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QCD axion & strong CP
• Introduced to address the strong CP problem [Peccei, Quinn ’77, Weinberg ’78, Wilczek ’78]

1 Introduction
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2

I. INTRODUCTION

✓
1� c

mq

2mn

ei✓
◆

e

mn

n�µ⌫�5nFµ⌫ + h.c. =) dn = c
mq

mn

e

mn

✓ (1)

H = �dn E · Ŝ () L = �dn
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H = �dn E · Ŝ () L = �dn
i

2
n�µ⌫�5nFµ⌫ (2)

dn (3)

dexp
n

< 2.9 · 10�26 e cm = 1.5 · 10�12 e GeV�1 (4)

n
(5)

ei✓ (6)

wa = pa/⇢a ' 0 (7)

tan� ⌘
vu
vd

2 [0.28, 140] (8)

gae = Cae

me

fa
(9)

Cae =

⇢
1
3 sin

2 � (DFSZ-I)
1
3 cos

2 � (DFSZ-II)
(10)

=) N3 = 2Xq3 �Xu3 �Xd3 = X1 �X2

=) N2 = 2Xq2 �Xu2 �Xd2 = X2 �X1 (11)

↵

8⇡

Ca�

fa
aFµ⌫ F̃

µ⌫ (12)

K ! ⇡a (13)

C m 
a

fa
[  ] (14)

T � 1 GeV (15)

T ⇠ 1 GeV (16)

2

I. INTRODUCTION

✓
1� c

mq

2mn

ei✓
◆

e

mn

n�µ⌫�5nFµ⌫ + h.c. =) dn = c
mq

mn

e

mn

✓ (1)

H = �dn E · Ŝ () L = �dn
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QCD axion & strong CP
• Introduced to address the strong CP problem [Peccei, Quinn ’77, Weinberg ’78, Wilczek ’78]

[Courtesy of A. Keshavarzi]
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QCD axion & strong CP
• Introduced to address the strong CP problem [Peccei, Quinn ’77, Weinberg ’78, Wilczek ’78]

- promote  to a dynamical field (axion):  θ θ →
a
fa

- acquires a QCD potential and relaxes dynamically to zero  

-� π -π � π � π
θ

�(
θ)
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QCD axion & dark matter
• Unavoidably contributes to ΩDM

i) misalignment mechanism (axion oscillations) 
[Preskill, Wise, Wilczek ’83, 
Abbott, Sikivie ’83, 
Dine, Fischler ‘83]
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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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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).

V(a)

a
T ≫ 1 GeV

T ∼ 1 GeV

m2
a(T ) ≈ m2

a (T/Tc)−8

(T ≫ Tc ≈ 150 MeV)

[Axion mass at finite T from lattice QCD inputs - 
see e.g. Borsanyi et al 1606.07494]

θi ≡ ai /fa
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ä+m
2
a
(T )fa sin

✓
a

fa

◆
⇡ 0 (11)

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).

V(a)

a
T ≫ 1 GeV

T ∼ 1 GeV

θi ≡ ai /fa

V(a)

a

Ωah2 ≈ 0.12 ( 6 μeV

ma )
1.16

θ2
i

a(t)
fa today

∼
2ρDM

m2
a f 2

a
cos(mat)

{
10−18

 L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics                                          03/18



QCD axion & dark matter
• Unavoidably contributes to ΩDM

i) misalignment mechanism (axion oscillations) 

[Davies ’86, Harari Sikivie ’87, …]

absent if PQ symmetry is broken before inflation (Pre-inflation)

ii) topological defects (axion strings, …) 

 L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics                                          03/18



QCD axion & dark matter
• Unavoidably contributes to ΩDM

i) misalignment mechanism (axion oscillations) 

ii) topological defects (axion strings, …) 

2

I. INTRODUCTION

✓ / JCKM log⇤UV (1)

fa < max{HI , TR} (2)

It is well known that the standard model (SM) of particle physics does not explain some well established
experimental facts like dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it
also contains fundamental parameters with highly unnatural values, like the coe�cient µ2

