Lu1R eiX1

a

va � (mu)22 ū2Lu2R eiX2
a

va � (mu)12 ū1Lu2R eiX1
a

va + . . . . (121){eq:Lmu12}{eq:Lmu12}

Because of the presence of the mixing term, in this case it is not possible to remove the axion field from the
mass terms with a pure axial redefinition of the quark fields as in Eq. (98), but it is necessary to introduce
also a vectorial part in the field redefinition:

u1 ! e�i(�5X1+X2)
a

2va u1 , u2 ! e�i(�5X2+X1)
a

2va u2 . (122){eq:u1u2Vector}{eq:u1u2Vector}
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Figure 15: Phenomenological and experimental status for the hadronic axion. The experiments presented here are the same
shown in Fig. 14. Experimental bounds are shown in solid lines while projected sensitivity in dashed lines. The Helioscope lines
refer to the latest results from CAST [431] and to the expected sensitivity of BabyIAXO and IAXO [320]. For ABRACADABRA
we are using the expected sensitivity in phase 1 (Bmax = 5T and Volume=1m3 [308]) for the resonant case. The parameter
space is constrained at low masses by the BH superradiance and at high masses by the SN 1987A bound on the nEDM (see
text for more details). {fig_hadronic_parameter_space_grandAngolo}

The expected number of events in the Sikivie helioscope is

N� �Nb =
S�t

4⇡D2
�

Z
dNa

dtd!
Pa�✏ d! (229)

where Nb the total background, D� ' 1.5⇥ 1011 m is the distance to the Sun, S is the detector total area,
�t the exposure time, and ✏ a parameter that measure the detection efficiency. In general, the integral
should be restricted to some ! region. We assume that these threshold values are accounted for by ✏.

Be ḡa� the bound on the axion-photon coupling in the case of gae = 0. In the general case, we find

g2
a�

Z
(g2

a�
n� + g2

ae
ne)P̃a�✏ d!  ḡ4

a�

Z
n�P̃a�✏ d! (230)

where ga� is given in units of GeV�1 and P̃a� is the osciallation probability divided by ga� . In the case of
small axion mass, the factor qL in the expression for the probability is small and Pa� does not depend on
the axion energy. We can assume that the factor ✏ is also roughly constant in the energy interval relevant
for solar axions, if the experimental cuts in ! are performed far from the regions where the two fluxes are

66

1.  exp.s have just started to constrain E/N from above


2.  E/N ~ 1.92 appears as a tuned region in theory space
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[LDL, Giannotti, Nardi, Visinelli 2003.01100 (Phys. Rept.)]
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Suppressing ma
• Standard QCD axion

[Di Vecchia, Veneziano 

NPB171 (1980)]
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Suppressing ma
•  axion: mirror world  Z2

axion mass is suppressed 

but minimum in  π/2
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Suppressing ma
•  axion: N mirror worlds ZN

the axion                realizes the  symmetry non-linearlyZN( )θa ≡ a /fa

z ≡
mu

md
∼ 1/2

axion potential exponentially 
suppressed at large N 

[LDL, Gavela, Quilez, Ringwald 2102.00012]

[Hook 1802.10093]
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Suppressing ma
•  axion: N mirror worlds ZN

e.g.  axion Z3

N needs to be odd in order to 
have a minimum in zero

[Hook 1802.10093]

(strong CP problem is solved 
with 1/N probability) 

[LDL, Gavela, Quilez, Ringwald 2102.00012]
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Suppressing ma
•  axion: N mirror worlds ZN [LDL, Gavela, Quilez, Ringwald 2102.00012 + 2102.01082]

universal enhancement of all axion 
couplings w.r.t. standard QCD axion 


CASPEr-Electric could disentangle 
enhanced coupling vs. suppressed 
mass mechanism → backup slides
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Conclusions
• QCD axion: 2 birds with 1 stone

1. Strong CP problem 

2. Dark Matter

• Experimentally driven phase 

we are entering now the preferred window for the QCD axion 

• Take home message

axion couplings are UV dependent (enhanced/suppressed couplings, flavour, CPV, etc.)

if an “axion-like particle” will be ever discovered away from the canonical QCD window, 

it will be still tempting to think that it had something to do with the strong CP problem  
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I. INTRODUCTION
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Keeping X (Hd) 6= 0, and repeating the steps above, one finds X (Hk) = �2kX� � X (Hd) and hence
X (He) = 2n+1

X� + X (Hd). However, we still need to impose the orthogonality condition between the
PQ and Y currents. For phenomenological reasons (fermion masses), Hu,d,e need to pick-up a VEV, and
consequently also Hk (k = 2, 3, . . . , n) do because of the tadpole structure of the clockwork chain. The
orthogonality condition then reads:
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(where we also used vu = v1) so that
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and
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The axion-electron coupling is hence
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where in the last step we used N = 3 1

