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Figure 25: Overall panorama plot in the (ga�,ma) plane. As usual laboratory, helioscopes and haloscopes
areas are colored in black, blue and green respectively. Some prospect regions shown in previous plots
are here collected in semi-transparent colors.

ga� well beyond benchmark models to gain some margin. In such eventuality, theoretical predictions
on ma are also moved to higher values by a factor of approximately %̃�1

a , and so there is a strong moti-
vation to push haloscope sensitivities to even higher masses and helioscopes to lower masses along the
QCD band, and try bridge the gap between them. Although perhaps comparatively less motivated, one
cannot exclude a ma of much lower values deep into the anthropic window. The LC circuit concept,
and especially in its broadband mode, is an ingenious idea best suited for this mass range. We need to
follow the progress on small scale prototypes by the experimental groups active there to better assess
its future prospects. The same is to be said on the emerging activity on the new detection concepts
involving other axion couplings like the NMR techniques, the atomic transitions, 5th forces, etc. We
evolution of the ongoing demonstrating experimental activity in small test setups will be crucial to
assess their future potential. The confirmation that QCD axion sensitivity is really reachable by one or
more of these complementary channels would be of the utmost importance.
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Figure 1: Left: Schematic of an enhanced axion helioscope: solar axions travelling through an intense transverse magnetic field with an axion-
sensitive area A, are converted into x-rays. With the help of x-ray focusing devices, these are concentrated onto a spot on low background detectors
(figure from [2]). Right: The solar axion flux as expected at the Earth. A value of 1 × 10−10 GeV−1 for gaγ is assumed.

As Fig. 1(right) shows, the expected signal is in the
energy range of 1–10 keV. The operation of a helio-
scope consists in following the Sun as long as techni-
cally possible, in axion sensitive conditions, and taking
background data when there is no alignment with the
Sun. The sought-after signal would be the excess of
photons in the expected energy range that the x-ray de-
tectors will register when tracking the Sun, compared
to the background gathered during the rest of the time.
The number of excess photons expected depends on the
very weak gaγ coupling constant, which is a measure of
a helioscope’s sensitivity. According to the following
expression [13]

g4
aγ ∼ B2L2A ϵdb−1/2 ϵoa−1/2 ϵ1/2t t1/2, (1)

four are the main parameters to take into account when
designing a helioscope: a) time: the total time of data-
taking of the experiment t and ϵt, the fraction of time
the magnet tracks the Sun; b) magnet: the length L and
the strength B of the provided magnetic field as well as
the axion-sensitive area A; c) low-background x-ray de-
tectors: the background level b and their detection effi-
ciencies ϵd and d) x-ray focusing optics: their efficiency
ϵo and total focusing area a. The focusing devices are
an addition to the classical helioscope experiment, and
were implemented for the first time in the third genera-
tion axion helioscope, the CAST experiment.

3. The CERN Axion Solar Telescope (CAST)

The CERN Axion Solar Telescope (CAST) presented
an important improvement in the sensitivity of the he-
lioscope technique, based on two major innovations; fo-
cusing optics and low background techniques for the de-
tectors. CAST is the first helioscope to use an x-ray tele-
scope, comprising of an x-ray focusing device coupled
to a Charged Coupled Device (CCD) camera, recycled

from the ABRIXAS and XMM-Newton space missions.
The addition of the telescope improved the signal-to-
noise ratio of the system and therefore the sensitivity of
the experiment. On the magnet front, CAST recycled a
decommissioned LHC prototype magnet, which reaches
9 T over a length of 10 m. The magnet has two bores
and has been equipped with up to four detectors; the x-
ray telescope mentioned above, and three Micromegas
detectors was the latest configuration. The total axion-
sensitive area achieved in this way is ∼ 30 cm2. The
whole system is sitting on a movable platform con-
trolled by a tracking system, pointing it to the centre
of the Sun during 1.5 h twice a day, at sunrise and at
sunset.

Since 2003, when CAST started operating, data have
been taken in different experimental conditions which
gradually extended the axion mass sensitivity of the ex-
periment: from keeping the magnet bores under vac-
uum (ma !0.02 eV) [14, 15] to gradually filling them
with 4He (ma !0.39 eV) [16] and later on with 3He.
The first part of the 3He data covered the mass range
up to ma ∼0.64 eV [17] and in 2011 masses up to
ma ∼1.17 eV were reached. A part of these data has
been analyzed and has shown no excess of signal over
background, leading to an upper bound of the axion-to-
photon constant of gaγ < 3.3 × 10−10 GeV−1 for the
mass range between 0.64 eV and 1.17 eV [18]. CAST
has provided the most stringent limits on the axion-to-
photon coupling constant over a large part of the axion
masses and has covered -for the first time- part of the
QCD-favoured band for masses above ∼0.15 eV, as can
be seen in Fig. 2.

Currently, CAST is revisiting the vacuum phase; this
time with the aim, on one hand to look at the low energy
part for evidence of other hypothetical particles such as
chameleons, which appear in Dark Energy models or
hidden photons [19], and on the other to exploit the
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted form the
cavity.

signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2
v ⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
noise,
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where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
One hopes that measuring enough time, the signal becomes larger than noise fluctuations. The signal
to noise as a function of the measurement time in a frequency bin �⌫ is given by Dicke’s radiometer
equation

S

N
=
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r
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, (7.5)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
Therefore, given a theoretical axion signal Ps, a time �t = (S/N)2(Tsys/Ps)2�⌫ is needed to achieve a
given detection significance specified by a signal to noise. In order to scan an ALP mass interval, dma

with measurements of width �⌫ = ma/Q, we need a number (Q/Qa)(dma/ma) of �t measurements,
and so the scanning rate is
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Figure 25: Overall panorama plot in the (ga�,ma) plane. As usual laboratory, helioscopes and haloscopes
areas are colored in black, blue and green respectively. Some prospect regions shown in previous plots
are here collected in semi-transparent colors.

ga� well beyond benchmark models to gain some margin. In such eventuality, theoretical predictions
on ma are also moved to higher values by a factor of approximately %̃�1

a , and so there is a strong moti-
vation to push haloscope sensitivities to even higher masses and helioscopes to lower masses along the
QCD band, and try bridge the gap between them. Although perhaps comparatively less motivated, one
cannot exclude a ma of much lower values deep into the anthropic window. The LC circuit concept,
and especially in its broadband mode, is an ingenious idea best suited for this mass range. We need to
follow the progress on small scale prototypes by the experimental groups active there to better assess
its future prospects. The same is to be said on the emerging activity on the new detection concepts
involving other axion couplings like the NMR techniques, the atomic transitions, 5th forces, etc. We
evolution of the ongoing demonstrating experimental activity in small test setups will be crucial to
assess their future potential. The confirmation that QCD axion sensitivity is really reachable by one or
more of these complementary channels would be of the utmost importance.
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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 µ2 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 µ2) 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).

vacuum re-alignment mechanism:
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2. “model-independent” axion couplings to photons, nucleons, electrons, …
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UV completion can still 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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• EFT breaks down at energies of order fa

Axion properties [model-dep.]
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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 µ2 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 µ2) 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:

@µJPQ
µ =

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (39)

model independent

depends on UV completion
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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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Axion properties [model-dep.]

[Courtesy of Maurizio Giannotti]

Axion exp.’s should explore the parameter 
space regardless of theoretical prejudice  

[For theory motivated ranges of E/N see backup slides 
and/or LDL, Mescia, Nardi 1610.07593 + 1705.05370 ]
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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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Dine, Fischler, Srednicki ’81]

[Kim ’79, 
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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 µ2 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 µ2) 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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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 µ2 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 µ2) 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)
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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
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(unlike µ2) 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

406 W.A. Bardeen et aL / Variant axion models 

The constants,  X, and X 3, are model dependent  and read 

X, = ½{(z + 1 / x )  - N ( x  + l / x ) } ,  

X 3 = ½{ ( z -  l / x ) -  N ( x  + 1 / x ) [ ( m  d - m u ) / ( m  d + mu)]  }. 

Here, z = x, if the u R quark in eq. (2.4) couples to 
in eq. (2.4) couples to ~2. Given that x will turn 
have a mass near 2 MeV, and that the light quark 

[ ( m d - - m u ) / ( m d + m u ) ]  

it is possible to have models in which X s vanishes or X 3 vanishes, but  both  can not  
vanish simultaneously. This remark will have important  phenomenological  conse- 
quences. 

(2.15) 

~1 or z = - 1/x ,  if the u R quark 
out to be large, for the axion to 
masses give [17] 

= 0.26, (2.16) 

3. Experimental bounds on variant axions from weak decays 

The decay K + ~ art + provides a strong constraint on the s tandard axion model. 
For  m a < 2me,  the axion can only decay into two photons  and its lifetime is very 
long, of  order  (100 k e V / m  a) 5 see for the s tandard axion [7]. In these circumstances, 
the axion just  gives, experimentally, a missing energy signal (a = nothing). The most  
str ingent b o u n d  for these axions was obtained by K E K  [18] with 

B ( K  + ~ ~r + + nothing) < 2.7 × 10 -8 . (3.1) 

Although,  as we shall see, it is difficult to reliably compute  the nonleptonic process 
K + --+ a~r +, for the case of the s tandard axion one has a penguin contribution, which 
gives a relatively safe estimate [19] 

B p e n g u i n ( K +  ~ a~r +) = 1 0  - 6  X X 2 . (3.2) 

Hence  x must  be small to survive (3.1). However, an x ~ 10 1 would then lead one 
into contradic t ion with the T ~ aT bound  [6]. So a combinat ion of the K decay 
b o u n d  and the T decay bound  rules out the s tandard axion. 

For  variant  axions, since m a > 2m e, the main decay channel for the axion is now 
into e+e . Furthermore,  the lifetime of the axion is now very short, and it is no 
longer  true that experimentally the axions give a missing energy signal. If  % --- 6 × 
10-13 see, as is the case for the models of refs. [8] and [9], then the decay distance 
for the K E K  experiment would be around 2 cm. The produced e+e pairs would 
have been vetoed in the setup of  ref. [18], so that the bound  in (3.1) is irrelevant for 
the variant  axions. To the best of  our knowledge, there is no relevant bound  on the 
process K + ~ art + with a ~ e+e -, as yet! A Berkeley experiment of a decade ago 

• yes, if PQ is family universal

A lesson from flavour… 

[To rule out non-universal PQWW axion from rare π and K decays 
it required almost a decade - e.g. Bardeen, Peccei, Yanagida NB279 (1987)]
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(unlike µ2) 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
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in eq. (2.4) couples to ~2. Given that x will turn 
have a mass near 2 MeV, and that the light quark 
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it is possible to have models in which X s vanishes or X 3 vanishes, but  both  can not  
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quences. 
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3. Experimental bounds on variant axions from weak decays 

The decay K + ~ art + provides a strong constraint on the s tandard axion model. 
For  m a < 2me,  the axion can only decay into two photons  and its lifetime is very 
long, of  order  (100 k e V / m  a) 5 see for the s tandard axion [7]. In these circumstances, 
the axion just  gives, experimentally, a missing energy signal (a = nothing). The most  
str ingent b o u n d  for these axions was obtained by K E K  [18] with 

B ( K  + ~ ~r + + nothing) < 2.7 × 10 -8 . (3.1) 

Although,  as we shall see, it is difficult to reliably compute  the nonleptonic process 
K + --+ a~r +, for the case of the s tandard axion one has a penguin contribution, which 
gives a relatively safe estimate [19] 

B p e n g u i n ( K +  ~ a~r +) = 1 0  - 6  X X 2 . (3.2) 

Hence  x must  be small to survive (3.1). However, an x ~ 10 1 would then lead one 
into contradic t ion with the T ~ aT bound  [6]. So a combinat ion of the K decay 
b o u n d  and the T decay bound  rules out the s tandard axion. 