⇠ O((100 GeV)2)
of the quadratic term in the Higgs potential, 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 [1] (unlike µ2) and (unlike he,u,d [2]) it evades explanations
based on environmental selection [3]. Thus, seeking explanations for the smallness of ✓ independently of other
“small values” problems is theoretically motivated. While most of the problems of the SM can be addressed
with a large variety of mechanisms, basically only three types of solutions to the strong CP problem have
been put forth so far. The simplest possibility, a massless up-quark, is now ruled out (mu 6= 0 by 20 standard
deviations [4, 5]). The so-called Nelson-Barr (NB) type of models [6, 7] either require a high degree of fine
tuning, often comparable to setting |✓| <⇠ 10�10 by hand, or additional and rather elaborated theoretical
structures to keep ✓ su�ciently small at all orders [8, 9]. The Peccei-Quinn (PQ) solution [10, 11] arguably
stands on better theoretical grounds, and from the experimental point of view it also has the advantage of
predicting an unmistakable signature: the existence of a new light scalar particle, universally known as the
axion [12, 13]. Therefore, the issue if the PQ solution is the correct one, could be set experimentally by
detecting the axion. In contrast, no similar unambiguous signature exists for NB models.
A crucial challenge for axion models is to explain 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 [14–16], and it seems fair to state that only constructions that
embed such an explanation can be considered theoretically satisfactory. A wide variety of proposals to
generate a high quality U(1)PQ have been put forth based, for example, on discrete gauge symmetries [17–
20], supersymmetry [15, 21, 22], compositeness [23–26], flavour symmetries [27] or new continuous gauge
symmetries [28, 29]. Regardless of the details of the di↵erent theoretical constructions, many properties of
the axion remain remarkably independent from specific model realizations. It is then very important, in
order to focus axion searches, to identify as well as possible the region in parameter space where realistic
axion models live. The vast majority of axion search techniques are sensitive to the axion-photon coupling
ga�� which is inversely proportional to the axion decay constant fa. Since the axion mass ma has the same
dependence, the experimental exclusion limits, as well as the theoretical predictions for specific models,
can be conveniently presented in the ma-ga�� plane (see Fig. 3). The commonly adopted “axion band”
corresponds roughly to

ga�� ⇠
↵

2⇡

ma

f⇡m⇡

⇠
10�10

GeV

⇣ma

eV

⌘
, (3)

with a somewhat arbitrary width chosen to include representative models as e.g. those of Refs. [30–32].
Recently, in Ref. [33] we have 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 (LP) below a scale ⇤LP of the order of the Planck scale.
In this paper we will first present a more detailed analysis of the phenomenological constraints on hadronic
axion models (to which we will often refer also as Kim-Shifman-Vainshtein-Zakharov (KSVZ) [34, 35] type
of axion models) on which the study of Ref. [33] was based. Since the first condition i) is relevant only when
the heavy quarks Q have an initial thermal abundance, the validity of the analysis in Ref. [33] is restricted
to the case when Treheating & mQ. The Q acquire their mass via a Yukawa coupling with the complex
axion field so that, for Yukawa couplings not exceeding unity, this translates into Treheating & fa (where fa
is the axion decay constant) a condition that can be only realized when the PQ symmetry is broken after
inflation, and will be referred as post-inflationary scenario. However, astrophysical considerations imply
a lower bound fa & 109 GeV, while the only firm limit on the scale of inflation is provided by big bang
nucleosynthesis (BBN) to merely lie above a few MeV. Since this leaves ample space for axion models to be
realized in pre-inflationary scenarios, in which the initial Q abundance is completely negligible, it would be
interesting to generalize the analysis of [33] by dropping condition i). Such a generalization will be carried
out in section VI, subject to the only condition that fa  5⇥1011 GeV, which restricts the class of models to
those which do not require any ad hoc tuning (or anthropic selection arguments) to justify particularly small
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It is well known that the standard model (SM) of particle physics does not explain some well established
experimental facts like dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it
also contains fundamental parameters with highly unnatural values, like the coe�cient µ2