2
(X (Hu) + X (Hd)) = �3X� So in order to get the enhancement for

gae we need the physical VEV v ' 246 GeV to be oriented mainly in the direction of vd, v1, v2, etc. and in
particular ve/v ⌧ 1, vn/v ⌧ 1, vn�1/v ⌧ 1, etc. Alternatively, one can suppress gae a bit... [LDL: Here
we could use a more geometrical approach parametrizing the vacuum manifold in spherical
coordinates, in terms of n+ 1 angles, and study min and max of this function]
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(129)

which does not depend on the vacuum angles (as it should due to the fact that the E/N part of the axion-
photon coupling is quantized). For n = 1 it gives E/N = �4/3, compatibly with Eq. (29) in [98]. [LDL:
Note that in Eq. (124) there was a typo]
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naively, a large PQ charge for He would make the job… but, enhanced global symmetry

non-trivial constraints on PQ charges

must be explicitly broken in the scalar potential via non-trivial invariants (e.g.              )
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violet vertical line labeled fa > 5 ⇥ 1011 GeV. On the left of this line only pre-inflationary models with
progressively larger values of fa are allowed. In this case the heavy quark threshold can be correspondingly
increased, thus weakening the constraints from the LP condition. Therefore for KSVZ models larger values
of the axion-photon coupling become allowed within this region. However, this goes at the expense of a
progressively larger amount of fine tuning in the initial value of ✓, which might well be considered as an
unwanted feature in phenomenologically preferred axion models.

VII. DFSZ-TYPE OF AXION MODELS

In DFSZ-type of models [36, 37] two or more Higgs doublets Hi, carrying PQ charges, together with
the SM singlet axion field � are introduced. The SM fermion content is not enlarged, but in general both
quarks and leptons carry PQ charges. The electromagnetic and color U(1)PQ anomalies then depend on
the known fermions assignments under the SM gauge group, but also on their model dependent PQ charge
assignments. Hence, several variants of DFSZ axion models are possible, some of which have been discussed,
for instance, in Refs. [31, 32]. Here we argue that for most of these variants the axion-photon coupling falls
within the regions highlighted in Fig. 3. Only in some specific cases the KSVZ upper limit E/N = 170/3
can be exceeded. We will point out under which conditions this can occur.
Let us start with some general considerations: we assume nH � 2 Higgs doublets Hi which are coupled

to quarks and leptons via Yukawa interactions, and to the axion field � through scalar potential terms.
The kinetic term for the scalars carries a U(1)nH+1 rephasing symmetry that must be explicitly broken to
U(1)PQ⇥U(1)Y in order that the PQ current in Eq. (12) is unambiguously defined, and to avoid additional
Goldstone bosons with couplings only suppressed as the inverse of the electroweak scale. By considering
from the start only gauge invariant operators, the relevant explicit breaking U(1)nH+1

! U(1)PQ must be
provided by non-Hermitian renormalizable terms in the scalar potential involving Hi and �. This implies
that the PQ charges of all the fermions and Higgs doublets are interrelated and cannot be chosen arbitrarily.
In the most general scenario, each SM fermion field carries a specific PQ charge. However, given that the
anomalies of the PQ current depend on the di↵erence between the PQ charges of L- and R-handed fermions,
without loss of generality we can set the PQ charges of the L-handed fermions to zero, and only consider
the charges of the R-handed fermions Xuj

, Xdj
, Xej

, where j is a generation index. The ratio of anomaly
coe�cients E/N reads

E

N
=

P
j

�
4
3Xuj

+ 1
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�
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j
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+ 1
2Xdj

�

=
2

3
+ 2

P
j

�
Xuj

+ Xej

�
P

j

�
Xuj

+ Xdj

� , (37)

and it is particularly convenient to write it as in the second equality. Note that in order to have a non-
vanishing PQ-color anomaly, the denominator must be non-vanishing. The original DFSZ model [36, 37]
includes two Higgs doublets, Hu,d, coupled to the singlet scalar field via the quartic termHuHd�2, and family
independent PQ charges for the SM fermions. Then the factor E/N is fixed up to the two-fold possibility
of coupling the leptons either to Hd or to H⇤

u
. Eq. (36) shows that these two cases yield, respectively

DFSZ-I : Xe = Xd , E/N = 8/3 ,

DFSZ-II : Xe = �Xu , E/N = 2/3 , (38)

which in both cases give axion-photon couplings that fall inside the KSVZ band in Fig. 3.
Let us now consider the so called DFSZ-III variant [31] in which the scalar sector is enlarged to contain