For  variant  axions, since m a > 2m e, the main decay channel for the axion is now 
into e+e . Furthermore,  the lifetime of the axion is now very short, and it is no 
longer  true that experimentally the axions give a missing energy signal. If  % --- 6 × 
10-13 see, as is the case for the models of refs. [8] and [9], then the decay distance 
for the K E K  experiment would be around 2 cm. The produced e+e pairs would 
have been vetoed in the setup of  ref. [18], so that the bound  in (3.1) is irrelevant for 
the variant  axions. To the best of  our knowledge, there is no relevant bound  on the 
process K + ~ art + with a ~ e+e -, as yet! A Berkeley experiment of a decade ago 

• yes, if PQ is family universal

A lesson from flavour… 

[Alves & Weiner 1710.03764 claim that an O(10) MeV axion is not ruled out, if 
1) axion couples only to first generation fermions 
2) axion-pion coupling is very suppressed 
3) large hadronic uncertainties in rare kaon decays are invoked]

[To rule out non-universal PQWW axion from rare π and K decays 
it required almost a decade - e.g. Bardeen, Peccei, Yanagida NB279 (1987)]
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Astro bounds

- light:                   (e.g. typical interior temperature of the Sun ~ 1 keV)
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I. INTRODUCTION
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- weakly coupled (otherwise we would have already seen them in labs)

• Stars are powerful sources of light and weakly coupled particles 
[see e.g. G. Raffelt, 
‘Stars as Laboratories for 
Fundamental Physics’ (1996)]
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• constraints from “energy loss”, relevant when more interacting than neutrinos

axions are a perfect target !
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Z 

 HB Hint 

 RGs in GCs (gAee DFSZ)  RG Hint 

 SN1987A (gApp KSVZ)  Burst Duration  Counts in SuperK 

 Telescope/EBL 

 Hot-DM / CMB / BBN 

 Beam Dump 

 XENON100 (gAee, DFSZ) 

 NS in Cas A Hint (gAnn DFSZ) 

    Dark Matter (post-inflation PQ phase transition) 

 Dark Matter (pre-inflation PQ phase transition) 

   

    Black Holes 

Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been

October 1, 2016 19:58
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been

October 1, 2016 19:58
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been

October 1, 2016 19:58
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been

October 1, 2016 19:58

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

• Burst duration of SN1987A nu signal

Exp. sensitivities
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been

October 1, 2016 19:58

Astro/cosmo exclusions

DM explained / Astro Hints

Lab exclusions

• Bound on axion mass is of practical convenience, but misses model dependence ! 

Exp. sensitivities

?
?
?
?
?
?
?
?
?
?

[Ringwald, Rosenberg, Rybka, 
Particle Data Group]
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• Is it possible to decouple the axion both from nucleons and electrons ? 

Astrophobia

nucleophobia + electrophobia  = astrophobia
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Astrophobia

1. is it possible at all ? 

• Why interested in such constructions ? 

2. would allow to relax the upper bound on axion mass by ~ 1 order of magnitude

3. would improve visibility at IAXO (axion-photon)

4. would improve fit to stellar cooling anomalies (axion-electron)

5. unexpected connection with flavour 

[Giannotti et al. 1708.02111]

[LDL, Mescia, Nardi, Panci, Ziegler 1712.04940
Bjorkeroth, LDL, Mescia, Nardi 1811.09637
Björkeroth, LDL, Mescia, Nardi, Panci, Ziegler 1907.06575]  

• Is it possible to decouple the axion both from nucleons and electrons ? 

nucleophobia + electrophobia  = astrophobia
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Astrophobia

nucleophobia + electrophobia* = astrophobia

1. is it possible at all ? 

2. would allow to relax the upper bound on axion mass by ~ 1 order of magnitude

3. would improve visibility at IAXO (axion-photon)

4. would improve fit to stellar cooling anomalies (axion-electron)

5. unexpected connection with flavour 

[Giannotti et al. 1708.02111]

*e.g. couple the electron to 3rd Higgs uncharged under PQ 

• Why interested in such constructions ? 

• Is it possible to decouple the axion both from nucleons and electrons ? 

[LDL, Mescia, Nardi, Panci, Ziegler 1712.04940
Bjorkeroth, LDL, Mescia, Nardi 1811.09637
Bjorkeroth, LDL, Mescia, Nardi, Panci, Ziegler 1907.06575]  
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EFT-1: quarks and gluons (in the basis where cq contains aGGtilde contrib.)

EFT-1I: non-relativistic nucleons

• Axion-nucleon couplings [Kaplan NPB 260 (1985), Srednicki NPB 260 (1985), Georgi, Kaplan, Randall 
PLB 169 (1986), …, Grilli di Cortona et al. 1511.02867]
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Nucleophobia can be obtained in DFSZ models with non-universal 
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The charge dependent part of the couplings is com-
monly denoted as C0

q = (XqR � XqL)/(2N), while
the vector couplings vanish upon integration by part
because of the equation of motion. Matching Eq. (2)
with the non-relativistic axion-nucleon Lagrangian
allows to extract the axion couplings to the nucle-
ons N = p, n [21] which are defined in analogy to the
couplings to the quarks by @µa/(2fa)CNN�µ�5N .
It is convenient to recast the results in terms of the
two linear combinations

Cp + Cn = 0.50(5)
�
C0

u + C0
d � 1

�
� 2�s , (3)

Cp � Cn = 1.273(2) (C0
u � C0

d � 1

3

), (4)

where the two numbers in parenthesis correspond to
fu+fd = 1 (exact) and fu�fd ' 1/3 (approximate),
while �s is a correction appearing in DFSZ which is
dominated by the s-quark sea contribution. In the
models below, using the results from [21] and allow-
ing for the largest possible values of C0

s,c,b,t, we have
|�s| <⇠ 0.04. Eq. (3) makes clear why it is difficult
to decouple the axion from the nucleons. For KSVZ
C0

u = C0
d = 0 and the model independent contribu-

tion survives. For DFSZ we see from Eq. (2) that
C0

u + C0
d = Nl/N with Nl the contribution to the

QCD anomaly of the first generation (light) quarks.
Hence, for generation blind charges C0

u + C0
d = 1/3

is an exact result.

The nucleophobic axion. We take as the defining
condition for the nucleophobic axion the (approxi-
mate) vanishing of the relations in Eqs. (3), (4). Re-
markably, since the axion-pion coupling is propor-
tional to the isospin breaking combination Cp � Cn

[22], nucleophobic axions are also pionphobic. We
start by studying Eq. (3). In the approximation
in which �s is neglected, Cp + Cn = 0 implies
C0

u + C0
d = Nl/N = 1. This can only be realized

in two ways: (i) either the contributions of the two
heavier generations cancel each other (N2 = �N3

and Nl = N1) or (ii) they vanish identically, in
which case it is convenient to assign Nl = N3 and,
hoping that no confusion will arise with the usual
generation ordering, require for the anomalies of the
heavier generations N1 = N2 = 0.1 Clearly both
cases require generation dependent PQ charges. A
generic matrix of charges for a LH or RH quark q
can be written as XQ = X0

q I +X8
q�8 +X3

q�3 where
I = diag(1, 1, 1) is the identity in generation space,
while �8 = diag(1, 1,�2) and �3 = diag(1,�1, 0)
are proportional to the corresponding SU(3) ma-
trices. In this Letter we are mainly interested in
a proof of existence for nucleophobic axions, so we
introduce some simplification: we assume just two
Higgs doublets H1,2 (with PQ charges X1,2 and hy-
percharge Y = �1/2), and we consider only PQ

1
We have found that this second case was already identified

in the not-well-known work in Ref. [23].

charge assignments that do not forbid any of the SM
Yukawa operators. Under these conditions, it can be
shown that two generations must have the same PQ
charges [24]. We can then drop the SU(2) break-
ing �3 term so that the matrix XQ = X0

q I +X8
q�8

respects a SU(2) symmetry acting on the genera-
tion indices {1, 2}, and we henceforth refer to such
a structure as 2 +1 . To study which Yukawa struc-
tures can enforce the condition N = Nl it is then suf-
ficient to consider just one of the generations in 2 to-
gether with the generation in 1 carrying index {3}.
The relevant Yukawa operators read:

q2u2H1, q3u3Ha, q2u3Hb, q3u2H1+a�b,

q2d2 ˜Hc, q3d3 ˜Hd, q2d3 ˜Hd+a�b, q3d2 ˜Hc�a+b, (5)

where ˜H = i�2H⇤, assigning H1 to the first term is
without loss of generality and, according to our as-
sumptions, all the Higgs sub-indices must take val-
ues in {1, 2}. It is easy to verify that in each line the
charges of the first three quark-bilinears determine
the fourth one, e.g. X(q3u2) = X(q2u2)+X(q3u3)�
X(q2u3), while the third term in the second line is
obtained by equating Xq3 � Xq2 as extracted from
the second and third terms of both lines. It is now
straightforward to classify all the possibilities that
yield Nl/N = 1. Denoting the Higgs ordering in the
two lines of Eq. (5) with their indices 2 {1, 2}, e.g.
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us now discuss how the second condition Cp�Cn ⇡ 0

can be realized. We denote by tan� = v2/v1 , the
ratio of the H1,2 VEVs, and we use henceforth the
shorthand notation s� = sin�, c� = cos�. The
ratio X1/X2 = � tan

2 � is fixed by the require-
ment that the PQ Goldston boson is orthogonal to
the Goldston eaten up by the Z-boson [8], and the
charge normalization is given in terms of the light
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cases C0

u �C0
d = � 1

2N (X1 +X2) = ±(s2� � c2�). The
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then realized for s2� = 2/3 in (i1,2) and (ii1), and for
s2� = 1/3 in (ii2). We learn that even under some re-
strictive assumptions, there are four different ways
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become viable by allowing for PQ charges that for-
bid some Yukawa operator [24]. Note that while
Cp � Cn ⇡ 0 requires a specific choice tan� ⇡
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right unitary rotation 
diagonalizing Yd

 L. Di Luzio (Pisa U.) - Axions (and flavour)                                                                                   13/15



Flavour connection 2

I. INTRODUCTION

[PQd, Y
†
d Yd] 6= 0 (1)

Cadidj
/ (V †

d PQdVd)i 6=j 6= 0 (2)

Cauiuj
/ (V †

u PQuVu)i 6=j 6= 0 (3)

N = (p, n) (4)

q = (u, d, s, . . .) (5)

c2� ' 2/3 (6)

N
1

+N
3

= 0 (7)

N
1

= N
2

= �N
3

(8)

N ⌘ N
1

+N
2

+N
3

= N
1

(9)

Xq1 = Xq2 6= Xq3 (10)

N = N
1

⌘ Xu +Xd (11)

cu � cd =
Xu �Xd

N| {z }
/ c2��s2�

� md �mu

md +mu| {z }
'1/3

(12)

/ c2� � s2� (13)

�1 (14)

1

ng
�1 6= 0 (15)

N = ng(Xu +Xd) (16)

2

I. INTRODUCTION

[PQd, Y
†
d Yd] 6= 0 (1)

Cadidj
/ (V †

d PQdVd)i 6=j 6= 0 (2)

Cauiuj
/ (V †

u PQuVu)i 6=j 6= 0 (3)

N = (p, n) (4)

q = (u, d, s, . . .) (5)

c2� ' 2/3 (6)

N
1

+N
3

= 0 (7)

N
1

= N
2

= �N
3

(8)

N ⌘ N
1

+N
2

+N
3

= N
1

(9)

Xq1 = Xq2 6= Xq3 (10)

N = N
1

⌘ Xu +Xd (11)

cu � cd =
Xu �Xd

N| {z }
/ c2��s2�

� md �mu

md +mu| {z }
'1/3

(12)

/ c2� � s2� (13)

�1 (14)

1

ng
�1 6= 0 (15)

N = ng(Xu +Xd) (16)

• Rare decays with invisible/massless final states probing

2

I. INTRODUCTION

La � @µa

2fa
 i�

µ(CV
ij + CA

ij�5) j , (1)

with (f = u, d, e)