⇠ O((100 GeV)2)
of the quadratic term in the Higgs potential, 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 [1] (unlike µ2) and (unlike he,u,d [2]) it evades explanations
based on environmental selection [3]. Thus, seeking explanations for the smallness of ✓ independently of other
“small values” problems is theoretically motivated. While most of the problems of the SM can be addressed
with a large variety of mechanisms, basically only three types of solutions to the strong CP problem have
been put forth so far. The simplest possibility, a massless up-quark, is now ruled out (mu 6= 0 by 20 standard
deviations [4, 5]). The so-called Nelson-Barr (NB) type of models [6, 7] either require a high degree of fine
tuning, often comparable to setting |✓| <⇠ 10�10 by hand, or additional and rather elaborated theoretical
structures to keep ✓ su�ciently small at all orders [8, 9]. The Peccei-Quinn (PQ) solution [10, 11] arguably
stands on better theoretical grounds, and from the experimental point of view it also has the advantage of
predicting an unmistakable signature: the existence of a new light scalar particle, universally known as the
axion [12, 13]. Therefore, the issue if the PQ solution is the correct one, could be set experimentally by
detecting the axion. In contrast, no similar unambiguous signature exists for NB models.
A crucial challenge for axion models is to explain 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 [14–16], and it seems fair to state that only constructions that
embed such an explanation can be considered theoretically satisfactory. A wide variety of proposals to
generate a high quality U(1)PQ have been put forth based, for example, on discrete gauge symmetries [17–
20], supersymmetry [15, 21, 22], compositeness [23–26], flavour symmetries [27] or new continuous gauge
symmetries [28, 29]. Regardless of the details of the di↵erent theoretical constructions, many properties of
the axion remain remarkably independent from specific model realizations. It is then very important, in
order to focus axion searches, to identify as well as possible the region in parameter space where realistic
axion models live. The vast majority of axion search techniques are sensitive to the axion-photon coupling
ga�� which is inversely proportional to the axion decay constant fa. Since the axion mass ma has the same
dependence, the experimental exclusion limits, as well as the theoretical predictions for specific models,
can be conveniently presented in the ma-ga�� plane (see Fig. 3). The commonly adopted “axion band”
corresponds roughly to
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with a somewhat arbitrary width chosen to include representative models as e.g. those of Refs. [30–32].
Recently, in Ref. [33] we have 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 (LP) below a scale ⇤LP of the order of the Planck scale.
In this paper we will first present a more detailed analysis of the phenomenological constraints on hadronic
axion models (to which we will often refer also as Kim-Shifman-Vainshtein-Zakharov (KSVZ) [34, 35] type
of axion models) on which the study of Ref. [33] was based. Since the first condition i) is relevant only when
the heavy quarks Q have an initial thermal abundance, the validity of the analysis in Ref. [33] is restricted
to the case when Treheating & mQ. The Q acquire their mass via a Yukawa coupling with the complex
axion field so that, for Yukawa couplings not exceeding unity, this translates into Treheating & fa (where fa
is the axion decay constant) a condition that can be only realized when the PQ symmetry is broken after
inflation, and will be referred as post-inflationary scenario. However, astrophysical considerations imply
a lower bound fa & 109 GeV, while the only firm limit on the scale of inflation is provided by big bang
nucleosynthesis (BBN) to merely lie above a few MeV. Since this leaves ample space for axion models to be
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Recently, in Ref. [33] we have put forth a definition of a phenomenologically preferred axion window as
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interacting relics; ii) do not induce Landau poles (LP) below a scale ⇤LP of the order of the Planck scale.
In this paper we will first present a more detailed analysis of the phenomenological constraints on hadronic
axion models (to which we will often refer also as Kim-Shifman-Vainshtein-Zakharov (KSVZ) [34, 35] type
of axion models) on which the study of Ref. [33] was based. Since the first condition i) is relevant only when
the heavy quarks Q have an initial thermal abundance, the validity of the analysis in Ref. [33] is restricted
to the case when Treheating & mQ. The Q acquire their mass via a Yukawa coupling with the complex
axion field so that, for Yukawa couplings not exceeding unity, this translates into Treheating & fa (where fa
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QCD axion & dark matter
• Unavoidably contributes to ΩDM

i) misalignment mechanism (axion oscillations) 

ii) topological defects (axion strings, …) 

