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The strong CP problem
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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

 gives the amount CP viol. in QCD
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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
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Change in θ is given by the change of the path integral measure:

[Fujikawa (1979)]
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• QCD is defined in terms of two dimensionless parameters      
i which are not predicted by the theory. Measurements yield:              
|        αs ~ O(0.1-1)     and     θ < 10-10  [P & T]



•   ≠ 0 implies  a non-zero neutron EDM  

                                                               03/30

A small value problem

•However, implying:

•This is qualitatively different from other small values problems: 
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ye,u,d ⇠ 10�6 ÷ 10�5 (64)it evades explanations based on  
environmental selection[Ubaldi,  0811.1599]

[Kaloper & Terning, 1710.01740]
[Dine, Stephenson Haskins, Ubaldi, & Di Xu 1801.03466] 

[Baluni (1979), Crewther et al. (1979)]
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Unexplained issues within the SM 

 

 Phenomenological issues 

Neutrino masses

Dark Matter

Cosmological constant  

Cosmological matter/antimatter asymmetry

 Conceptual embarrassments (small number problems) 

Electroweak breaking scale (Naturalness)  

Θ-vacuum and strong CP problem   
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Type 1 Seesaw 

SUSY (with R-parity)

(via Leptogenesis)



•A massless quark. One exact chiral symmetry:

Three types of solutions

•CP symmetry + Spontaneous CP violation

• Peccei-Quinn  solution 

at all orders.    No unambiguous exp. signatures.

• From lattice: [Aoki (2013)]
[Manhoar & Sachrajda, PDG(2014)]

= 0 by imposing CP. Need to break spont. for CKM (+BAU)
• High degree of fine tuning, or elaborated constructions to keep

[Barr (1984), Nelson (1984)]

[Peccei, Quinn (1977), 
Weinberg (1978), Wilczek (1978)]

•Assume a global U(1)PQ: (i) Spontaneously broken; (ii) QCD anomalous
•Implies a PGB of U(1)PQ: the Axion. Shift 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.
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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:
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unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe�cient 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].
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• PQWW axion: 
Axion identified with the phase of the Higgs in a 2HDM            a     
(fa ~ VEW   was  quickly ruled out long ago) 

We need to require fa >> VEW: “invisible axion”  

• DSFZ Axion: SM quarks and Higgses, charged under PQ.  
   Requires 2HDM + 1 scalar singlet. SM leptons are also PQ charged. 

[Dine, Fischler, Srednicki (1981), Zhitnitsky (1980)]

• KSVZ Axion (or hadronic axion):   
  All SM fields are neutral under PQ. QCD anomaly is induced by 
  new quarks, vectorlike under the SM, chiral under PQ. 

Axion models

[Kim (1979), Shifman, Vainshtein, Zakharov (1980)]

[Peccei, Quinn (1977), 
Weinberg (1978), Wilczek (1978)]
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• Axion mass:            
• All axion couplings:            

   The lighter is the axion, the weaker are its interactions: 

Model independent features

Redefining the Axion Window
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A major goal of axion searches is to reach inside the parameter space region of realistic axion
models. Currently, the boundaries of this region depend on somewhat arbitrary criteria, and it
would be desirable to specify them in terms of precise phenomenological requirements. We consider
hadronic axion models and classify the representations RQ of the new heavy quarks Q. By requiring
that i) the Q are su�ciently short lived to avoid issues with long lived strongly interacting relics,
ii) no Landau poles are induced below the Planck scale, fifteen cases are selected, which define a
phenomenologically preferred axion window bounded by a maximum (minimum) value of the axion-
photon coupling about twice (four times) stronger than commonly assumed. Allowing for more than
one RQ, stronger couplings, as well as complete axion-photon decoupling, become possible.

PACS numbers: 14.80.Va, 14.65.Jk
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I. Introduction. In spite of its indisputable phe-
nomenological success, the standard model (SM)
remains unsatisfactory as a theoretical construc-
tion: it does not explain unquestionable experimen-
tal facts like dark matter (DM), neutrino masses,
and the cosmological baryon asymmetry, and it con-
tains fundamental parameters with highly unnatu-
ral 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 envi-
ronmental selection [1]. Thus, seeking explanations
for the smallness of ✓ independently of other “small
values” problems is theoretically motivated. Di↵er-
ently from most of the other SM problems, which
can often be addressed with a large variety of mech-
anisms, 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 compa-
rable 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 re-
lies (and that presumably arises as an accident) re-
mains protected from explicit breaking to the re-
quired level of accuracy [11–13].