La � ↵

8⇡

C�

fa
aFµ⌫ F̃

µ⌫ +
Cf

2fa
@µaf�

µ�
5

f , (2)

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

eVq��CV
µe

��2 +
��CA

µe

��2
(4)

✓ ⇠ 1

(4⇡)14
g02

⇥
Y 2(uR)� Y 2(dR)

⇤
J
CKM

log⇤
UV

(5)

J
CKM

= ImDet
h
YUY

†
U , YDY †

D

i
⇡ 10�29 (6)

✓ ⇠ J
CKM

(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
G ˜G ⇠ e

� 8⇡
g2s ei✓

I + AI����! e
� 8⇡

g2s cos ✓ (14)

E(0)  E(✓
e↵

= hai) (15)

Flavor-violating axion couplings allow for rare 
decays with invisible & massless final state

µ ! ea�

B ! Ka

K ! ⇡a

(Crystal Box, ’88)

(E787+E949, ’08)

(CLEO, ’01)

⇥1/8

⇥1/10

NA62

BELLE II

MEG, Mu3e
?

ma <
3 · 10�3 eV

|Cµe|
<latexit sha1_base64="qQIfYUOLcHpFMfFzGlJdW3LxkzA="></latexit><latexit sha1_base64="qQIfYUOLcHpFMfFzGlJdW3LxkzA="></latexit><latexit sha1_base64="qQIfYUOLcHpFMfFzGlJdW3LxkzA="></latexit><latexit sha1_base64="qQIfYUOLcHpFMfFzGlJdW3LxkzA="></latexit>

ma <
2 · 10�5 eV

|CV
sd|

<latexit sha1_base64="8P6+vbnebtVhHgsincEhjO8UDCA="></latexit><latexit sha1_base64="8P6+vbnebtVhHgsincEhjO8UDCA="></latexit><latexit sha1_base64="8P6+vbnebtVhHgsincEhjO8UDCA="></latexit><latexit sha1_base64="8P6+vbnebtVhHgsincEhjO8UDCA="></latexit>

ma <
9 · 10�2 eV

|CV
bs|

<latexit sha1_base64="vzGjErIEqURSgGBqS6XeJG+nUOM="></latexit><latexit sha1_base64="vzGjErIEqURSgGBqS6XeJG+nUOM="></latexit><latexit sha1_base64="vzGjErIEqURSgGBqS6XeJG+nUOM="></latexit><latexit sha1_base64="vzGjErIEqURSgGBqS6XeJG+nUOM="></latexit>

Constraints from Flavor Physics

[Robert Ziegler, La Thuile’19
+1901.01084]

• Nucleophobia implies flavour violating axion couplings

 L. Di Luzio (Pisa U.) - Axions (and flavour)                                                                                   13/15



Flavour connection 2

I. INTRODUCTION

[PQd, Y
†
d Yd] 6= 0 (1)

Cadidj
/ (V †

d PQdVd)i 6=j 6= 0 (2)

Cauiuj
/ (V †

u PQuVu)i 6=j 6= 0 (3)

N = (p, n) (4)

q = (u, d, s, . . .) (5)

c2� ' 2/3 (6)

N
1

+N
3

= 0 (7)

N
1

= N
2

= �N
3

(8)

N ⌘ N
1

+N
2

+N
3

= N
1

(9)

Xq1 = Xq2 6= Xq3 (10)

N = N
1

⌘ Xu +Xd (11)

cu � cd =
Xu �Xd

N| {z }
/ c2��s2�

� md �mu

md +mu| {z }
'1/3

(12)

/ c2� � s2� (13)

�1 (14)

1

ng
�1 6= 0 (15)

N = ng(Xu +Xd) (16)

2

I. INTRODUCTION

[PQd, Y
†
d Yd] 6= 0 (1)

Cadidj
/ (V †

d PQdVd)i 6=j 6= 0 (2)

Cauiuj
/ (V †

u PQuVu)i 6=j 6= 0 (3)

N = (p, n) (4)

q = (u, d, s, . . .) (5)

c2� ' 2/3 (6)

N
1

+N
3

= 0 (7)

N
1

= N
2

= �N
3

(8)

N ⌘ N
1

+N
2

+N
3

= N
1

(9)

Xq1 = Xq2 6= Xq3 (10)

N = N
1

⌘ Xu +Xd (11)

cu � cd =
Xu �Xd

N| {z }
/ c2��s2�

� md �mu

md +mu| {z }
'1/3

(12)

/ c2� � s2� (13)

�1 (14)

1

ng
�1 6= 0 (15)

N = ng(Xu +Xd) (16)

• Rare decays with invisible/massless final states probing

2

I. INTRODUCTION

La � @µa

2fa
 i�

µ(CV
ij + CA

ij�5) j , (1)

with (f = u, d, e)

La � ↵

8⇡

C�

fa
aFµ⌫ F̃

µ⌫ +
Cf

2fa
@µaf�

µ�
5

f , (2)

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

eVq��CV
µe

��2 +
��CA

µe

��2
(4)

✓ ⇠ 1

(4⇡)14
g02

⇥
Y 2(uR)� Y 2(dR)

⇤
J
CKM

log⇤
UV

(5)

J
CKM

= ImDet
h
YUY

†
U , YDY †

D

i
⇡ 10�29 (6)

✓ ⇠ J
CKM

(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
G ˜G ⇠ e

� 8⇡
g2s ei✓

I + AI����! e
� 8⇡

g2s cos ✓ (14)

E(0)  E(✓
e↵

= hai) (15)

Present and Future Constraints

10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

10-15

10-14

10-13

10-12

10-11

10-10

1071081091010101110121013

ma [eV]

|g
aγ

γ|
[G
eV

-1
]

10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

10-15

10-14

10-13

10-12

10-11

10-10

1071081091010101110121013

ma [eV]

|g
aγ

γ|
[G
eV

-1
]

fa[GeV]
<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>

• Nucleophobia implies flavour violating axion couplings

[Robert Ziegler, La Thuile’19
+1901.01084]
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Present and Future Constraints
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fa[GeV]
<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>

Flavored Axions

A summary plot of the most relevant constraints1 discussed so far is shown in Fig. 1, which
shows the upper bound on the axion mass from various processes by setting the respective di-
mensionless couplings Ci = {Cg ,Ce,CN ,CV

sd ,C
V
bs} to 1. Also shown is the region where the axion

can naturally account for the present Dark Matter abundance through the misalignment mecha-
nism [5, 6, 7].

Present and Future Constraints
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fa[GeV]
<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
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Figure 1: Sketch of present and future constraints on axion couplings for Ci = 1, see text for details.

From Fig. 1 it is clear that rare flavor-violating decays are very important to constrain flavor-
violating axion couplings to matter, and can compete with the stringent constraints on flavor-
diagonal couplings from astrophysics. In the case of s� d transitions, the present bounds on fa

from K ! p +a decays are actually about two orders of magnitude stronger, for equal sizes of the
respective dimensionless couplings. Most interestingly, these bounds are expected to be improved
in the very near future by various experiments such as NA62 and Belle II. Therefore precision
flavor experiments provide the exciting possibility to look for the QCD axion in a way that is
complementary to the usual searches with helio- and haloscopes.

3. Flavored Axions

In this section we investigate the expected size of flavour-violating axion couplings in UV
axion models. In general these couplings arise from the PQ current, which has to be rotated to the
fermion mass basis. In this basis, given by unitary rotations Vf defined by V †

fL
MfVfR = Mdiag

f , one
obtains

CV,A
fi f j

=
1

2N

⇣
V †

fR
XfRVfR ±V †

fL
XfLVfL

⌘

i j
, (3.1)

where XfL, fR denote the (flavor-diagonal) PQ charge matrices of left- and right-handed fermions.
Therefore flavor-violating couplings are present whenever SM fermions carry PQ charges that rep-
resent a new source of flavor violation beyond SM Yukawas, i.e. whenever PQ charges do not
commute with Yukawa matrices. In this case the off-diagonal couplings depend on the unitary ro-
tations that connect interaction and mass basis, and thus can be quantitatively predicted only in a
theory of flavor.

1Constraints on the remaining flavor-violating axion couplings to quarks and leptons can be found in Refs. [29, 30].
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ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>
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• Rare decays with invisible/massless final states probing
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fa[GeV]
<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>

• Nucleophobia implies flavour violating axion couplings

[For recent discussions see e.g. 
Ema et al 1612.05492
Calibbi et al 1612.08040
Arias-Aragon, Merlo 1709.07039
Linster, Ziegler 1805.07341
Björkeroth et al 1811.09637]

[Robert Ziegler, La Thuile’19
+1901.01084]

size of flavour coefficients can be 
fixed in flavour models, e.g. PQ = FN
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Present and Future Constraints
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fa[GeV]
<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>

Flavored Axions

A summary plot of the most relevant constraints1 discussed so far is shown in Fig. 1, which
shows the upper bound on the axion mass from various processes by setting the respective di-
mensionless couplings Ci = {Cg ,Ce,CN ,CV

sd ,C
V
bs} to 1. Also shown is the region where the axion

can naturally account for the present Dark Matter abundance through the misalignment mecha-
nism [5, 6, 7].

Present and Future Constraints
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fa[GeV]
<latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit><latexit sha1_base64="3MSB03yWkwNwzKIXhSCuGYvEYYU=">AAACCnicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl0ocsK9gFtCJPJpB06jzAzEUrIH/gHbvUH3Ilbf8K9H+K0zcK2HrhwOOdezuVEKaPaeN63s7a+sbm1Xdmp7u7tH9Tcw6OOlpnCpI0lk6oXIU0YFaRtqGGklyqCeMRINxrfTv3uE1GaSvFoJikJOBoKmlCMjJVCt5aECPbzgeLwjnSKIHTrXsObAa4SvyR1UKIVuj+DWOKME2EwQ1r3fS81QY6UoZiRojrINEkRHqMh6VsqECc6yGePF/DMKjFMpLIjDJypfy9yxLWe8MhucmRGetmbiv95/cwk10FORZoZIvA8KMkYNBJOW4AxVQQbNrEEYUXtrxCPkELY2K4WUqJIsriwtfjLJaySzkXD9xr+w2W9eVMWVAEn4BScAx9cgSa4By3QBhhk4AW8gjfn2Xl3PpzP+eqaU94cgwU4X78KyZpw</latexit>

ma[eV]
<latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit><latexit sha1_base64="FvxOEv6X+vHuQZ5rFX6we1SumdI=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A0lslk0g6dmYSZiVBCP8A/cKs/4E7c+hnu/RCnbRa29cCFwzn3ci4nTDnTxnW/ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqd+54kqzRL5YMYpDQQeSBYzgo2VHkUfIz/vKYFoexL0qzW37s6AVolXkBoUaParP70oIZmg0hCOtfY9NzVBjpVhhNNJpZdpmmIywgPqWyqxoDrIZ19P0JlVIhQnyo40aKb+vcix0HosQrspsBnqZW8q/uf5mYmvg5zJNDNUknlQnHFkEjStAEVMUWL42BJMFLO/IjLEChNji1pICcOERxNbi7dcwippX9Q9t+7dX9YaN0VBZTiBUzgHD66gAXfQhBYQUPACr/DmPDvvzofzOV8tOcXNMSzA+foFAg+Z9Q==</latexit>

sd

NA62

BELLE II

bsee, Nµe
<latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit><latexit sha1_base64="yNb1dFoOJXSfo+g6YjFtfdIlH1A=">AAAB/nicdVDLSsNAFJ3UV62vqks3g0VwFSa1NO2u6MZlBVMLbSiTyaQdOpOEmYlQQsE/cKs/4E7c+ivu/RCnD8GKHrhwOOde7r0nSDlTGqEPq7C2vrG5Vdwu7ezu7R+UD486KskkoR5JeCK7AVaUs5h6mmlOu6mkWASc3gXjq5l/d0+lYkl8qycp9QUexixiBGsjeX2RQTooV5CN6o7rNiCya65z0XANcar1JmpCx0ZzVMAS7UH5sx8mJBM01oRjpXoOSrWfY6kZ4XRa6meKppiM8ZD2DI2xoMrP58dO4ZlRQhgl0lSs4Vz9OZFjodREBKZTYD1Sv72Z+JfXy3TU8HMWp5mmMVksijIOdQJnn8OQSUo0nxiCiWTmVkhGWGKiTT4rW4Ig4eHUxPL9O/yfdKq2Y7K6qVVal8uAiuAEnIJz4AAXtMA1aAMPEMDAI3gCz9aD9WK9Wm+L1oK1nDkGK7DevwDZFZah</latexit>

��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>

Figure 1: Sketch of present and future constraints on axion couplings for Ci = 1, see text for details.