[https://cajohare.github.io/AxionLimits]
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Back to PQ mechanism
• New spin-0 boson with a pseudo-shift symmetry
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broken by [Vafa, Witten PRL 53 (1984)]

a → a + κ fa
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*path-integral measure positive definite for a vector-like theory (e.g. QCD) 
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• Does the axion really relax to zero ? 
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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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[Peccei, Quinn ’77, Weinberg ’78, Wilczek ’78]• its origin can be traced back to a global U(1)PQ 

a → a + κ fa

[Vafa, Witten PRL 53 (1984)]

Back to PQ mechanism
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[Gorghetto, Villadoro 1812.01008 (NNLO chiPT)
Bonati et al, 1512.06746 + Borsanyi et al 1606.07494 (lattice)]

ma = 5.691(51) meV ( 109 GeV

fa )

 from astrophysics fa ≳ 109 GeV very light & weakly coupled
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- experimentally, more useful to think about the axion as wave
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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)

@µa

vPQ
J
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PQ =

@µa

vPQ

h
�Q̄LXQL

�µQL � ūRXuR
�µuR � d̄RXdL

�µdR

i
, (4)

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

@µa
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 i j
+C

A

 i j
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where mass eigenstates are denoted as  i = {ui, di} and we have introduced the vector1 and
axial couplings

C
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1
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. (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.

[Grilli di Cortona, Hardy, Vega, Villadoro 1511.02867 (NLO chiPT)
Lu, Du, Guo, Meißner,  Vonk 2003.01625 (NNLO chiPT)]
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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)

@µa

vPQ
J
µ
PQ =

@µa

vPQ

h
�Q̄LXQL

�µQL � ūRXuR
�µuR � d̄RXdL

�µdR

i
, (4)

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

@µa

2 fa

 ̄i(CV

 i j
+C

A

 i j
�5)�µ j , (5)

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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Axion Models

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

[Dine, Fischler, Srednicki, 
Zhitnitsky ’80]
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Zakharov ’80]

[Peccei, Quinn, 
Wilczek, Weinberg ’78]
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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
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [? ? ]. The so-called Nelson-Barr (NB) type models [? ? ] either
require a high degree of fine tuning, often comparable to setting ✓ <⇠ 10�10 by hand, or additional rather
elaborated theoretical structures [? ]. The Peccei-Quinn (PQ) solution [? ? ? ? ] arguably stands on better
theoretical grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ
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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
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [? ? ]. The so-called Nelson-Barr (NB) type models [? ? ] either
require a high degree of fine tuning, often comparable to setting ✓ <⇠ 10�10 by hand, or additional rather
elaborated theoretical structures [? ]. The Peccei-Quinn (PQ) solution [? ? ? ? ] arguably stands on better
theoretical grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ

• global U(1)PQ (QCD anomalous + spontaneously broken)

 L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics                                          06/18



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+Singlet Higgs+Singlet

DFSZ KSVZ

Benchmark axion models
• global U(1)PQ (QCD anomalous + spontaneously broken)

2

I. INTRODUCTION

Ce ' 0 (1)

C� = �1.92(4) (2)

C� = E/N � 1.92(4) (3)

Cp = �0.47(3) (4)

Cn = �0.02(3) (5)

Cn = 0 (6)

Cp = �0.5 (7)

n, (8)

Ce = 1/6 (9)

C� = �1.92 (10)

ma . 10T? (11)

ma . 3T (12)

GF m2
e
' 10�12 (13)

me

fa
' 10�12

✓
108 GeV

fa

◆
(14)

ma ⇠ ⇤2
QCD/fa ' 0.1 eV

✓
108 GeV

fa

◆
(15)

ma ⇠ ⇤2
QCD/fa ' 6 meV

✓
109 GeV

fa

◆
(16)