nH = 3 Higgs doublets He,d,u coupled respectively to leptons, down-type and up-type quarks. Although
here we have some more freedom in choosing the values of the charges Xe, in order to enforce the breaking
U(1)4 = U(1)e ⇥ U(1)u ⇥ U(1)d ⇥ U(1)� ! U(1)PQ, He must couple to Hu, Hd and/or �2, so that
Xe cannot be completely arbitrary. To find the maximum allowed value, let us consider the bilinear mixed
scalar monomials (HeHu) , (H⇤

e
Hd), (HuHd) together with their Hermitian conjugates, responsible for U(1)4

breaking. It is easy to verify that the bilinear terms alone yield the same two possibilities listed in Eq. (37).
Let us then consider quadrilinear couplings. Since �2 has the same PQ charge than (HuHd)†, the four cases
below exhaust all the possible relations between Xe and the other PQ charges:

(HeHu) · (HuHd) =) Xe = �(2Xu + Xd) ,

(HeHu) · (HuHd)
† =) Xe = Xd ,

(H⇤
e
Hd) · (HuHd) =) Xe = Xu + 2Xd ,

(H⇤
e
Hd) · (HuHd)

† =) Xe = �Xu . (39)

• Consider a DFSZ-like construction with 2 + n Higgs doublets + a SM singlet  
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 A photo- and electro-philic Axion ?

 clockwork-like scenarios allow to consistently boost E/N

[See also Farina et al. 1611.09855, 

for KSVZ clockwork]

⇤ ⇤N = qN
⇤

Figure 1: A schematic representation of the clockwork mechanism increasing the interac-

tion scale of a non-renormalisable operator.

case, the association between the interaction scale and the energy at which new particles
must enter, although not formally correct, works in practice. The situation is very di↵erent
in presence of couplings which are small, in natural units, as the dynamics associated with
an interaction scale could occur at much smaller energies.

These considerations open the possibility that dynamics, usually associated with very
high-energy phenomena may lie much closer to, and possibly within, accessible energies. If
this were to be the case, a new puzzle arises: why would nature choose extremely small
coupling constants? Since long ago [1, 2] physicists have been reluctant to accept small (or
large) numbers without an underlying dynamical explanation, even when the smallness of a
parameter is technically natural in the sense of ’t Hooft [3]. One reason for this reluctance
is the belief that all physical quantities must eventually be calculable in a final theory with
no free parameters. It would be strange for small numbers to pop up accidentally from the
final theory without a reason that can be inferred from a low-energy perspective.

In this work we propose a general mechanism to generate small numbers out of a the-
ory with only O(1) parameters, and thus large e↵ective interaction scales out of dynamics
occurring at much lower energies. In all of these theories the full UV completion enters at
energies exponentially smaller than suggested by a given interaction strength. The mech-
anism is fairly flexible and can produce exponentially large interaction scales for light or
massless scalars, fermions, vectors, and even gravitons. It provides an interesting theoretical
tool which opens new model-building avenues for axion, neutrino, flavour, weak scale, and
gravitational physics.

The underlying structure is a generalisation of the clockwork models [4, 5], which were
originally used to construct axion (or relaxion [6]) setups in which the e↵ective axion decay
constant f is much larger than the Planck mass MP , without any explicit mass parameter
in the fundamental theory exceeding MP . In this way, one could circumvent the need for
transplanckian field excursions in models which, for di↵erent phenomenological reasons, re-
quire f > MP . These constructions can be viewed as extensions of an original proposal for
subplanckian completions of natural inflation [7–9]. The name clockwork follows from the
field phase rotations with periods that get successively larger from one field to the next (see
fig. 1 for a pictorial interpretation).

The general framework is the following: Consider a system involving a particle P , which
remains massless because of a symmetry S. At this stage neither the nature of P or S, nor
whether the description is renormalisable or not, is crucial. We will give plenty of specific
examples in our paper, but we want to stress that the general mechanism is insensitive to
the details of the model implementation.
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E/N(gmax
a�� ) E/N(gmin

a��)

KSVZ (NQ = 1) 44/3 5/3

KSVZ (NQ > 1) 170/3 23/12

DFSZ (nH = 2) 2/3 8/3

DFSZ (nH = 3) �4/3 8/3

DFSZ (nH > 3) 74/3 23/12

TABLE V. E/N values which give for a given any model the maximun and the decoupling values of ga�� . In the
case of KSVZ, bounds have been worked out under our selection rules. For DFSZ case instead, no conditions have
been considered for the viability of the model.
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+Hu2 ·Hd2 +Hu3 ·Hd3 (65)