Setting aside theoretical considerations, the issue
if the PQ solution is the correct one could be set ex-
perimentally by detecting the axion (in contrast, no
similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very im-
portant 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 lim-
its, 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 dan-
gerous 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 ingredi-
ent of any renormalizable axion model is a global
U(1)PQ symmetry. The associated Nöether current
must have a color anomaly and, although not re-
quired for solving the strong CP problem, in general
it has also an electromagnetic anomaly:
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where G, F are the color and electromagnetic field
strength tensors, G̃, F̃ their duals, and N and E are
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Sezione di Genova, Via Dodecaneso 33, 16159 Genova, Italy
3Faculty of Nuclear Sciences and Physical Engineering,

Czech Technical University in Prague, Brehová 7, 115 19 Praha 1, Czech Republic
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We survey a few minimal scalar extensions of the standard electroweak model that provide a simple
setup for massive neutrinos in connection with an invisible axion. The presence of a chiral U(1)
à la Peccei-Quinn drives the pattern of Majorana neutrino masses while providing a dynamical
solution to the strong CP problem and an axion as a dark matter candidate. We paradigmatically
apply such a renormalizable framework to type-II seesaw and to two viable models for neutrino
oscillations where the neutrino masses arise at one and two loops, respectively. We comment on
the naturalness of the e↵ective setups as well as on their implications for vacuum stability and
electroweak baryogenesis.
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Search strategies and current limits 

- Light Shining trough Walls 

• Laboratory search techniques are sensitive to  gaγγ 
[see e.g. Redondo, Ringwald hep-ph/1011.3741]

- Haloscopes [Sikivie 1983]

Photon conversion into Axions, 
Axions reconverted back into 
photons after passing a wall

Search for Axion Halo Dark Matter with microwave resonant 
cavities (ADMX, U. Washington; HAYSTAC, Yale U.)

- Helioscopes 
Search for Axions 
produced in the Sun

ADMX,,
Axion&Dark&Ma,er&eXperiment,
(U.,of,Washington),
,

ADMX,searches,for,axions,by,,
slowly,scanning,the,cavity,
resonant,,frequency,by,
adjus?ng,posi?ons,,of,two,
tuning,rods,within,the,cavity.,,
A,signal,appears,when,the,
cavity,resonant,frequency,
matches,the,,axion,mass.,

HALOSOPES,(Cavity,Experiments),
,

CAST,,Cern,Axion,Solar,Telescope,

ADMX 
U. Washington

CAST 
CERN

ALPS 2 
DESY



Astrophysical Bounds (anomalous Eng. losses)

 

Yukawa-like axion-fermion couplings:  gaf = (mf/fa) Cf 

Axion-Photon coupling    [GeV-1]:         ga = αem/(2πfa) C

HB stars evolution in globular clusters:   ga < 6.6・10-11 GeV-1  

WD luminosity function (cooling):  gae < 2.7・10-13 

RG evolution in globular clusters:  gae < 4.3・10-13

[Ayala et al., arXiv: 1406.6053 (PRL)]

[Miller Bertolami et al., 
arXiv: 1406.7712 (JCAP)]

[Viaux et al., 
arXiv: 1311.1699 (PRL)]

Burst duration of SN1987A νsιgnal:  g2a + g2a  < (6・10-10)2  
[Giannotti et al., arXiv: 1708.02111 (PRD)]

Astro-limits used to constrain fa and in turn  ma ~ mπfπ/fa   
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RQ OQq ⇤
RQ
LP [GeV] E/N NDW

(3, 1,�1/3) QLdR 9.3 · 1038(g1) 2/3 1

(3, 1, 2/3) QLuR 5.4 · 1034(g1) 8/3 1

(3, 2, 1/6) QRqL 6.5 · 1039(g1) 5/3 2

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

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

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

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

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

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

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

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

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

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

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

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

TABLE II. RQ allowing for the d  4 and d = 5 Q-decay
operators listed in the second column, and yielding LP
at scales above 1018GeV. The fourth column gives the
anomaly contribution to the axion-photon coupling, and
the last one gives the DW number.

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 mod-
els”. All in all, we find that the strongest cou-
pling 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 [34], while the weakest cou-
pling 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 exper-
imental 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 re-
sults 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, this cannot occur. Let us write the
combined anomaly factor for RQ +Rs

Q:

Ec

Nc
⌘ E + Es

N +Ns
=

Es

Ns

✓
1 + E/Es

1 +N/Ns

◆
. (15)

Since by construction the anomaly coe�cients of any
RQ in our preferred set satisfy E/N  Es/Ns, the
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FIG. 2. The ga��/ma window for preferred axion mod-
els. 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] [34]. Current (projected) exclu-
sion bounds are delimited by solid (dashed) lines. The
dark (light) orange band encompasses cosmologically in-
teresting models yielding ⌦a/⌦DM = 1 (> 0.01).

factor in parenthesis is never larger than one im-
plying Ec/Nc < Es/Ns. This is not so, however,
if we allow for opposite signs in the PQ charge dif-
ferences: �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, cor-
responding in Fig. 2 to the uppermost oblique line.
Unfortunately, more RQ’s can also weaken ga�� be-
low 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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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].