2

I. INTRODUCTION

↵

8⇡

C�

fa
aFµ⌫ F̃

µ⌫ (1)

Cn ' 0 (2)

Cp ' �0.5 (3)

Cn (4)

Cp (5)

Ce (6)

Ce =
1

3
sin2 � (7)

Ce ' 0 (8)

C� = �1.92(4) (9)

C� = E/N � 1.92(4) (10)

Cp = �0.47(3) (11)

Cn = �0.02(3) (12)

Cn = 0 (13)

Cp = �0.5 (14)

n, (15)

Ce = 1/6 (16)

C� = �1.92 (17)

2

I. INTRODUCTION

Cp,n,e(�) ⇠ O(1) (1)

tan� = hH1i / hH2i (2)

Cp,n,e = O(1) (3)

N2 +N3 = 0 (4)

ma < 3.4⇥ 10�3 eVq��CV

bd

��2 +
��CV

bd

��2
(5)

µ ! ea (6)

fa >
q��CV

bd

��2 +
��CV

bd

��2 5.5⇥ 109 GeV (7)

B ! Ka (8)

fa >
��CV

bd

�� 1.5⇥ 108 GeV (9)

K ! ⇡a (10)

fa >
��CV

sd

�� 5.9⇥ 1010 GeV (11)

[PQ
d
, Y †

d
Yd] 6= 0 (12)

Cadidj
/ (V †

d
PQ

d
Vd)i 6=j 6= 0 (13)

Cauiuj
/ (V †

u
PQ

u
Vu)i 6=j 6= 0 (14)

N = (p, n) (15)

q = (u, d, s, . . .) (16)

2

I. INTRODUCTION

E/N = 8/3 (1)

E/N = 0 (2)

⇡ 10�5 (3)

✓e↵ ⇠ G2
F
f4
⇡
jCKM ⇡ 10�18 , (4)

(note that jCKM = ImVudV ⇤
cd
VcsV ⇤

us

fa & 108 GeV (5)

ma . 0.1 eV (6)

�LQCD = ✓
↵s

8⇡
GG̃ (7)

✓ (8)

��✓
�� . 10�10 (9)

m2
H

⇠ loop⇥ ⇤2
UV (10)

⇠ 10�46 log⇤UV (11)

10�2
÷ 10�3 (12)

e GeV�1 (13)

✓
1� c

mq

2mn

ei✓
◆

e

mn

n�µ⌫�5nFµ⌫ + h.c. =) dn = c
mq

mn

e

mn

✓ ⇠ 10�2 ✓ eGeV�1 (14)

H = �dn E · Ŝ () L = �dn
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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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Experimental landscape
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Axion detection
• Ways to look for axions
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Axion detection
• Classification by couplings vs. production mechanism               

- photons

- electrons

- nucleons

- EDMs

- CP-violating

- flavour-violating

- …

LAB HELIO HALO

✘ ✘ ✘

✘ ✘

✘

✘

✘

✘
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Axion-photon
•               ℒ ⊃

1
4

gaγ aFF̃ = gaγaE ⋅ B
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[A. Ringwald, TAUP2023]



Axion-photon
•         ℒ ⊃

1
4

gaγ aFF̃

[https://cajohare.github.io/AxionLimits]

the QCD axion DM hypothesis will be largely tested 
in the next decades
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Axion-electron
•                   ℒ ⊃ gae

∂μa
2me

eγμγ5e H ⊃ −
gae

2me

⃗∇ a ⋅ ⃗σ −
gae

2m2
e

·a ⃗σ ⋅ ⃗P
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Axion-electron
•                   ℒ ⊃ gae

∂μa
2me

eγμγ5e H ⊃ −
gae

2me

⃗∇ a ⋅ ⃗σ −
gae

2m2
e

·a ⃗σ ⋅ ⃗P

axion-wind axion-electric 

a(t) ≃ a0 cos(mat − ⃗p ⋅ ⃗x )
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Axion-electron
•                   ℒ ⊃ gae
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⃗∇ a ⋅ ⃗σ −
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e

