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QCD axion
Strong CP problem 
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θ

�(
θ)

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

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

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

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

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

experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).

vacuum re-alignment mechanism:
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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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In 10 years from now ?
✤ A great exp. opportunity
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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,

Pn = Tsys�⌫ = Tsys

ma

2⇡Qa

(7.3)

= 3.3⇥ 10�21

✓
Tsys

K

◆✓
ma

µeV

◆✓
106

Qa

◆
(7.4)

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
=

Ps

Tsys

r
�t

�⌫
, (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

dma

dt
=

Qa

Q

2⇡�⌫

�t
=

Qa

Q

✓
S

N

◆2 ✓Tsys

Ps

◆2

. (7.6)
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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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✤ A great exp. opportunity
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DESY likely to become the leading 
axion lab in Europe!
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[in construction, data taking ~2021]
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[prototype @ DESY ? 
construction 2020 ? data taking 2024 ?]

MADMAX
[prototype @ CERN 2020-2025 ?
 experiment @ DESY 2025-2035 ?]
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[in costruction, data taking ~2020]
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• Rethinking Ultraviolet Scenarios for Hunting the AXION

1. Axion couplings from a UV perspective
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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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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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FIG. 2. Axion coupling to photons, ga� , versus axion

mass ma. The blue regions give the projected sensitivi-

ties of broadband (“Broad”) and resonant (“Res.”) search

modes of ABRACADABRA from Ref. [27].
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FIG. 4. Axion coupling to the nucleons, gaN , versus

axion mass ma. The blue regions give the projected

sensitivities of CASPEr-Wind from Ref. [29].

that the whole parameter space of the WGG+24F
model (including the tuned region) can be tested
in the third phase of the broadband and resonant
search modes of ABRACADABRA.

In Fig. 3, we confront our axion mass predic-
tion with the projected sensitivity of the exper-
iment CASPEr-Electric [28, 29], which aims to
search for oscillating nucleon electric dipole mo-
ments (EDM) dn(t) = gaD

p
2⇢DM
ma

cos(ma t) [60],
where gaD is the model-independent coupling of
the axion to the nucleon EDM operator, La �
� i

2gaD a N�µ⌫�5 NF
µ⌫ , and ⇢DM = 0.3GeV/cm3

is the local energy density of axion DM. The QCD
axion band in Fig. 3 indicates the theoretical un-
certainty of the non-perturbative estimates of gaD.
We used the result in [61], obtained with QCD sum
rules; for other evaluations see e.g. [62, 63].8 We in-
fer from Fig. 3, that the preferred axion mass win-
dow (11) could definitely be probed in phase III of
CASPEr-Electric.9

On the other hand, the projected sensitivity of
CASPEr-Wind [29], which exploits the axion nu-
cleon coupling gaN = CaN/(2fa) (N = p, n) to
search for the axion DM wind due to the move-
ment of the Earth through the Galactic DM halo
[60], misses the preferred coupling vs. mass region by
two orders of magnitude or more, even in its phase
II. We show this in Fig. 4, where the theoretical
uncertainty of the axion band is obtained from the
errors in the coefficients of Eq. (13), and from vary-
ing tan� 2 [0.28, 140] in the perturbative unitarity
domain [65].

Conclusions. In this Letter we have proposed
a minimal implementation of the PQ mechanism
in a realistic SU(5) model, which predicts a nar-
row axion mass window (cf. Eq. (11)) which can
be directly tested at future axion DM experiments
and indirectly probed by collider and proton de-
cay experiments. In principle, a precise determina-
tion of ma (via ABRACADABRA and/or CASPEr-
Electric) would lead to a direct determination of
the GUT scale, possibly discriminating among GUT
models, and setting a target for proton decay mea-
surements. Although we exemplified our predictions
in the case of the WGG+24F model, it would be in-
teresting to compare axion properties in other mini-
mal extensions of the WGG model which can simul-
taneously address neutrino masses and gauge cou-
pling unification (see e.g. [66, 67]), or in realistic
SO(10) models [11].

8
Current lattice QCD results on gaD do not show a statis-

tically significant non-zero signal [64].
9

The sensitivity in gaD improves with the scanning time

as t1/4. This amounts to a factor of three improvement

(denoted by a short, full blue line in Fig. 3), if CASPEr-

Electric spends all the measurement time just on the pre-

ferred mass region.
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FIG. 2. Axion coupling to photons, ga� , versus axion

mass ma. The blue regions give the projected sensitivi-

ties of broadband (“Broad”) and resonant (“Res.”) search

modes of ABRACADABRA from Ref. [27].

FIG. 3. Axion coupling to the nucleon EDM op-

erator, gaD, versus axion mass ma. The blue regions

give the projected sensitivities of CASPEr-Electric from

Ref. [29]. The short, full blue line reflects a factor of

three improvement in sensitivity for a search just con-

centrated on the preferred mass region.

FIG. 4. Axion coupling to the nucleons, gaN , versus

axion mass ma. The blue regions give the projected

sensitivities of CASPEr-Wind from Ref. [29].
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two orders of magnitude or more, even in its phase
II. We show this in Fig. 4, where the theoretical
uncertainty of the axion band is obtained from the
errors in the coefficients of Eq. (13), and from vary-
ing tan� 2 [0.28, 140] in the perturbative unitarity
domain [65].
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a minimal implementation of the PQ mechanism
in a realistic SU(5) model, which predicts a nar-
row axion mass window (cf. Eq. (11)) which can
be directly tested at future axion DM experiments
and indirectly probed by collider and proton de-
cay experiments. In principle, a precise determina-
tion of ma (via ABRACADABRA and/or CASPEr-
Electric) would lead to a direct determination of
the GUT scale, possibly discriminating among GUT
models, and setting a target for proton decay mea-
surements. Although we exemplified our predictions
in the case of the WGG+24F model, it would be in-
teresting to compare axion properties in other mini-
mal extensions of the WGG model which can simul-
taneously address neutrino masses and gauge cou-
pling unification (see e.g. [66, 67]), or in realistic
SO(10) models [11].
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