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).
[11] M. Kamionkowski and J. March-Russell, Phys. Lett. B282, 137 (1992), arXiv:hep-th/9202003 [hep-th].

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)

[PQ,GUT] = 0 (27)

mQ . fa ⌧ M
GUT

(28)

Q 2  
GUT

(29)

Q 2 �
GUT

(30)

m GUT = O(fa) (31)

ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92

◆
(32)

[Particle Data Group (since the end of 90’s): Axion
window chosen to include representative models 
from: Kaplan, NPB 260 (1985); Cheng, Geng, Ni, 
PRD 52 (1995),; Kim, PRD 58 (1998). New 2017]

Preferred window 
versus constraints 

  ALPS-II  - - - - - - - - - - -  - - - - - - - - - - - - 
- -

 - 
- -

 - 
- -

 - 
- -

 -

Theoretical central value

Model dependence: 

SN gaN

WD gae

HDM gaπ



Exclusion Limits: fa -> ma  (PDG  2017)

 



KSVZ axions are decoupled from the leptons         (gae ≈ 0) 
        Coupling to nucleons are model independent  (gaN ≠ 0)

Can we have “Astrophobic Axions” ? 

decoupled from Nucleons and from Electrons   

DFSZ axions couple to the leptons                          (gae ≠ 0) 
Coupling to nucleons nonzero but model dependent  (gaN ≠ 0)

Generalized DFSZ axions can  (approximately) decouple  
from  nucleons  (gaN ≈ 0)  and from  electrons   (gae ≈ 0)

gaN  
Model independent 
contribution to gaN: 



The two conditions for “Nucleophobia”

From the  UV 
theory we have:

CN  in terms of cq and of matrix elements  sµΔq = <Ν|q ̄ γµ γ5 q|N> 
by matching the  matrix elements of Lq  and  LN. One obtains:

.  We want:

We want to see if it                      Cu  + Cd -1 ≈ 0   

    is possible to set                        Cu - Cd - 1/3 ≈ 0



First Condition:    Cu  + Cd -1 = 0 

Therefore:

Nucleophobia unavoidably requires DFSZ-type of 
models  with generation dependent PQ charges, s.t.

✗

N=N(1stgen) 

model independent contributions

(and it is not possible for KSVZ-type of  models)



Second Condition:  Cu - Cd - 1/3 ≈ 0 

The choice:   v22/v12=2  —>  Xu-Xd =X2-X1 ≈ 1/3           
allows for axion-Nucleons  decoupling  

Scalar content of DFSZ-like models:  H1, H2, Φa  with VEVs   
v1, v2, (v12  + v22  = v2),  va,  the PQ charges are X1, X2, Xa

Goldstone of Hyperchage: φY = (v2 φH2 - v1 φH1)/v

Cp - Cn  ~  Xu - Xd  - 1/3  ≃ 0 

To avoid a-φY mixing redefine the charges so that:  
X1 v12 + X2 v22 = 0                  X1/X2  = - v22/v12

where:



WD+RG bounds: Electrophobia  Ce ≈ 0  
In DFSZ models leptons carry PQ charges and couple to a(x)

Introduce a Higgs doublet for the Leptons  H3 

The axion-NGB(hypercharge) orthogonality condition becomes: 

X1 v12 + X2 v22 + X3 v32 = 0 

The  previous choice  X1/X2 =-v22/v12 here implies  X3 v32 = 0: 
X3 = 0           leptons decouple from the PQ symmetry: Ce ≈ 0

Electrophobia needs H1, H2,H3  but no additional conditions



Nucleophobia —> Flavour Violation 

Nucleophobia Flavour Violating  
Axion interactions

Generation dependent 
PQ  quark  charges⇒ ⇒

Nucleophobia predicts 
K+ ➞ π+ a, Β+ ➞ K+ a, etc. 

Observable signals for:  fa ≾ 2· 109 GeV  (ma ≿ 6 ·10-3 eV)  

Precision flavour experiments can provide powerful 
and complementary probes for astrophobic axions
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- keep controlled theoretical uncertainties due to “model building”             

- gaγ ≈ 0;  gae ≈ 0;  gaN ≈ 0  are unexpected phenomenological possibilities       



Conclusions

• The axion hypothesis provides  a well motivated BSM scenario

• Healthy  and lively experimental program  

• Theoretical developments are  still ongoing

Thanks for your attention !

- solves the strong CP problem 
- provides an excellent DM candidate 
- is unambiguously testable by detecting the axion 

- keep controlled theoretical uncertainties due to “model building”             
- gaγ ≈ 0;  gae ≈ 0;  gaN ≈ 0  are indeed phenomenological possibilities       

- experiments are entering now the preferred window for the QCD axion 
- astrophobic axions: flavour violation experiments can play a crucial role
- complementarity of different experimental approaches is a must !