From Fig. 1 it is clear that rare flavor-violating decays are very important to constrain flavor-
violating axion couplings to matter, and can compete with the stringent constraints on flavor-
diagonal couplings from astrophysics. In the case of s� d transitions, the present bounds on fa

from K ! p +a decays are actually about two orders of magnitude stronger, for equal sizes of the
respective dimensionless couplings. Most interestingly, these bounds are expected to be improved
in the very near future by various experiments such as NA62 and Belle II. Therefore precision
flavor experiments provide the exciting possibility to look for the QCD axion in a way that is
complementary to the usual searches with helio- and haloscopes.

3. Flavored Axions

In this section we investigate the expected size of flavour-violating axion couplings in UV
axion models. In general these couplings arise from the PQ current, which has to be rotated to the
fermion mass basis. In this basis, given by unitary rotations Vf defined by V †

fL
MfVfR = Mdiag

f , one
obtains

CV,A
fi f j

=
1

2N

⇣
V †

fR
XfRVfR ±V †

fL
XfLVfL

⌘

i j
, (3.1)

where XfL, fR denote the (flavor-diagonal) PQ charge matrices of left- and right-handed fermions.
Therefore flavor-violating couplings are present whenever SM fermions carry PQ charges that rep-
resent a new source of flavor violation beyond SM Yukawas, i.e. whenever PQ charges do not
commute with Yukawa matrices. In this case the off-diagonal couplings depend on the unitary ro-
tations that connect interaction and mass basis, and thus can be quantitatively predicted only in a
theory of flavor.

1Constraints on the remaining flavor-violating axion couplings to quarks and leptons can be found in Refs. [29, 30].
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<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(for Ci = 1)

<latexit sha1_base64="WCy9UzCC0hcNzpHLjZFQZC3E1zI="></latexit>

?

natural axion 
DM window 
(misalignment)

107
<latexit sha1_base64="DuwpLINvK+mQQ2c7sIunI/BSLFQ=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNcEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fs76YTMxlGFiSdZ+tFHFuFp2XhgGmglo8TQKhmyfcwHRBNqE0qzbYlPFMlBJFB3IbQTGY340pOkk691QbXQf2y5F2V3IfrQuU2bTeDztA5ukAeKqMKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQtAriE=</latexit>

109
<latexit sha1_base64="N4K0UHpRo9QCbVyHiPalVOQm7gs=">AAACOnicZVDLTgIxFO3gC/EFunTTSEhckRk1UXdENy4xETABJJ3OBRr6mLQdlEz4Bbf6Mf6IW3fGrR/gABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2AnluU/XnXzRLbvTwavAS0ERpVPtFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjwNO8alhAlwV+nkSIun7IIjGLLQpJ6XmWlej4kwZiT8ZJMgtm+WtQn5r5XmRV/xYCmc7V61YybDyIKks2zdiGOr8KQsHDAN1PJRAgjVLPkepn2iCbVJpbmWhGeqhCAyiFsQmvH0ZlzJcdKpt9zgKqiflb3zsnt/UazcpO1m0TE6QafIQ5eogu5QFdUQRX30it7Qu/PhfDnfzs/sacZJPUdoYZzfPw7mriM=</latexit>

1011
<latexit sha1_base64="WK//ttix5YxkvjiXmxKEuRLQQII=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPW/SzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkimvYg==</latexit>

1013
<latexit sha1_base64="d5c7Lrs+0snWlzmm9VbnHxYhNiQ=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KvctJN190y+5s8DrwUlBE6VS7BQe3A0UjAdJSToxpeW5oOzHRllEOk1w7MhASOiR9aCVQEgGmE8/yTnApYQLcUzo50uIZu+QIRiw0qedlblrUYyKMGQs/2SSIHZhVbUr+a6VF0Vc8WAlnezedmMkwsiDpPFsv4tgqPO0LB0wDtXycAEI1S76H6YBoQm3Saq4t4ZkqIYgM4jaEZjK7GVdy2qm32uA6qF+Uvcuy+3BVrNym7WbRKTpD58hD16iC7lEV1RBFQ/SK3tC78+F8Od/Oz/xpxkk9J2hpnN8/ldGvZA==</latexit>

1012
<latexit sha1_base64="7oW/MhkpzR15ZeIz4qFaxJyI2JI=">AAACPXicZVDLTgIxFO34RHyBLt00EhJXZAZNdEl04xITeSSApNO5QEMfk7aDkgkf4VY/xu/wA9wZt24dYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJTaiG5z7FXnnSzRXckjsbvA68FBRQOtVu3sHtQNFIgLSUE2NanhvaTky0ZZTDJNuODISEDkkfWgmURIDpxLO8E1xMmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WnFR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mm1LeKZKCCKDuA2hmcxuxpWcduqtNrgO6uWSd1lyH64Kldu03Qw6Q+foAnnoGlXQPaqiGqJoiF7RG3p3Ppwv59v5mT/dcFLPKVoa5/cPk/2vYw==</latexit>

1010
<latexit sha1_base64="LvijGwJtZDM8DYhXwpRUBnEkHJ0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEhckRk10SXRjUtM5JEAkk7nAg19TNoOSiZ8hFv9GL/DD3Bn3Lp1gInhcZM2J+f03JweP+TMWNf9dDIbm1vbO9nd3N7+weFRvnBcNyrSFGpUcaWbPjHAmYSaZZZDM9RAhM+h4Q/vpnpjBNowJR/tOISOIH3JeowSm1ANz32KPXfSzRfdsjsbvA68FBRROtVuwcHtQNFIgLSUE2NanhvaTky0ZZTDJNeODISEDkkfWgmURIDpxLO8E1xKmAD3lE6OtHjGLjmCEQtN6nmZmxb1mAhjxsJPNgliB2ZVm5L/WmlR9BUPVsLZ3k0nZjKMLEg6z9aLOLYKT/vCAdNALR8ngFDNku9hOiCaUJu0mmtLeKZKCCKDuA2hmcxuxpWcduqtNrgO6hdl77LsPlwVK7dpu1l0is7QOfLQNaqge1RFNUTREL2iN/TufDhfzrfzM3+acVLPCVoa5/cPkFWvYQ==</latexit>

10�1
<latexit sha1_base64="zSOgbClef7xSVRHhn7qXtvPUZr0=">AAACPXicZVDLTgIxFO3gC/EFunTTSEjcSGbURJdENy4xETABJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABPD4yZtTs7puTk9fsiZsa776WTW1jc2t7LbuZ3dvf2DfOGwblSkKdSo4ko/+sQAZxJqllkOj6EGInwODX9wO9EbQ9CGKflgRyG0BelJ1mWU2IRqeO5TfOaNO/miW3ang1eBl4IiSqfaKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4xLCRPgrtLJkRZP2QVHMGShST0vM9O8HhNhzEj4ySZBbN8saxPyXyvNi77iwVI4271ux0yGkQVJZ9m6EcdW4UlfOGAaqOWjBBCqWfI9TPtEE2qTVnMtCc9UCUFkELcgNOPpzbiSk0695QZXQf287F2U3fvLYuUmbTeLjtEJOkUeukIVdIeqqIYoGqBX9IbenQ/ny/l2fmZPM07qOUIL4/z+AYrVr14=</latexit>

10�2
<latexit sha1_base64="NZNbncQ1nyj6ke9OWZz6yA/zjyY=">AAACPXicZVDLSgMxFM3UV62vqks3wVJwY5mpgi5FNy4r2FawY8lkbjU0jyHJVMvQj3CrH+N3+AHuxK1bZ6aD1Hoh4XBOzuXkBBFnxrruu1NaWFxaXimvVtbWNza3qts7HaNiTaFNFVf6JiAGOJPQtsxyuIk0EBFw6AbDi0zvjkAbpuS1HUfgC3Iv2YBRYlOq67l3yWFz0q/W3IabD/4PvALUUDGt/raDe6GisQBpKSfG3HpuZP2EaMsoh0mlFxuICB2Se7hNoSQCjJ/keSe4njIhHiidHmlxzv5xhCMWmcLzNDXN6gkRxoxFkG4SxD6YeS0jf7X6rBgoHs6Fs4NTP2Eyii1IOs02iDm2Cmd94ZBpoJaPU0CoZun3MH0gmlCbtlrpSXikSggiw6QHkZnkN+NKZp168w3+B51mwztquFfHtbPzot0y2kP76AB56ASdoUvUQm1E0RA9oxf06rw5H86n8zV9WnIKzy76M873D4ypr18=</latexit>

10�3
<latexit sha1_base64="yKZQhvKFpLtpyB50jL3N/XqG+w8=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkx0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2ziletuLfnpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B459r2A=</latexit>

10�4
<latexit sha1_base64="QZyB9gzAABxCaB2/05STlR02lGg=">AAACPXicZVDLTgIxFO34RHyBLt00EhI3khkl0SXRjUtMBEwASadz0YY+Jm0HJRM+wq1+jN/hB7gzbt06AxPD4yZtTs7puTk9fsiZsa776aysrq1vbOa28ts7u3v7heJB06hIU2hQxZW+94kBziQ0LLMc7kMNRPgcWv7gOtVbQ9CGKXlnRyF0BXmUrM8osQnV8tyH+LQ67hVKbsWdDF4GXgZKKJt6r+jgTqBoJEBayokxbc8NbTcm2jLKYZzvRAZCQgfkEdoJlESA6caTvGNcTpgA95VOjrR4ws45giELTeZ5mZpm9ZgIY0bCTzYJYp/MopaS/1p5VvQVDxbC2f5lN2YyjCxIOs3Wjzi2Cqd94YBpoJaPEkCoZsn3MH0imlCbtJrvSHimSggig7gDoRlPbsaVTDv1FhtcBs2zindecW+rpdpV1m4OHaFjdII8dIFq6AbVUQNRNECv6A29Ox/Ol/Pt/EyfrjiZ5xDNjfP7B5BRr2E=</latexit>

10�5
<latexit sha1_base64="1dpDAvsaBIcVvxGgiT7DyDC+TGA=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGZ8RJdENy4xkUcCSDqdCzT0MWk7KJnwEW71Y/wOP8CdcevWASZG4CZtTs7puTk9fsiZsa774WRWVtfWN7Kbua3tnd29fGG/ZlSkKVSp4ko3fGKAMwlVyyyHRqiBCJ9D3R/cTvT6ELRhSj7YUQhtQXqSdRklNqHqnvsYn16OO/miW3Kng5eBl4IiSqfSKTi4FSgaCZCWcmJM03ND246JtoxyGOdakYGQ0AHpQTOBkggw7Xiad4yPEybAXaWTIy2esnOOYMhCk3qeZ6b/ekyEMSPhJ5sEsX2zqE3IP+34v+grHiyEs93rdsxkGFmQdJatG3FsFZ70hQOmgVo+SgChmiXfw7RPNKE2aTXXkvBElRBEBnELQjOe3owrOenUW2xwGdTOSt55yb2/KJZv0naz6BAdoRPkoStURneogqqIogF6Qa/ozXl3Pp0v53v2NOOkngM0N87PL5Ilr2I=</latexit>