The decoupling setup can be obtained by the following PQ charges assignment

Xdj = Xu1 = 1, Xu2 = Xu3 = 2, Xej = 0 (66)

which gives E/N = 23/12

E. Clockwork scenarios

In all the models we have so far considered some implicit assumption regarding their scalar content was
made. In KSVZ-type of models we have assumed that there is only one SM scalar singlet � carrying a PQ
charge, while in DFSZ-type of models we have allowed, as a maximum number, for one scalar doublet for
each SM fermion mass, for a total of nine EW doublets.
However, many more EW scalar doublets can be introduced in the SM without violating the LP condition,

up to about fifty. By adding scalar doublets that do not couple directly to the fermions, it is possible to
obtain very large PQ charges for the leptons, with huge enhancements of the numerator in the second term
in eq. (46). To see how this can work let us start with X� = q and the quadrilinear scalar coupling HuHd�2,
and let us set by using a charge redefinition proportional to hypercharge Xu = �2q and Xd = 0. Let us
Define H1 = Hu and next let us add a whole set of up-type Higgs doublets Hn with n = 2, 3, . . . ,m coupled
as (HnH

⇤
n�1)(H

⇤
n�1H

⇤
d
) and with charges Xn = �2nq. Finally let us couple (HeHm)(HmHd). We then

obtain Xe = 2m+1
q. Given that the number of doublets m can be as large as 50 before a LP is hit, lepton

charges exponentially large ⇠ 250 become possible.
In steps (for the talk):

1. Consider (HuHd�2) and normalize X� ⌘ q; =) Xu = �2q; Xd = 0

2. Define H1 = Hu. Add m up-type doublets: (HkH
⇤
k�1)(H

⇤
k�1H

⇤
d
), i.e. Xk = �2k q

3. Finally couple also the lepton Higgs He: (HeHm)(HmHd), i.e. Xe = 2m+1
q
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up to about fifty. By adding scalar doublets that do not couple directly to the fermions, it is possible to
obtain very large PQ charges for the leptons, with huge enhancements of the numerator in the second term
in eq. (46). To see how this can work let us start with X� = q and the quadrilinear scalar coupling HuHd�2,
and let us set by using a charge redefinition proportional to hypercharge Xu = �2q and Xd = 0. Let us
Define H1 = Hu and next let us add a whole set of up-type Higgs doublets Hn with n = 2, 3, . . . ,m coupled
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charges exponentially large ⇠ 250 become possible.
In steps (for the talk):
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(HeHn)(HnHd), i.e. Xe = 2n+1
q

E

N
=

2

3
+ 2

Xu + Xe

Xu + Xd

⇠ 2m+1 (67)

E/N ⇠ 2n (68)

A similar construction is possible also in KSVZ models by adding additional PQ charged singlets �k.
This possibility was put forth in [72] and we refer to this reference for details.

VI. CONCLUSIONS

In conclusion, nobody wants to write the conclusions . . .
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Appendix A: Q-decay operators � integrally charged hadrons

In this Appendix we examine the close connection between the existence of Q-decay operators and the
absence of fractionally charged hadrons containing the heavy quark Q. Heavy colored particles with exotic
electric charges (e.g. Q = 1/5,⇡, etc.) cannot decay into SM particles (by electric charge conservation)
and hence are absolutely stable. They also will not get confined into hadrons of integer charge, and this
implies that they cannot get bounded into neutral hadrons, atoms or molecules. Limits on the abundance
of fractionally charged particles are very strong, while exotic hadrons with integer charges can “hide” more
easily (strong limits exist, but they also depend on the exotic hadron charge).
Remarkably, if the quantum numbers of Q are such that one can build a Q-decay operator the heavy quark

Q can only hadronize into integrally charged hadrons. The reverse statement is true as well. Namely, if the
heavy quark Q is such that it gives rise to hadrons with integer charges then it is always possible to write
operators that will let them decay into SM particles. On general grounds, one expect such operators to be
generated at latest by Planck-scale physics and this can have profound consequences on the phenomenological
studies of these exotics.
The rest of the Appendix is devoted to a constructive proof of the statement above both in the direct and

reverse direction.

1. Proof of direct statement

Let us start by proving the direct statement: Exotic heavy Q quarks that are allowed to decay into SM

particles, can only hadronize in integrally charged baryons or mesons.
The possibility of decays requires operators linear in the field Q. In the following, we explicitly write the

Q and the SM quarks q, and denote with [SM ] any string of other SM particles not containing quarks. Note
that in all cases [SM ] has integer or vanishing electric charge, and can transform either in the 1 or 8 of
color.5 In the following g denotes gluons, Q denotes the electric charge, and n 2 Z denotes a generic integer
or vanishing number. Here we will not be concerned with identifying the lowest mass exotic hadron within

5
For simplicity we only consider decay operators involving at most one color field strength tensor, but the generalization is

straightforward. Note that two or more Gµ⌫ imply operators of D � 7, and with respect to them Q is cosmologically stable.