·a ⃗σ ⋅ ⃗P

[https://cajohare.github.io/AxionLimits]

 L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics                                          11/18



Axion-neutron
•  ℒ ⊃ gan

∂μa
2me

nγμγ5n

[https://cajohare.github.io/AxionLimits]
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Axion-proton
•  ℒ ⊃ gap

∂μa
2me

pγμγ5p

[https://cajohare.github.io/AxionLimits]
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Axion-EDM

ℒ ⊃
g2

s

32π2

a
fa

GG̃ ℒ ⊃ −
i
2

ganγ anσμνγ5nFμν

• CP-violating axion DM background induces an oscillating (nucleon) EDM 
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[Graham, Rajendran Phys. Rev. D 88 (2013), 
Budker, Graham, Ledbetter, Rajendran, Sushkov, Phys. Rev. X 4 (2014)]- NMR techniques (CASPEr-electric)

- proton storage rings [Graham et al, Phys. Rev. D 103 (2021)
Kim, Semertzidis, Phys. Rev. D 104 (2021)]
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• CP-violating axion DM background induces an oscillating (nucleon) EDM 

Axion-EDM



[Alexander et al,  2205.00830]
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• CP-violating axion DM background induces an oscillating (nucleon) EDM 

Axion-EDM



RadioAxion
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[Broggini, Di Carlo, LDL, Toni 2404.18993]• Time modulation of -radioactivity from axion DMα



[Broggini, Di Carlo, LDL, Toni 2404.18993]

ℒθ =
g2

s θ
32π2

GG̃ -dependence impacts nuclear physics 
(studied in the anthropic context) 
θ

[Ubaldi 0811.1599
Lee, Meißner, Olive, Shifman, Vonk 2006.12321]

RadioAxion

θ(t) ≃
2ρDM

ma fa
cos(mat) time modulation of radioactive decays

[Tritium-decay previously considered in Zhang, Houston, Li 2303.09865]
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• Time modulation of -radioactivity from axion DMα



RadioAxion

we computed expected time 
modulation for -decayα

we started data taking with an  
source in the Gran Sasso Labs

241Am

[see backup slides]
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• Time modulation of -radioactivity from axion DMα [Broggini, Di Carlo, LDL, Toni 2404.18993]

[Beta decay and electron capture considered in 
Alda, Broggini, Di Carlo, LDL, Piatti, Rigolin, Toni 2412.20930]



from UV sources of CP-violation 
or PQ breaking 
[Moody, Wilczek PRD 30 (1984)
Barbieri, Romanino, Strumia hep-ph/9605368
Pospelov hep-ph/9707431
Bertolini, LDL, Nesti 2006.12508
Okawa, Pospelov, Ritz, 2111.08040
Dekens, de Vries, Shain, 2203.11230]

CP-violating axions
•  ℒ ⊃ gP

aNaNiγ5N + gS
aNaNN gS

aN ∼
fπ
fa

θeff
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CP-violating axions

monopole-monopole

30 NEW MACROSCOPlC FORCES? 131

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

 New macroscopic forces from non-relativistic potentials [Moody, Wilczek PRD 30 (1984)]

from UV sources of CP-violation 
or PQ breaking 

double  suppressionθeff spin suppression + bkgd 
from ordinary magnetic forces 

ARIADNE, QUAX-gpgs, … 

•  ℒ ⊃ gP
aNaNiγ5N + gS

aNaNN gS
aN ∼

fπ
fa

θeff
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CP-violating axions

[O’Hare, Vitagliano 2010.03889 
https://cajohare.github.io/AxionLimits]

θeff = 10−10

θeff = 10−18

from UV sources of CP-violation 
or PQ breaking 

•  ℒ ⊃ gP
aNaNiγ5N + gS

aNaNN gS
aN ∼

fπ
fa

θeff
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CP-violating axions

θeff = 10−10

θeff = 10−18

[LDL, Gisbert, Nesti, Sørensen - 2407.15928]

from UV sources of CP-violation 
or PQ breaking 

•  ℒ ⊃ gP
aNaNiγ5N + gS

aNaNN gS
aN ∼

fπ
fa

θeff
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[“Astrophobic Axions” with non-universal PQ allow to relax 
SN1987A + WD/RGB bounds by ~ 1 order of magnitude  
LDL, Mescia, Nardi, Panci, Ziegler, 1712.04940 + 1907.06575]