10�6
<latexit sha1_base64="l4xIemh52gqxCqcqDkCiCfR4RCg=">AAACPXicZVDLTgIxFO3gC/EFunTTSEzcSGbUqEuiG5eYyCMBJJ3OBRr6mLQdlEz4CLf6MX6HH+DOuHXrABMjcJM2J+f03JweP+TMWNf9cDIrq2vrG9nN3Nb2zu5evrBfMyrSFKpUcaUbPjHAmYSqZZZDI9RAhM+h7g9uJ3p9CNowJR/sKIS2ID3JuowSm1B1z32MTy/HnXzRLbnTwcvAS0ERpVPpFBzcChSNBEhLOTGm6bmhbcdEW0Y5jHOtyEBI6ID0oJlASQSYdjzNO8bHCRPgrtLJkRZP2TlHMGShST3PM9N/PSbCmJHwk02C2L5Z1Cbkn3b8X/QVDxbC2e51O2YyjCxIOsvWjTi2Ck/6wgHTQC0fJYBQzZLvYdonmlCbtJprSXiiSggig7gFoRlPb8aVnHTqLTa4DGpnJe+85N5fFMs3abtZdIiO0Any0BUqoztUQVVE0QC9oFf05rw7n86X8z17mnFSzwGaG+fnF5P5r2M=</latexit>

10�7
<latexit sha1_base64="UK5ODTW7gSBwG3LjeX993I3/G0M=">AAACPXicZVDLSgMxFM3Ud33r0k2wCG4sMyroUnTjUsHagjNKJnOnDc1jSDJqGfoRbvVj/A4/wJ24dWs6HUTrhYTDOTmXkxNnnBnr+29ebWp6ZnZufqG+uLS8srq2vnFtVK4ptKjiSndiYoAzCS3LLIdOpoGImEM77p+N9PY9aMOUvLKDDCJBupKljBLrqHbg3xZ7R8O7tYbf9MvB/0FQgQaq5uJu3cNhomguQFrKiTE3gZ/ZqCDaMsphWA9zAxmhfdKFGwclEWCiosw7xDuOSXCqtDvS4pL940juWWYqz+PY9FsviDBmIGK3SRDbM5PaiPzRdn6LseLJRDibHkcFk1luQdJxtjTn2Co86gsnTAO1fOAAoZq572HaI5pQ61qthxIeqBKCyKQIITPD8mZcyVGnwWSD/8H1fjM4aPqXh42T06rdebSFttEuCtAROkHn6AK1EEV99ISe0Yv36r17H97n+GnNqzyb6M94X9+Vza9k</latexit>

1
<latexit sha1_base64="6j36pgx9eVJyypX5bmB5udOeLyk=">AAACN3icZVDLSgMxFE18W9+6dBMsgqsyo4IuRTcuLdgHtEPJZG41mMeQZNQy9Avc6sf4Ka7ciVv/wHQ6SG0vJBzOybmcnDgV3Log+MBz8wuLS8srq5W19Y3Nre2d3abVmWHQYFpo046pBcEVNBx3AtqpASpjAa344Wqktx7BWK7VrRukEEl6p3ifM+o8VQ9729WgFhRDZkFYgioq56a3g0k30SyToBwT1NpOGKQuyqlxnAkYVrqZhZSyB3oHHQ8VlWCjvEg6JIeeSUhfG3+UIwX7z5E88tSWnuexaVLPqbR2IGO/SVJ3b6e1EfmnHU6KsRbJVDjXP49yrtLMgWLjbP1MEKfJqCmScAPMiYEHlBnuv0fYPTWUOd9npavgiWkpqUryLqR2WNxcaDX0nYbTDc6C5nEtPKkF9dPqxWXZ7graRwfoCIXoDF2ga3SDGoghQC/oFb3hd/yJv/D3+OkcLj176N/gn18y060+</latexit>

108
<latexit sha1_base64="N2A6lpL52DxkWGR//yMSkEXdYSE=">AAACOnicZVDLTgIxFO34RHyBLt00EhJXZEZNZEl04xITeSSApNO5QEMfk7aDkgm/4FY/xh9x68649QMcYGJ43KTNyTk9N6fHDzkz1nU/nY3Nre2d3cxedv/g8Og4lz+pGxVpCjWquNJNnxjgTELNMsuhGWogwufQ8Id3U70xAm2Yko92HEJHkL5kPUaJnVKe+1Tu5gpuyZ0NXgdeCgoonWo37+B2oGgkQFrKiTEtzw1tJybaMsphkm1HBkJCh6QPrQRKIsB04lnYCS4mTIB7SidHWjxjlxzBiIUm9bzMTYt6TIQxY+EnmwSxA7OqTcl/rbgo+ooHK+Fsr9yJmQwjC5LOs/Uijq3C07JwwDRQy8cJIFSz5HuYDogm1CaVZtsSnqkSgsggbkNoJrObcSUnSafeaoProH5Z8q5K7sN1oXKbtptBZ+gcXSAP3aAKukdVVEMUDdArekPvzofz5Xw7P/OnG07qOUVL4/z+AQ0TriI=</latexit>
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Conclusions
• Axion physics is entering an experimentally driven era

- axion couplings are UV dependent

- worth to think about alternatives to KSVZ/DFSZ when confronting exp. bounds/sensitivities 
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(an analogy I cannot resist: DFSZ = cMSSM)
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- connection to SM flavour pattern

• Relaxing flavour universality of PQ opens new pathways:

- heavy axion ?

- nucleophobia

- flavoured axion searches

(an analogy I cannot resist: DFSZ = cMSSM)

flavour opportunity
(blessing) 

flavour problem
(curse) 

- worth to think about alternatives to KSVZ/DFSZ when confronting exp. bounds/sensitivities 



Stellar cooling anomalies
• Hints of excessive cooling in WD+RGB+HB can be explained via an axion 

[Giannotti, Irastorza, Redondo, Ringwald, Saikawa 1708.02111]
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Figure 1. Combined analysis of the hints from WD+RGB+HB stars in the gae � ga� plane. Also
shown are the projected sensitivities of the light-shining-through-walls experiment ALPS II [13] and
the helioscope IAXO [15].

combination of couplings. In fact, it includes also axion emission in nucleon bremsstrahlung
N+N ! N+N+a where N can be either a proton or a neutron and most of the simulations
were done with a very small neutron coupling, so that the e↵ect is mostly due to the proton
coupling.

Finally, the axion/ALP bremsstrahlung o↵ nucleons can shorten the prediction of the
neutrino pulse duration of core collapse supernovae. In fact, the neutrino observations from
SN1987A lead to a bound (see appendix B)

g2ap + g2an < 3.6⇥ 10�19 . (2.8)

We will consider this as a 1� hint that g2aN = 0 within the error 3.6 ⇥ 10�19. However, we
warn the reader that SN 1987A constraints are based on axion emissivities not completely
understood and on simulations that at the moment do not include all necessary physics and
therefore have systematic uncertainties themselves. Again, we will study axion models with
and without including this constraint.

3 Axion interpretation of stellar cooling anomalies

Let us start by reviewing the generic features of the axion. The basic building block of an
invisible axion model is a global U(1)

PQ

symmetry, which is broken at a high scale by the
vacuum expectation value h�2i = v2

PQ

/2 of a complex Standard Model (SM) singlet scalar
field �. In this notation, the axion field appears as the phase of this complex scalar � =
(v

PQ

/
p
2)eia/vPQ or as a linear combination of this and other Higgs phases. The associated

Noether current JPQ

µ is required to have a color anomaly and, although not required for
solving the strong CP problem, it may also have an electromagnetic anomaly:

@µJPQ
µ =

N↵s

8⇡
Ga

µ⌫G̃
aµ⌫ +

E↵

8⇡
Fµ⌫F̃

µ⌫ , (3.1)

– 5 –

- requires a sizeable axion-electron coupling in a region disfavoured by SN bound*

Here eHu = ✏H⇤
u, i, j = 1, 2, 3 are flavor indices and �ij , Yij , Gij are complex 3⇥ 3 matrices.

The interactions given by eq. (3.6) (DFSZ I) or eq. (3.7) (DFSZ II) are assumed to be
invariant under a U(1)

PQ

symmetry with symmetry breaking scale v
PQ

. At low energies, the
e↵ective Lagrangian is then given by eq. (2.1), with [45, 46]

fa =
v
PQ

6
, (3.8)

CDFSZ I

ae =
1

3
sin2 � , CDFSZ II

ae =
1

3
(1� sin2 �) , (3.9)

(3.10)

and [40]

CDFSZ I

a� =
8

3
� 1.92(4) , CDFSZ II

a� =
2

3
� 1.92(4) , (3.11)

CAp = �0.435 sin2 � + (�0.182± 0.025) ,

CAn = 0.414 sin2 � + (�0.16± 0.025) . (3.12)

Here, tan� ⌘ vu/vd, with v =
q
v2u + v2d = 246 GeV. It is theoretically constrained from

both ends by the requirement of perturbative unitarity of the Yukawa couplings,

0.28 < tan� < 140 . (3.13)

Here, the lower limit arises in all 2HDMs, while the upper limit is specific to the type-II and
type-IV 2HDMs [47].

The DFSZ models have only two parameters, fa and tan�, that we can extract from the
global fit of the WDLF, the period decrease of 4 pulsating WDs (R548, L 19-2 (113), L 19-2
(192), and PG 1351+489), the luminosity of the tip in the RGB of M5 and the R-parameter
in globular clusters, which we hereafter label as HB, see appendix A for specifics. The best
fit values are recorded in table 2 and the 1, 2, 3, 4� contours are shown in figure 2. Note
that we impose the constraint on perturbative unitarity on the best fit values but not on the
contours. The resulting regions can be understood as follows.

Model Global fit includes fa [108GeV] ma [meV] tan� �2

min

/d.o.f.

WD,RGB,HB 0.77 74 0.28 14.9/15
DFSZ I WD,RGB,HB,SN 11 5.3 140 16.3/16

WD,RGB,HB,SN,NS 9.9 5.8 140 19.2/17
WD,RGB,HB 1.2 46 2.7 14.9/15

DFSZ II WD,RGB,HB,SN 9.5 6.0 0.28 15.3/16
WD,RGB,HB,SN,NS 9.1 6.3 0.28 21.3/17

Table 2. Best fit parameters compatible with perturbative unitarity for DFSZ-type axion interpre-
tations of the cooling anomalies.

3We follow this approach in our figures 2 and 3, where we show the mass scale on the x-axis. The mass
there emerges solely from its relation with fa, Eq. (3.3). We remind, however, that the stellar hints are
calculated in the approximation of masseless axions, as explained in footnote 2.

– 8 –

 Nucleophobic axions should improve fit, 
    allowing for fully perturbative Yukawas 

*SN bound a factor ~4 weaker than PDG one ?  
[Chang, Essig, McDermott 1803.00993,
Carenza, Fischer, Giannotti, Mirizzi 1906.11844]
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DM in the heavy axion window
• Post-inflationary PQ breaking with NDW ≠1

Axion as a non-WIMP dark matter candidate Ken’ichi Saikawa

The detailed investigation of the parameter space showed that there exits a loophole if the

order of the operators (3.2) is N = 9 or 10 [18]. In such cases, the axion can explain the observed

dark matter abundance in higher mass ranges, 5.6×10−4 eV ! ma ! 1.3×10−1 eV (for NDW = 6),

if we allow a mild tuning of the symmetry breaking parameter g. Intriguingly, such higher mass

ranges are compatible with those preferred by stellar cooling anomaly observations [19].