[Giudice, McCullough]

[LDL, Mescia, Nardi 1705.05370]
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Keeping X (Hd) 6= 0, and repeating the steps above, one finds X (Hk) = �2kX� � X (Hd) and hence
X (He) = 2n+1

X� + X (Hd). However, we still need to impose the orthogonality condition between the
PQ and Y currents. For phenomenological reasons (fermion masses), Hu,d,e need to pick-up a VEV, and
consequently also Hk (k = 2, 3, . . . , n) do because of the tadpole structure of the clockwork chain. The
orthogonality condition then reads:
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(where we also used vu = v1) so that

X (Hd) = �X�

 
2n+1

v2
e

v2
+

nX

k=1

2k
v2
k

v2

!
(126)

and

X (He) = 2n+1
X� + X (Hd) = X�

"
2n+1

✓
1�

v2
e

v2

◆
�

nX

k=2

2k
v2
k

v2

#
(127)

The axion-electron coupling is hence
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where in the last step we used N = 3 1

2
(X (Hu) + X (Hd)) = �3X� So in order to get the enhancement for

gae we need the physical VEV v ' 246 GeV to be oriented mainly in the direction of vd, v1, v2, etc. and in
particular ve/v ⌧ 1, vn/v ⌧ 1, vn�1/v ⌧ 1, etc. Alternatively, one can suppress gae a bit... [LDL: Here
we could use a more geometrical approach parametrizing the vacuum manifold in spherical
coordinates, in terms of n+ 1 angles, and study min and max of this function]
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which does not depend on the vacuum angles (as it should due to the fact that the E/N part of the axion-
photon coupling is quantized). For n = 1 it gives E/N = �4/3, compatibly with Eq. (29) in [98]. [LDL:
Note that in Eq. (124) there was a typo]
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• Consider a DFSZ-like construction with 2 + n Higgs doublets + a SM singlet  
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How to tell which mechanism ?  

[Pablo Quilez]

CASPEr-Electric could disentangle enhanced coupling vs. suppressed mass 
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CASPEr-Electric
• Cosmic Axion Spin Precession Experiment 
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Searches for Dark Matter Axions

| Overview of Ultra-light Dark Matter Searches | Andreas Ringwald, Light Dark Matter 2019, Venice, Italy, 20-22 November 2019

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 
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Axion DM field induces an oscillating nEDM 

[Graham, Rajendran 1306.6088, Budker+ 1306.6089, 

Jackson Kimball+ 1711.08999]
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FIG. 3. Experimental reach of CASPEr Electric. The green band is excluded by astrophysical observations [30, 31]. The
blue region shows the axion mass range covered by ADMX and HAYSTAC. Orange, red, and maroon regions show sensitivity
projections explained in text. Phases II and III reach the QCD axion coupling strength. The fundamental quantum sensitivity
limit is given by magnetization noise, shown by the dashed red line. The vertical dashed gray line indicates the mass ma and
frequency !a corresponding to axions generated by symmetry breaking at the Planck scale. See Ref. [36] for details of these
estimates.

V. CASPER WIND

In CASPEr Wind, no electric field is required and so
di↵erent possibilities for the choice of the sample are
opened. Otherwise, the procedure is similar to that for
CASPEr Electric: the sample is placed within a magnetic
field ~B0; as ~B0 is scanned, the corresponding Larmor fre-
quency changes; and if ⌦L is tuned to resonance with the
axion oscillation frequency, an oscillating magnetization
~M(t) will build up in the sample. The oscillating mag-
netization is detected with a pick-up loop connected to a
SQUID or RF amplifier.

The sample of choice for CASPEr Wind is liquid
129Xe, a high-density sample that can be hyperpolarized
through spin-exchange with optically pumped Rb [38].
Because 129Xe is in the liquid phase, the environment is
isotropic on average which removes CSA. The transverse
spin relaxation times T2 for liquid 129Xe can be on the
order of 1000 s and over essentially the entire range of
axion masses to be investigated by CASPEr, the factor
limiting the integration time will be ⌧a.