Flavour-violating axions
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  if   non-universal CV,A
i≠j ∝ (V†

ψ PQψVψ)i≠j ≠ 0 PQψ

[Davidson, Wali PRL 48 (1982)
Wilczek PRL 49 (1982)
…
Ema, Hamaguchi, Moroi, Nakayama 1612.05492
Calibbi, Goertz, Redigolo, Ziegler, Zupan 1612.08040
Björkeroth, LDL, Mescia, Nardi 1811.09637]

PQ as a flavour symmetry ?

Flavour-violating axions
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U(1)n+1
! U(1)PQ ⇥ U(1)Y (14)

� (15)

fa ! MPl (16)

ℒa ⊃

enhance/suppress Cp,n,e

flavour-violating axion coupling
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  if   non-universal CV,A
i≠j ∝ (V†

ψ PQψVψ)i≠j ≠ 0 PQψ

for   flavour beats astrophysics !Ci = {Cγ, Ce, CN, Csd, Cbs, Cbd, Cμe} = 1

[R. Ziegler @ DISCRETE 2022]

Flavour-violating axions
2

I. INTRODUCTION
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Conclusions

• World-wide experimental effort, employing complementary techniques and couplings

• The QCD axion provides a guide for where to search
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Enhancing 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

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}
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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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4
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✓
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(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)

7

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

1 Introduction

ga� ! 0 (1.1)

E/N < 170/3 (1.2)

E/N 2 [5/3, 44/3] (1.3)
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3

1. Q-fermions short lived (no coloured relics)

2. No Landau poles below Planck 

[LDL, Mescia, Nardi 1610.07593]

•  Pheno preferred hadronic axions
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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
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= �
1

3
cos2 � , c0

di
= �
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3
sin2 � , c0

ei
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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}
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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
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type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].
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•  Pheno preferred hadronic axions
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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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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
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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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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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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
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axions.
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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}
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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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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)

•  Going above E/N = 170/3 ? 

- boost global charge (clockwork)

- be agnostic, E/N is a free parameter
[LDL, Giannotti, Nardi, Visinelli 2003.01100] 

[Farina, Pappadopulo, Rompineve, Tesi 1611.09855
Darme’, LDL, Giannotti, Nardi 2010.15846]

1. Q-fermions short lived (no coloured relics)

2. No Landau poles below Planck 

•  Pheno preferred hadronic axions

1 Introduction
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3

(perturbativity)

•  More Q’s ? [LDL, Mescia, Nardi 1705.05370
Plakkot, Hoof 2107.12378]
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x  𝒪CPVQCD

• Axion potential in the presence of                                 𝒪CPV

K′￼= ⟨GG̃, 𝒪CPV⟩ ∼
Λ6

QCD

Λ2
CPV

V(a) ≃
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2

K ( a
fa )

2

+ K′￼( a
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≃ −
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= 10−10 ( 100 TeV
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2

K = ⟨GG̃, GG̃⟩ ∼ Λ4
QCD

e.g.  𝒪CPV =
1

Λ2
CPV

(q̄q)(q̄iγ5q)
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CPV beyond CKM
• Axion potential in the presence of                                 𝒪CPV

Fundamental origin of CP violation / PQ breaking
Baryogenesis ?

Axion-mediated forces, CP violation and left-right interactions
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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.
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-dependence of -decay θ α
• Gamow theory of -decayα [Broggini, Di Carlo, LDL, Toni 2404.18993]

- half-life is highly sensitive to Q-value

- -term changes the size of the scalar (attractive) and vector (repulsive) nuclear interactionθ

[Damour, Donoghue 0712.2968]
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-dependence of -decay θ α
• Gamow theory of -decayα [Broggini, Di Carlo, LDL, Toni 2404.18993]

(for Americium-241)
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