4. Conclusions

The axion is a well-motivated hypothetical particle as it provides a solution to the strong CP

problem and can be a good candidate of non-WIMP dark matter. The prediction for the axion

dark matter strongly depends on the early history of the universe and hence the underlying particle

physics models. The mass ranges predicted in various cosmological scenarios are summarized in

Fig. 2. Recently, a lot of new experimental projects are proposed, which enables us to investigate

the properties of the axion in the relevant parameter ranges [see, e.g., Ref. [20]]. Discovery of the

axion in such future experimental searches would bring about a tremendous development not only

in dark matter physics but also in cosmology and fundamental physics.

pre-inf.

post-inf. (N = 1)

post-inf. (N = 6)

tuned
θi → 0

tuned
θi → πdominant / subdominant subdominant

overclosure
dominant

(uncertainty?) subdominant

overclosure dominant / subdominant

10 1013 1012 1011 1010 109 108 107

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1

!![GeV]

"![eV]

Figure 2: Predictions for the axion dark matter mass ma or the decay constant fa in the pre-inflationary PQ

symmetry breaking scenario (first line), the post-inflationary PQ symmetry breaking scenario with NDW = 1

(second line), and that with NDW = 6 (third line). The yellow regions correspond to the mass ranges in

which the axion can be the main constituent of dark matter. The gray regions are excluded since the relic

axion abundance exceeds the observed dark matter abundance. The gray hatched regions correspond to

the mass ranges in which more than 10% tuning of θi is required in order to explain the observed dark

matter abundance. Here we give a conservative estimate of uncertainty in the axion dark matter mass for the

models with NDW = 1, taking account of the difference between the results obtained from the conventional

simulation method [13, 14] and those obtained from the modified simulation method [17].
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[Kawasaki, Saikawa, Sekiguchi, 1412.0789 1709.07091]

- axion production from topological defects 

- requires explicit PQ breaking term

Heavy Axion Cosmology

If PQ broken after inflation need to take into 
account axion production from topological defects:

Need larger axion masses wrt pure misalignment

Need explicit PQ 
breaking term 

Kawasaki, Saikawa, Sekiguchi 
arXiv:1412.0789
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FIG. 7: Observational constraints on the axion decay constant Fa and the bias parameter Ξ in the model with NDW = 3
based on (a) the assumption of exact scaling and (b) that of deviation from scaling. The red solid line corresponds to the
bound obtained from the burst duration of SN 1987A [Eq. (4.10)], and the green area to the left side of this line is excluded.
The blue (cyan) solid line corresponds to the constraint of the overclosure of dark matter axions [Eq. (4.1)] with the coefficient
Cd estimated based on 10% (1%) criterion. The dotted lines represent uncertainties of Ωa,toth

2 induced by the numerical
parameters ϵ, ξ, ϵ̃a, A (or Aform), and Cd. Except for these uncertainties, the red region below the blue (or cyan) line is
excluded. The purple solid lines correspond to the NEDM bounds [Eq. (4.9)] for δ = 1, 10−4, and 10−8. The region above these
lines is also excluded. The shaded region corresponds to the parameters satisfying Eq. (4.13), and in this region the axion mass
is dominated by the bias term. The exclusion lines shown in these figures are obtained for g∗,1 = 80 and ΛQCD = 400MeV.
Furthermore, we use β′ = 58, ξ = 1.0 ± 0.5, and ϵ = 4.02 ± 0.70 to compute Ωa,stringh

2. For parameters required to estimate
Ωa,dech

2, we take ϵ̃a = 1.85 ± 0.06 (the result for NDW = 3 in Table VII), A = 1.10 ± 0.18 (the result for NDW = 3 and
N = 16384 in Table IV), Aform = 0.828± 0.032, and p = 0.926 (the result for NDW = 3 in Table V). The value for Cd is taken
from Table VI, such that Cd = 5.02± 0.44 (8.15± 0.67) for 10% (1%) criterion with the assumption of exact scaling [panel (a)]
and Cd = 7.16± 0.53 (10.8 ± 0.7) for 10% (1%) criterion with the assumption of deviation from scaling [panel (b)].

fa [GeV]
<latexit sha1_base64="Ymu4EjdcLxHPfUWI8lC3arf36Eo=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwICURQY9FD3qsYD+gCWGznbRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwpQzpR3n21pZXVvf2KxsVbd3dvf27YNaRyWZpNCmCU9kLyQKOIuhrZnm0EslEBFy6Ibjm6nffQSpWBI/6EkKviDDmEWMEm2kwK5FAcHeGe7nnhT4FjqFH9h1p+HMgJeJW5I6KtEK7C9vkNBMQKwpJ0r1XSfVfk6kZpRDUfUyBSmhYzKEvqExEaD8fHZ7gU+MMsBRIk3FGs/U3xM5EUpNRGg6BdEjtehNxf+8fqajKz9ncZppiOl8UZRxrBM8DQIPmASq+cQQQiUzt2I6IpJQbeKqmhDcxZeXSee84ToN9/6i3rwu46igI3SMTpGLLlET3aEWaiOKntAzekVvVmG9WO/Wx7x1xSpnDtEfWJ8/XoGTWg==</latexit><latexit sha1_base64="Ymu4EjdcLxHPfUWI8lC3arf36Eo=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwICURQY9FD3qsYD+gCWGznbRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwpQzpR3n21pZXVvf2KxsVbd3dvf27YNaRyWZpNCmCU9kLyQKOIuhrZnm0EslEBFy6Ibjm6nffQSpWBI/6EkKviDDmEWMEm2kwK5FAcHeGe7nnhT4FjqFH9h1p+HMgJeJW5I6KtEK7C9vkNBMQKwpJ0r1XSfVfk6kZpRDUfUyBSmhYzKEvqExEaD8fHZ7gU+MMsBRIk3FGs/U3xM5EUpNRGg6BdEjtehNxf+8fqajKz9ncZppiOl8UZRxrBM8DQIPmASq+cQQQiUzt2I6IpJQbeKqmhDcxZeXSee84ToN9/6i3rwu46igI3SMTpGLLlET3aEWaiOKntAzekVvVmG9WO/Wx7x1xSpnDtEfWJ8/XoGTWg==</latexit><latexit sha1_base64="Ymu4EjdcLxHPfUWI8lC3arf36Eo=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwICURQY9FD3qsYD+gCWGznbRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwpQzpR3n21pZXVvf2KxsVbd3dvf27YNaRyWZpNCmCU9kLyQKOIuhrZnm0EslEBFy6Ibjm6nffQSpWBI/6EkKviDDmEWMEm2kwK5FAcHeGe7nnhT4FjqFH9h1p+HMgJeJW5I6KtEK7C9vkNBMQKwpJ0r1XSfVfk6kZpRDUfUyBSmhYzKEvqExEaD8fHZ7gU+MMsBRIk3FGs/U3xM5EUpNRGg6BdEjtehNxf+8fqajKz9ncZppiOl8UZRxrBM8DQIPmASq+cQQQiUzt2I6IpJQbeKqmhDcxZeXSee84ToN9/6i3rwu46igI3SMTpGLLlET3aEWaiOKntAzekVvVmG9WO/Wx7x1xSpnDtEfWJ8/XoGTWg==</latexit><latexit sha1_base64="Ymu4EjdcLxHPfUWI8lC3arf36Eo=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwICURQY9FD3qsYD+gCWGznbRLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwpQzpR3n21pZXVvf2KxsVbd3dvf27YNaRyWZpNCmCU9kLyQKOIuhrZnm0EslEBFy6Ibjm6nffQSpWBI/6EkKviDDmEWMEm2kwK5FAcHeGe7nnhT4FjqFH9h1p+HMgJeJW5I6KtEK7C9vkNBMQKwpJ0r1XSfVfk6kZpRDUfUyBSmhYzKEvqExEaD8fHZ7gU+MMsBRIk3FGs/U3xM5EUpNRGg6BdEjtehNxf+8fqajKz9ncZppiOl8UZRxrBM8DQIPmASq+cQQQiUzt2I6IpJQbeKqmhDcxZeXSee84ToN9/6i3rwu46igI3SMTpGLLlET3aEWaiOKntAzekVvVmG9WO/Wx7x1xSpnDtEfWJ8/XoGTWg==</latexit>

⇠
<latexit sha1_base64="Q3ckis8sxyt1zJ/hVAHRYf+CVtM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71nxgaVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ALKKjf8=</latexit><latexit sha1_base64="Q3ckis8sxyt1zJ/hVAHRYf+CVtM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71nxgaVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ALKKjf8=</latexit><latexit sha1_base64="Q3ckis8sxyt1zJ/hVAHRYf+CVtM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71nxgaVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ALKKjf8=</latexit><latexit sha1_base64="Q3ckis8sxyt1zJ/hVAHRYf+CVtM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71nxgaVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ALKKjf8=</latexit>

�V ⇠ �⇠f3
a�e

�i� + h.c.
<latexit sha1_base64="eaAJnKtO6ZBPZOey2XicSVpazO0="></latexit><latexit sha1_base64="eaAJnKtO6ZBPZOey2XicSVpazO0="></latexit><latexit sha1_base64="eaAJnKtO6ZBPZOey2XicSVpazO0="></latexit><latexit sha1_base64="eaAJnKtO6ZBPZOey2XicSVpazO0="></latexit>

NDW = 3
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FIG. 7: Observational constraints on the axion decay constant Fa and the bias parameter Ξ in the model with NDW = 3
based on (a) the assumption of exact scaling and (b) that of deviation from scaling. The red solid line corresponds to the
bound obtained from the burst duration of SN 1987A [Eq. (4.10)], and the green area to the left side of this line is excluded.
The blue (cyan) solid line corresponds to the constraint of the overclosure of dark matter axions [Eq. (4.1)] with the coefficient
Cd estimated based on 10% (1%) criterion. The dotted lines represent uncertainties of Ωa,toth

2 induced by the numerical
parameters ϵ, ξ, ϵ̃a, A (or Aform), and Cd. Except for these uncertainties, the red region below the blue (or cyan) line is
excluded. The purple solid lines correspond to the NEDM bounds [Eq. (4.9)] for δ = 1, 10−4, and 10−8. The region above these
lines is also excluded. The shaded region corresponds to the parameters satisfying Eq. (4.13), and in this region the axion mass
is dominated by the bias term. The exclusion lines shown in these figures are obtained for g∗,1 = 80 and ΛQCD = 400MeV.
Furthermore, we use β′ = 58, ξ = 1.0 ± 0.5, and ϵ = 4.02 ± 0.70 to compute Ωa,stringh

2. For parameters required to estimate
Ωa,dech

2, we take ϵ̃a = 1.85 ± 0.06 (the result for NDW = 3 in Table VII), A = 1.10 ± 0.18 (the result for NDW = 3 and
N = 16384 in Table IV), Aform = 0.828± 0.032, and p = 0.926 (the result for NDW = 3 in Table V). The value for Cd is taken
from Table VI, such that Cd = 5.02± 0.44 (8.15± 0.67) for 10% (1%) criterion with the assumption of exact scaling [panel (a)]
and Cd = 7.16± 0.53 (10.8 ± 0.7) for 10% (1%) criterion with the assumption of deviation from scaling [panel (b)].
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FIG. 2. The ga��/ma window for preferred axion models. The lines E/N = 44/3 and 5/3 encompass models with
a single RQ in Table II. The region below the line E/N = 122/3 allows for two RQ’s. The yellow stripe delimited
by dashed lines reproduces the usual window |E/N � 1.92| 2 [0.07, 7] [33]. Current (projected) exclusion bounds
are delimited by solid (dashed) lines. The dark (light) orange band encompasses cosmologically interesting models
yielding ⌦a/⌦DM = 1 (> 0.01).

allow for opposite signs in the PQ charge di↵erences: �X = ��X s. In this case E/Es and N/Ns become
negative and ga�� can get enhanced. The largest enhancement attainable with two RQ’s is obtained with
Rs

Q � Rw
Q. This still respects the LP selection criterium and yields Ec/Nc = 122/3, corresponding in

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ’s can also weaken ga�� below the lower
limit in Fig. 2, and even yield complete axion-photon decoupling (within theoretical errors), a possibility
that requires an ad hoc choice of RQ’s, but no numerical fine tuning. With two RQ’s there are three such
cases: (3, 3,�1/3) � (6, 1,�1/3); (6, 1, 2/3) � (8, 1,�1) and (3, 2,�5/6) � (8, 2,�1/2) giving respectively
Ec/Nc = (23/12, 64/33, 41/21). In all these cases the axion could be only detected via its coupling to
nucleons, providing additional motivations for axion searches which do not rely on the axion coupling to
photons [52, 53].
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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 µ2 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 µ2) 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

 PQ charges carried by a vector-like quark Q = QL + QR  

 [original KSVZ model assumes Q ~ (3,1,0)]
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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 µ2 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 µ2) 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:

@µJPQ
µ =

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (39) anomaly coeff.