As discussed in Sec. IV, di↵erent detectors are opti-
mal for di↵erent frequency (and therefore, magnetic field)
ranges. Above ⇡ 1 MHz (B0 ⇡ 0.1 T for 129Xe), stan-
dard inductive detection using an LC circuit gives opti-
mal signal-to-noise. However, below ⇡ 1 MHz, SQUID
magnetometers perform better. At near-zero fields corre-
sponding to !a/(2⇡) . 10 Hz, other experimental strate-
gies become viable. Thus the CASPEr Wind experiment
is being realized with three distinct setups: CASPEr

Wind High Field (magnetic fields 0.1 T . B0 . 14 T),
CASPEr Wind Low Field (10�4 T . B0 . 10�1 T), and
CASPEr Wind ZULF (zero-to-ultralow field) that probes
B0 . 10�4 T.

A. CASPEr Wind: High and Low Field

For the CASPEr Wind High and Low Field experi-
ments the preparation of the hyperpolarized liquid Xe
sample is identical (and in fact both experiments use the
same Xe polarizer). To prepare the spin-polarized liquid
Xe sample, first Xe gas is mixed with other gases (N2,
He, and Rb) and then hyperpolarized via spin-exchange
optical pumping (SEOP, see Refs. [59, 60]). The hyper-
polarized Xe is condensed into solid form inside a region
cooled by a liquid-nitrogen bath in the presence of a lead-
ing magnetic field. He and N2 used in SEOP are then
vented out. Subsequently the frozen Xe is sublimated to
become a gas and the valve to the experimental cell is
opened and a piston compresses the Xe into liquid form.
The liquid Xe is then flowed into the experimental cell.
After the Xe polarization decays, the Xe is pumped out
and recycled. This procedure has been demonstrated to
achieve near unity polarization and spin densities on the
order of 1022 per cm3 [38, 61]. The design of the experi-
ment should allow nearly continuous cycling between the
Xe polarizer and the experimental cell, enabling a high
duty cycle for the measurements.
For CASPErWind High Field, a tunable magnetic field

of up to ⇡ 14 T will be applied to the liquid Xe with a
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A central question of physics beyond the Standard Model (SM) is whether there is
intermediate-scale physics between the electroweak and the Planck scales and how to
possibly test it. It can be reasonably argued that the SM is an e↵ective field theory,
valid until some cut-o↵ scale ⇤SM  MPlanck = 1.2⇥ 1019 GeV and that (disregarding the
long-pursued naturalness argument of the electroweak scale) the new layer of physical
reality might lie much above the TeV scale. This is actually suggested by the inner
structure of the SM: flavour and CP violating observables have generically probed scales
up to ⇤SM & 106 GeV, while light neutrino masses point to ⇤SM . 1014 GeV. At the
same time, it is evident that the hypercharge structure of the SM fermions cries out for
unification (letting aside the more mysterious origin of flavour). Left-Right symmetric
theories [1–4] provide a most natural route for addressing the origin of hypercharge and
neutrino masses, passing through the Pati-Salam partial unification scheme [1] (which
also provides a rationale for the quantization of electric charge) and ending up into one
SM family plus a right-handed neutrino unified into a spinorial representation of SO(10)
[5, 6]. Due to the fact that these groups have rank 5, they admit at least an intermediate
breaking stage before landing on the SM gauge group, and in the case of Pati-Salam [7]
and SO(10) [8–10] those are often predicted to lie in between 106 GeV and 1014 GeV
by (partial) gauge coupling unification. This picture would gain an additional value if
such intermediate-scale physics would be connected to other open issues of the SM, most
notably the baryon asymmetry of the Universe and Dark Matter (DM). The former is
built-in in the form of thermal leptogenesis [11], which in its simplest realization would
suggest ⇤SM & 109 GeV (see e.g. [12]), while DM is often a missing ingredient in minimal
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< 10�21 (1.4)

106 GeV . ⇤SM . 1014 GeV (1.5)

⇤SM 2 [106, 1014] GeV (1.6)

⇤SM & 109 GeV (1.7)

SO(10) �! Pati-Salam �! Left-Right �! SM (1.8)

dn(t) = gd

p
2⇢DM

ma

cos(mat) (1.9)

{ (1.10)

dn (1.11)

L � � i

2
gda n�µ⌫�5nF

µ⌫ (1.12)

A central question of physics beyond the Standard Model (SM) is whether there is
intermediate-scale physics between the electroweak and the Planck scales and how to
possibly test it. It can be reasonably argued that the SM is an e↵ective field theory,
valid until some cut-o↵ scale ⇤SM  MPlanck = 1.2⇥ 1019 GeV and that (disregarding the
long-pursued naturalness argument of the electroweak scale) the new layer of physical
reality might lie much above the TeV scale. This is actually suggested by the inner
structure of the SM: flavour and CP violating observables have generically probed scales
up to ⇤SM & 106 GeV, while light neutrino masses point to ⇤SM . 1014 GeV. At the
same time, it is evident that the hypercharge structure of the SM fermions cries out for
unification (letting aside the more mysterious origin of flavour). Left-Right symmetric
theories [1–4] provide a most natural route for addressing the origin of hypercharge and
neutrino masses, passing through the Pati-Salam partial unification scheme [1] (which
also provides a rationale for the quantization of electric charge) and ending up into one
SM family plus a right-handed neutrino unified into a spinorial representation of SO(10)
[5, 6]. Due to the fact that these groups have rank 5, they admit at least an intermediate
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…which is detected via NMR techniques
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• New CP violation in the UV can source a scalar axion-nucleon coupling

[Moody, Wilczek PRD30 (1984)]
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7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

monopole-dipole dipole-dipole
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The forces mediated by spin-0 bosons are described, along with the existing experimental limits.
The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the T-
violating axion monopole-dipole forces are proposed.

MACROSCOPIC FORCES

Very light, weakly coupled bosons are occasionally sug-
gested in the literature, for example, axions, ' familons,
majorons, arions„and spin-1 antigravitons. Such parti-
cles must couple very weakly to ordinary matter to have
eluded detection thus far. A boson with small enough
mass (say, 10 eV) would have a macroscopic Compton
wavelength (say, 2 cm) and would mediate a force on lab-
oratory scales. Even if very weakly coupled at the single-
particle level, a macroscopic body with 10 constituents
could produce a measurable, coherent light-boson field.
In the familiar case of gravity, the dimensionless coupling
between two nucleons due to graviton exchange is absurd-
ly small [(m„„,&„„/Mp] g) —10 ], but two 1-g masses
separated by 1 cm experience a measurable force of

(6X10 ) (m~/Mpi) =6.7X10 dyn .
(1 cm)

We shall be interested in the possibility of detecting
very light spin-0 bosons through the macroscopic forces
which they mediate. The possible forces are determined
by the allowed couplings; the spin-0 boson must couple to
an effectively conserved quantity. There are only two
possibilities for couplings to fundamental fermions: the
scalar vertex and the pseudoscalar vertex. The scalar and
pseudoscalar vertices can be analyzed in momentum space
using the Gordon decomposition. For pure spacelike
momentum transfer q, they become

scalar,

pseudoscalar,

qP
gpq(qW'(pf }t YS P(p )gpq'(q} 2M P(pf )t1 s1 tb(p'}

=gptp(q} [gt(pf );&g(p;)] . (2)

Here pf——p +q/2 and p; =p —q/2 are the final and ini-
tial on-shell momenta and M is the fermion mass. The
matrix X is the diagonal spin matrix. In the nonrelativis-
tic limit (small fermion velocity and momentum transfer),
the scalar coupling is spin-independent and depends only

~~
upon the fermion density g&@pe

' q '. The pseudoscalar
coupling is entirely spin-dependent, however. The virtual
boson fields of a fermion in the two cases will thus be
"monopole" and "dipole" fields (in the sense of the multi-
ple expansion).
The scalar and pseudoscalar vertices (1) and (2) can ap-

pear in one-boson-exchange graphs in three combinations;
this allows the existence of three distinct forces. The
two-fermion potential can be calculated in the inverse
Born approximation,

d q (vertex 1)(vertex 2)e'q''
(2n. ) q +w~

The results are (see Fig. 1)

(monopole),
—Nl l'—gsgse

g, tp(q)p(pf )g(p; )=gstp(q), f(pf )$(p; )

—i " "p(pf )tT~"g(p;); (1)
2M

monopole-dipole,

(dipole),

rA A02r m& 1 —m r

8mM2 r r 2

1 2 VlgI'gI' ~y 1 4~ 3 Iq 3~y 3 —m rV(r) = (&,.&„),+, + 5 (r) —(&, r")(&,.r") + +— e16mMM " r2 „3 3 r2 r3 (6)

Regardless of the assigned parity of the light, spin-0 bo-
son, the (monopole} and (dipole) forces conserve P and
T. However, the monopole-dipole force enjoys a unique
status amongst possible macroscopic interactions, because

&.r violates P and T and of course macroscopic P and T
violation has heretofore not been observed.
A few experimental upper limits exist for the strength

of anomalous (monopole) and (dipole} interactions.
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tic limit (small fermion velocity and momentum transfer),
the scalar coupling is spin-independent and depends only

~~
upon the fermion density g&@pe

' q '. The pseudoscalar
coupling is entirely spin-dependent, however. The virtual
boson fields of a fermion in the two cases will thus be
"monopole" and "dipole" fields (in the sense of the multi-
ple expansion).
The scalar and pseudoscalar vertices (1) and (2) can ap-

pear in one-boson-exchange graphs in three combinations;
this allows the existence of three distinct forces. The
two-fermion potential can be calculated in the inverse
Born approximation,

d q (vertex 1)(vertex 2)e'q''
(2n. ) q +w~

The results are (see Fig. 1)