5

where G, F are the color and electromagnetic field strength tensors, G̃, F̃ their duals, and N and E are the
color and electromagnetic anomaly coe�cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermions QL, QR which must transform non-trivially under SU(3) and chirally
under U(1)PQ. Their mass arises from a Yukawa interaction with a SM singlet scalar field � which develops
a PQ breaking VEV, so that their PQ charges XL,R ⌘ X (QL,R), normalized to X (�) = 1, must satisfy

|XL � XR| = 1 . (40)

We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
X

Q

(XL � XR) T (CQ) , (41)

E =
X

Q

(XL � XR) Q2

Q , (42)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (43)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (44)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (45)

where Q = QL +QR and, from the last term, mQ = yQVa/
p
2. VH�

contains the new scalar couplings:

VH�

= �µ2

�

|�|2 + �
�

|�|4 + �H�

|H|2|�|2 . (46)

Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,
the newe quarks would be absolutely stability, a possibility which is preferable to avoid. For the few RQ

for which LQq 6= 0 is allowed, U(1)Q ⇥ U(1)B is further broken to U(1)B0 , a generalized baryon number
extended to the Q, which can then decay with unsuppressed rates. However, whether LQq is allowed at
the renormalizable level, does not depend solely on RQ: apparently it seems also to depend on the specific
PQ charges. For example, independently of RQ, the common assignment XL = �XR = 1

2

would forbid all
PQ invariant decay operators, e↵ectively protecting Q-baryon number. U(1)Q violating decays could then
occur only via PQ-violating e↵ective operators of dimension d > 4. Of course it is physically sensible to
expect that U(1)PQ and U(1)Q are both broken at least by Planck-scale e↵ects. This would generate PQ
violating contributions to the axion potential V d>4

�

as well as an e↵ective Lagrangian Ld>4

Qq . However, it is

well known that to preserve ✓ < 10�10, operators in V d>4

�

must be of dimension d � 11 [11–13]. Clearly, if
Ld>4

Qq had to respect the PQ symmetry to a similar level of accuracy, the Q’s would beheave as e↵ectively
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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 µ2 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 µ2) 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:

@µJPQ
µ =

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (85)

[Kim ’79, 
Shifman, Vainshtein, Zakharov ’80]
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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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G · G̃+

E↵

4⇡
F · F̃ , (40)

where G, F are the color and electromagnetic field strength tensors, G̃, F̃ their duals, and N and E are the
color and electromagnetic anomaly coe�cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermions QL, QR which must transform non-trivially under SU(3) and chirally
under U(1)PQ. Their mass arises from a Yukawa interaction with a SM singlet scalar field � which develops
a PQ breaking VEV, so that their PQ charges XL,R ⌘ X (QL,R), normalized to X (�) = 1, must satisfy

|XL � XR| = 1 . (41)

We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
X

Q

(XL � XR) T (CQ) , (42)

E =
X

Q

(XL � XR) Q2

Q , (43)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (45)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (46)

where Q = QL +QR and, from the last term, mQ = yQVa/
p
2. VH�

contains the new scalar couplings:

VH�

= �µ2

�

|�|2 + �
�

|�|4 + �H�

|H|2|�|2 . (47)

Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,
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Q , (43)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (45)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (46)

where Q = QL +QR and, from the last term, mQ = yQVa/
p
2. VH�

contains the new scalar couplings:

VH�

= �µ2
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|�|4 + �H�

|H|2|�|2 . (47)

Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,

-
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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 µ2 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 µ2) 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
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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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G · G̃+
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F · F̃ , (40)

where G, F are the color and electromagnetic field strength tensors, G̃, F̃ their duals, and N and E are the
color and electromagnetic anomaly coe�cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermions QL, QR which must transform non-trivially under SU(3) and chirally
under U(1)PQ. Their mass arises from a Yukawa interaction with a SM singlet scalar field � which develops
a PQ breaking VEV, so that their PQ charges XL,R ⌘ X (QL,R), normalized to X (�) = 1, must satisfy

|XL � XR| = 1 . (41)

We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
X

Q

(XL � XR) T (CQ) , (42)

E =
X

Q

(XL � XR) Q2

Q , (43)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (45)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (46)

where Q = QL +QR and, from the last term, mQ = yQVa/
p
2. VH�

contains the new scalar couplings:
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Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,
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Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.
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with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
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symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,
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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:

@µJPQ
µ =

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (40)

where G, F are the color and electromagnetic field strength tensors, G̃, F̃ their duals, and N and E are the
color and electromagnetic anomaly coe�cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermions QL, QR which must transform non-trivially under SU(3) and chirally
under U(1)PQ. Their mass arises from a Yukawa interaction with a SM singlet scalar field � which develops
a PQ breaking VEV, so that their PQ charges XL,R ⌘ X (QL,R), normalized to X (�) = 1, must satisfy

|XL � XR| = 1 . (41)

We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
X

Q

(XL � XR) T (CQ) , (42)

E =
X

Q

(XL � XR) Q2

Q , (43)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (45)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (46)

where Q = QL +QR and, from the last term, mQ = yQVa/
p
2. VH�

contains the new scalar couplings:

VH�

= �µ2

�

|�|2 + �
�

|�|4 + �H�

|H|2|�|2 . (47)

Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,

5

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
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ga�� =
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1010 GeV

✓
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Nc
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(33)

R1

Q +R2

Q (34)

Ec
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E
1

+ E
2

N
1

+ E
2

(35)

(3, 2, 1/6)� (3, 3,�4/3) (36)

Ec/Nc = 122/3 (37)

CQ 6= I (38)

Va � v
EW

(39)

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 µ2 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 µ2) 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
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where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (
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2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:
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Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,
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Field Spin SU(3)C SU(2)L U(1)Y U(1)PQ
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QR 1/2 CQ IQ YQ XR
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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 µ2 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 µ2) 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

- U(1)Q is the Q-baryon number: if exact, Q would be stable

Q stability
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We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
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E =
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where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (45)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (46)

where Q = QL +QR and, from the last term, mQ = yQVa/
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Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,
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decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
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PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,

5

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
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is induced by pairs of heavy fermions QL, QR which must transform non-trivially under SU(3) and chirally
under U(1)PQ. Their mass arises from a Yukawa interaction with a SM singlet scalar field � which develops
a PQ breaking VEV, so that their PQ charges XL,R ⌘ X (QL,R), normalized to X (�) = 1, must satisfy

|XL � XR| = 1 . (41)

We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
X

Q

(XL � XR) T (CQ) , (42)

E =
X

Q

(XL � XR) Q2

Q , (43)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,

T (3) = 1/2, T (6) = 5/2, T (8) = 3, T (15) = 10) and QQ is the U(1)
em

charge. Di↵erent RQ imply di↵erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field � can
be parametrized as

�(x) =
1p
2
[⇢(x) + Va] e

ia(x)/Va , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)PQ breaking, while
⇢(x) acquires a mass m⇢ ⇠ Va with Va � (

p
2GF )�1/2 = 247GeV in the invisible axion models. The SM

quarks q = qL, dR, uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs field. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:

La = L
SM

+ L
PQ

� VH�

+ LQq , (45)

where L
SM

is the SM Lagrangian,

L
PQ

= |@µ�|2 +Qi /DQ� (yQ QLQR�+H.c.) (46)

where Q = QL +QR and, from the last term, mQ = yQVa/
p
2. VH�

contains the new scalar couplings:

VH�

= �µ2

�

|�|2 + �
�

|�|4 + �H�

|H|2|�|2 . (47)

Finally, LQq contains possible renormalizable terms coupling QL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allows LQq 6= 0 only for few specific RQ. For example,
the original KSVZ assignment RQ = (3, 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L

PQ

possesses a U(1)3 ⌘ U(1)QL ⇥U(1)QR ⇥U(1)
�

symmetry corresponding
to independent rephasing of the QL,R and � fields. The PQ Yukawa term (yQ 6= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)PQ, the other one is a non-anomalous U(1)Q, that is the Q-baryon number
of the new quarks [17], under which QL,R ! ei�QL,R and � ! �. If U(1)Q were an exact symmetry,

- if             U(1)Q is further broken and Q-decay is possible

4

ga�� =
ma

eV

2.0

1010 GeV

✓
Ec

Nc
� 1.92(4)

◆
(33)

R1

Q +R2

Q (34)

Ec

Nc
=

E
1

+ E
2

N
1

+ E
2

(35)

(3, 2, 1/6)� (3, 3,�4/3) (36)

Ec/Nc = 122/3 (37)

CQ 6= I (38)

Va � v
EW

(39)

U(1)
PQ

⇥ U(1)
Q

(40)

LQq 6= 0 (41)

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 µ2 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 µ2) 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).

- decay also possible via d>4 operators (e.g. Planck-induced)

stability depends on Q representations

[Ringwald, Saikawa, 1512.06436]

- U(1)Q is the Q-baryon number: if exact, Q would be stable

• Symmetry of the kinetic term 

Q stability
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R
Q

O
Qq

⇤2�loop

Landau

[GeV] E/N N
DW

(3, 1,�1/3) Q
L

d
R

9.3 · 1038(g
1

) 2/3 1

(3, 1, 2/3) Q
L

u
R

5.4 · 1034(g
1

) 8/3 1

(3, 2, 1/6) Q
R

q
L

6.5 · 1039(g
1

) 5/3 2

(3, 2,�5/6) Q
L

d
R

H† 4.3 · 1027(g
1

) 17/3 2

(3, 2, 7/6) Q
L

u
R

H 5.6 · 1022(g
1

) 29/3 2

(3, 3,�1/3) Q
R

q
L

H† 5.1 · 1030(g
2

) 14/3 3

(3, 3, 2/3) Q
R

q
L

H 6.6 · 1027(g
2

) 20/3 3

(3, 3,�4/3) Q
L

d
R

H†2 3.5 · 1018(g
1

) 44/3 3

(6, 1,�1/3) Q
L

�
µ⌫

d
R

Gµ⌫ 2.3 · 1037(g
1

) 4/15 5

(6, 1, 2/3) Q
L

�
µ⌫

u
R

Gµ⌫ 5.1 · 1030(g
1

) 16/15 5

(6, 2, 1/6) Q
R

�
µ⌫

q
L

Gµ⌫ 7.3 · 1038(g
1

) 2/3 10

(8, 1,�1) Q
L

�
µ⌫

e
R

Gµ⌫ 7.6 · 1022(g
1

) 8/3 6

(8, 2,�1/2) Q
R

�
µ⌫

`
L

Gµ⌫ 6.7 · 1027(g
1

) 4/3 12

(15, 1,�1/3) Q
L

�
µ⌫

d
R

Gµ⌫ 8.3 · 1021(g
3

) 1/6 20

(15, 1, 2/3) Q
L

�
µ⌫

u
R

Gµ⌫ 7.6 · 1021(g
3

) 2/3 20

TABLE II. R
Q

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 O

Qq

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)!

m2d�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

7

FIG. 1. Axion contribution to the cosmological energy density as a function of mQ. The broken lines correspond
to free Q annihilation for color triplets (dotted) and octets (dashed). The solid line to annihilation via bound state
formation. The horizontal and vertical lines ⌦Q = ⌦DM and mQ = 1TeV limit the allowed region.

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 g

1

, g
2

, g
3

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. (25) by [14]:

ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92(4)

◆
(38)

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 Rs

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
preferred hadronic axion models fall within the band delimited by 5/3  E/N  44/3, as depicted in Fig. 2.
In the figure we have drawn with dashed lines the boundary of the usual axion window and, to compare
theoretical predictions with the experimental situation, we have also plotted the current exclusion bounds
and projected sensitivities.