(monopole),
—Nl l'—gsgse

g, tp(q)p(pf )g(p; )=gstp(q), f(pf )$(p; )

—i " "p(pf )tT~"g(p;); (1)
2M

monopole-dipole,

(dipole),

rA A02r m& 1 —m r

8mM2 r r 2

1 2 VlgI'gI' ~y 1 4~ 3 Iq 3~y 3 —m rV(r) = (&,.&„),+, + 5 (r) —(&, r")(&,.r") + +— e16mMM " r2 „3 3 r2 r3 (6)

Regardless of the assigned parity of the light, spin-0 bo-
son, the (monopole} and (dipole) forces conserve P and
T. However, the monopole-dipole force enjoys a unique
status amongst possible macroscopic interactions, because

&.r violates P and T and of course macroscopic P and T
violation has heretofore not been observed.
A few experimental upper limits exist for the strength

of anomalous (monopole) and (dipole} interactions.
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• New CP violation in the UV can source a scalar axion-nucleon coupling
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FIG. 3. Upper limits on gN
s gN

p . The solid lines are all existing limits on this parameter space, the dashed lines correspond to a
combination of laboratory scalar searches and astrophysical pseudoscalar bounds, and the dotted lines are all projections. The
two projections for ARIADNE [87] aim to have QCD sensitivity for 10µeV–meV axion masses. We also show projected limits for
dark matter experiments: CASPEr-wind [53], and a possible future dark matter comagnetometer [140]. In both of these cases we
have multiplied the expected constraint on gN

p with the astrophysical bound on gN
s . The combined astrophysical and laboratory

bound can be downloaded from this https url.

B. Nucleon-nucleon interactions

Similar to the electron-nucleon interaction, the most
stringent limit on gN

s gN
p can be derived by multiplying

the long-range force limits shown Fig. 1 with the neu-
tron star cooling bound on the pseudoscalar coupling
written in Eq. (11). We show these bounds in Fig. 3.
As in the previous example, we show the combination
of the lab bound on the scalar coupling with the
astrophysical bound on the pseudoscalar coupling with
a green dashed line. The three most stringent purely
experimental bounds are described below.

Figure 3:

• Washington experiment of Venema et
al. (1992) [141] which measures the spin pre-
cession frequencies of two Hg isotopes optically,
using the Earth as a source mass. Note that we
have taken the version of this limit presented in
Fig. 13 of Ref. [79].

• SMILE experiment probing forces between polar-
ized nucleons in a 3He-K comagnetometer, and
unpolarized lead weights spaced 15 cm away [75].

• Mainz experiment [142] using an ultra-sensitive
low-field magnetometer with polarized gaseous
samples of 3He and 129Xe.

We also show highlight two potential dark matter
limits coming from experiments sensitive to (gN

p )2:
the upcoming nuclear magnetic resonance experiment
CASPEr-wind [53], and a concept for a dark matter co-
magnetometer suggested by Ref. [140].

One of the most notable updates since the last com-
pilation of these bounds was presented is the first limit
mentioned above [141]. Although Ref. [86] did not con-
sider bounds at scales larger than 10 m for this inter-
action, extending our scope to larger scales, means this
has improved the constraint at the lightest masses by
around five orders of magnitude. Some experimental
techniques probing around 0.01 eV have also improved
since the last compilation, e.g. from experiments using
ultracold neutrons [143], and hyperpolarized 3He [144].

[O’Hare, Vitagliano 2010.03889]
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-

Axion-mediated forces, CP violation and left-right interactions

Stefano Bertolini,1, ⇤ Luca Di Luzio,2, † and Fabrizio Nesti3, 4, ‡

1
INFN, Sezione di Trieste, SISSA, Via Bonomea 265, 34136 Trieste, Italy

2
Deutsches Elektronen-Synchrotron DESY,

Notkestraße 85, D-22607 Hamburg, Germany
3
Dipartimento di Scienze Fisiche e Chimiche,

Università dell’Aquila, via Vetoio, I-67100, L’Aquila, Italy
4
INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi (AQ), Italy

We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
chiral perturbation theory and we apply the results to the case of left-right symmetry. The correlated
constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.

1

2

a
2

f2
a

D
GG̃,GG̃

E

| {z }
�

+
a

fa

D
GG̃,OCPV

E

| {z }
�0

(1)

hai

fa
= �

�
0

�
(2)

✓e↵ = 10�10 (3)

✓e↵ = 10�18 (4)

Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
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case of relic axions (haloscopes) or to a less extent
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setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
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the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
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an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
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Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
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