VI. More RQ and axion-photon decoupling. Let us now study to which extent the previous results
can be changed by the presence of more RQ’s. It would be quite interesting if, for example, ga�� could get
enhanced. However, we can easily see that, as long as the sign of �X = XL � XR is the same for all RQ’s,

3

✓
0

= O(1) (17)

fa � HI (18)

fa ⌧ HI (19)

fa � 1012 GeV (20)

✓
0

⌧ 1 (21)

⌦
✓2
0

↵
=

1

2⇡

Z ⇡

�⇡

✓2d✓ =
⇡2

3
(22)

⌧Q <⇠ 10�2 s (23)

MP = 1.22 · 1019 GeV (24)

E

N
=

P
Q (XL � XR) Q2

QP
Q (XL � XR) T (CQ) (25)

E

N
=

P
Q Q2

QP
Q T (CQ) (26)

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 µ2 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 µ2) 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

• Q short lived + no Landau poles < Planck
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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 Od>4

Qq = m4�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)!

 
m2

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 g

1

, g
2

, g
3

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 g

1

, g
2

, g
3

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 Rs

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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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 Od>4

Qq = m4�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)!

 
m2

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 g

1

, g
2

, g
3

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 g

1

, g
2

, g
3

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 Rs

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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TABLE II. R
Q

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 O

Qq

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)!

m2d�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

7

FIG. 1. Axion contribution to the cosmological energy density as a function of mQ. The broken lines correspond
to free Q annihilation for color triplets (dotted) and octets (dashed). The solid line to annihilation via bound state
formation. The horizontal and vertical lines ⌦Q = ⌦DM and mQ = 1TeV limit the allowed region.

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 g

1

, g
2

, g
3

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. (25) by [14]:

ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92(4)

◆
(38)

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 Rs

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
preferred hadronic axion models fall within the band delimited by 5/3  E/N  44/3, as depicted in Fig. 2.
In the figure we have drawn with dashed lines the boundary of the usual axion window and, to compare
theoretical predictions with the experimental situation, we have also plotted the current exclusion bounds
and projected sensitivities.

VI. More RQ and axion-photon decoupling. Let us now study to which extent the previous results
can be changed by the presence of more RQ’s. It would be quite interesting if, for example, ga�� could get
enhanced. However, we can easily see that, as long as the sign of �X = XL � XR is the same for all RQ’s,

3

✓
0

= O(1) (17)

fa � HI (18)

fa ⌧ HI (19)

fa � 1012 GeV (20)

✓
0

⌧ 1 (21)

⌦
✓2
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↵
=

1

2⇡

Z ⇡

�⇡

✓2d✓ =
⇡2

3
(22)

⌧Q <⇠ 10�2 s (23)

MP = 1.22 · 1019 GeV (24)

E

N
=

P
Q (XL � XR) Q2

QP
Q (XL � XR) T (CQ) (25)

E

N
=

P
Q Q2

QP
Q T (CQ) (26)

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 µ2 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 µ2) 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

• Q short lived + no Landau poles < Planck

Pheno preferred KSVZ fermions
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More Q’s
• Combined anomaly factor

• Strongest coupling (compatible with LP criterium) 

• Complete decoupling within theoretical error possible as well: 
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FIG. 2. The ga��/ma window for preferred axion models. The lines E/N = 44/3 and 5/3 encompass models with
a single RQ in Table II. The region below the line E/N = 122/3 allows for two RQ’s. The yellow stripe delimited
by dashed lines reproduces the usual window |E/N � 1.92| 2 [0.07, 7] [33]. Current (projected) exclusion bounds
are delimited by solid (dashed) lines. The dark (light) orange band encompasses cosmologically interesting models
yielding ⌦a/⌦DM = 1 (> 0.01).

Since by construction the anomaly coe�cients of any RQ in our preferred set satisfy E/N  Es/Ns, the
factor in parenthesis is never larger than one implying Ec/Nc < Es/Ns. This is not so, however, if we
allow for opposite signs in the PQ charge di↵erences: �X = ��X s. In this case E/Es and N/Ns become
negative and ga�� can get enhanced. The largest enhancement attainable with two RQ’s is obtained with
Rs

Q � Rw
Q. This still respects the LP selection criterium and yields Ec/Nc = 122/3, corresponding in

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ’s can also weaken ga�� below the lower
limit in Fig. 2, and even yield complete axion-photon decoupling (within theoretical errors), a possibility
that requires an ad hoc choice of RQ’s, but no numerical fine tuning. With two RQ’s there are three such
cases: (3, 3,�1/3) � (6, 1,�1/3); (6, 1, 2/3) � (8, 1,�1) and (3, 2,�5/6) � (8, 2,�1/2) giving respectively
Ec/Nc = (23/12, 64/33, 41/21). In all these cases the axion could be only detected via its coupling to
nucleons, providing additional motivations for axion searches which do not rely on the axion coupling to
photons [52, 53].

ACKNOWLEDGMENTS

We thank S. Nussinov and J. Redondo for useful discussions, and D. Aristizabal Sierra for discussions and
help with the graphics. E.N. is supported by the research grant No. 2012CPPYP7 of the MIUR program
PRIN-2012, and by the INFN “Iniziativa Specifica” TAsP-LNF.

⇤ ldiluzio@durham.ac.uk
† mescia@icc.ub.edu
‡ enrico.nardi@lnf.infn.it

[1] L. Ubaldi, Phys. Rev. D81, 025011 (2010), arXiv:0811.1599 [hep-ph].
[2] S. Aoki et al., Eur. Phys. J. C74, 2890 (2014), arXiv:1310.8555 [hep-lat].
[3] A. V. Manohar and C. T. Sachrajda, “Quark masses” in Ref.[33] (2014).
[4] A. E. Nelson, Phys. Lett. B136, 387 (1984).
[5] S. M. Barr, Phys. Rev. Lett. 53, 329 (1984).
[6] M. Dine and P. Draper, JHEP 08, 132 (2015), arXiv:1506.05433 [hep-ph].
[7] R. D. Peccei and H. R. Quinn, Phys. Rev. D16, 1791 (1977).
[8] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).
[9] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).

[10] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

9

E
/N

=
44
/3

E
/N

=
5/
3

NQ = 1

H
D
MCAST

Helioscopes

IAXO

Haloscopes

HB

NQ > 1

FIG. 2. The ga��/ma window for preferred axion models. The lines E/N = 44/3 and 5/3 encompass models with
a single RQ in Table II. The region below the line E/N = 122/3 allows for two RQ’s. The yellow stripe delimited
by dashed lines reproduces the usual window |E/N � 1.92| 2 [0.07, 7] [33]. Current (projected) exclusion bounds
are delimited by solid (dashed) lines. The dark (light) orange band encompasses cosmologically interesting models
yielding ⌦a/⌦DM = 1 (> 0.01).

Since by construction the anomaly coe�cients of any RQ in our preferred set satisfy E/N  Es/Ns, the
factor in parenthesis is never larger than one implying Ec/Nc < Es/Ns. This is not so, however, if we
allow for opposite signs in the PQ charge di↵erences: �X = ��X s. In this case E/Es and N/Ns become
negative and ga�� can get enhanced. The largest enhancement attainable with two RQ’s is obtained with
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Q. This still respects the LP selection criterium and yields Ec/Nc = 122/3, corresponding in

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ’s can also weaken ga�� below the lower
limit in Fig. 2, and even yield complete axion-photon decoupling (within theoretical errors), a possibility
that requires an ad hoc choice of RQ’s, but no numerical fine tuning. With two RQ’s there are three such
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Since by construction the anomaly coe�cients of any RQ in our preferred set satisfy E/N  Es/Ns, the
factor in parenthesis is never larger than one implying Ec/Nc < Es/Ns. This is not so, however, if we
allow for opposite signs in the PQ charge di↵erences: �X = ��X s. In this case E/Es and N/Ns become
negative and ga�� can get enhanced. The largest enhancement attainable with two RQ’s is obtained with
Rs
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Q. This still respects the LP selection criterium and yields Ec/Nc = 122/3, corresponding in

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ’s can also weaken ga�� below the lower
limit in Fig. 2, and even yield complete axion-photon decoupling (within theoretical errors), a possibility
that requires an ad hoc choice of RQ’s, but no numerical fine tuning. With two RQ’s there are three such
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FIG. 2. The ga��/ma window for preferred axion models. The lines E/N = 44/3 and 5/3 encompass models with
a single RQ in Table II. The region below the line E/N = 122/3 allows for two RQ’s. The yellow stripe delimited
by dashed lines reproduces the usual window |E/N � 1.92| 2 [0.07, 7] [33]. Current (projected) exclusion bounds
are delimited by solid (dashed) lines. The dark (light) orange band encompasses cosmologically interesting models
yielding ⌦a/⌦DM = 1 (> 0.01).

Since by construction the anomaly coe�cients of any RQ in our preferred set satisfy E/N  Es/Ns, the
factor in parenthesis is never larger than one implying Ec/Nc < Es/Ns. This is not so, however, if we
allow for opposite signs in the PQ charge di↵erences: �X = ��X s. In this case E/Es and N/Ns become
negative and ga�� can get enhanced. The largest enhancement attainable with two RQ’s is obtained with
Rs

Q � Rw
Q. This still respects the LP selection criterium and yields Ec/Nc = 122/3, corresponding in

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ’s can also weaken ga�� below the lower
limit in Fig. 2, and even yield complete axion-photon decoupling (within theoretical errors), a possibility
that requires an ad hoc choice of RQ’s, but no numerical fine tuning. With two RQ’s there are three such
cases: (3, 3,�1/3) � (6, 1,�1/3); (6, 1, 2/3) � (8, 1,�1) and (3, 2,�5/6) � (8, 2,�1/2) giving respectively
Ec/Nc = (23/12, 64/33, 41/21) ⇡ (1.92, 1.94, 1.95). In all these cases the axion could be only detected via
its coupling to nucleons, providing additional motivations for axion searches which do not rely on the axion
coupling to photons [52, 53].
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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 µ2 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 µ2) 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:

@µJPQ
µ =

N↵s

4⇡
G · G̃+

E↵

4⇡
F · F̃ , (34)

where G, F are the color and electromagnetic field strength tensors, G̃, F̃ their duals, and N and E are the
color and electromagnetic anomaly coe�cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermions QL, QR which must transform non-trivially under SU(3) and chirally
under U(1)PQ. Their mass arises from a Yukawa interaction with a SM singlet scalar field � which develops
a PQ breaking VEV, so that their PQ charges XL,R ⌘ X (QL,R), normalized to X (�) = 1, must satisfy

|XL � XR| = 1 . (35)

We denote the (vectorlike) representations of the SM gauge group GSM=SU(3)C⇥SU(2)I⇥U(1)Y to which
we assign the Q as RQ=(CQ, IQ,YQ) so that

N =
X

Q

(XL � XR) T (CQ) , (36)

E =
X

Q

(XL � XR) Q2

Q , (37)

where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ). The color index is defined by TrT a

QT
b
Q = T (CQ)�ab with TQ the generators in CQ (in particular,
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about photophobia: “such a cancellation is immoral, but not unnatural” [D. B. Kaplan, (1985)]
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• Blue line corresponds to a 2%
   ‘tuning in theory space’ 
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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 

       

  
 
 
 
 
 

    

U(1)PQ

U(1)PQ

global

gauge

gauge

• Red line set by perturbativity [KSVZ]         
(going above requires exotic constructions) 
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• Messages for exp.’s : 

1.  The QCD axion might already be 
in the reach of your experiment ! 

2.  Don’t stop at E/N = 0 
(go deeper if you can)
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• Blue line corresponds to a 2%
   ‘tuning in theory space’ 

• Red line set by perturbativity [KSVZ]         
(going above requires exotic constructions) 
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