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Strong CP: a small value problem



• 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]

Strong CP: a small value 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 µ

2 of the quadratic Higgs potential term,
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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
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2 of the quadratic Higgs potential term,
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✓ < 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.
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� 10�5 and the strong CP violating angle
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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



• 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]

Strong CP: a small value problem

•This is qualitatively different from other small values problems: 
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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
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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
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the Yukawa couplings of the first family fermions he,u,d ⇠ 10�6
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✓ < 10�10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
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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.
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•Assume a global U(1)PQ:  
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                                       (ii) QCD anomalous



The Peccei-Quinn solution
[Peccei, Quinn (1977),  Weinberg (1978), Wilczek (1978)]

•Assume a global U(1)PQ:  
                                       (i) Spontaneously broken  
                                       (ii) QCD anomalous

•Implies a PNGB of U(1)PQ:      the Axion.  

 Axion field comes equipped with a  shift symmetry:
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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 µ

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

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

2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ✓ independently of other “small values” problems is theoretically motivated.
Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ✓ <⇠ 10�10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)PQ symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11–13].
Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set

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

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

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

and with a periodic potential   V(θeff) -> Vmin  when  θeff -> 0



• PQWW axion: 
Axion identified with the phase of the Higgs in a 2HDM            a     
(fa ~ VEW   was  quickly ruled out long ago) 

Viable models require fa >> VEW:  
   Most viable axion models fall in two classes:   

• 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 induced by new 
quarks, vectorlike under SM, chiral under PQ + 1 scalar singlet 

Axion models

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

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

s

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 R

w

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 +R

s

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 R

s

Q
�R

w

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
R

s

Q
� R

w

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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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). 
Since 2017:  E/N ∈ (5/3,44/3) based on a more phenomenological approach
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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 R

s

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 R

w

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 +R

s

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 R

s

Q
�R

w

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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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 R

s

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 R

w

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 +R

s
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:
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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 R

s

Q
�R

w

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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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 R

s

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 R

w

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 +R

s

Q
:

Ec
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=
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 R

s

Q
�R

w

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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Ωα ≈ΩCDM  needs  NDW >1 

contributions (cosmological issues) 
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(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 R

s

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 R

w

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 +R

s

Q
:

Ec

Nc

⌘
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N +Ns

=
Es

Ns

✓
1 + E/Es
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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 R

s

Q
�R

w

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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Post: fa<TRH, NDW >1

Pre: fa >TRH, only if θi <1, (θi <<1)

Larger: ma ≳few 100 µeV  
Ωα ≈ΩCDM  needs  NDW >1 

contributions (cosmological issues) 

Smaller: ma∈(0.1,few)µeV 
pre-inflationary  |θi| ≃ (0.2,2)
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(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 R

s

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 R

w

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 +R

s

Q
:
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=
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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 R

s

Q
�R

w

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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N=0
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Post: fa<TRH, NDW = 1

Post: fa<TRH, NDW >1

Pre: fa >TRH, only if θi <1, (θi <<1)

Larger: ma ≳few 100 µeV  
Ωα ≈ΩCDM  needs  NDW >1 

contributions (cosmological issues) 

Smaller: ma∈(0.1,few)µeV 
pre-inflationary  |θi| ≃ (0.2,2)

Much smaller: ma << 0.1 µeV 
pre-inflationary, “anthropic” window: |θi| << 0.1
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(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 R

s

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 R

w

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 +R

s

Q
:

Ec
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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 R

s

Q
�R

w

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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(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 R

s

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 R

w

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 +R
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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 R

s

Q
�R

w

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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(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 R

s

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 R

w

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 +R

s

Q
:
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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 R

s

Q
�R

w

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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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 R
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= (3, 3,�4/3) that gives

Es/Ns � 1.92 ⇠ 12.75, almost twice the usually
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= (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 +R
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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 R
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. 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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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 R

s

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 R

w

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 +R

s

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 R

s

Q
�R

w

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. 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 g1, g2, g3

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

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

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

F̃ , where the coupling is given in terms of the anomaly coe�cients in eq. (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 R

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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,

Original KSVZ: new Q’s SM singlets: E=0 
 Simplest, but cosmo issues with Q stability
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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 g1, g2, g3

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

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

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

F̃ , where the coupling is given in terms of the anomaly coe�cients in eq. (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 R

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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,

Q in generic SM irreps.:  
Only 15 are safe(τQ + no LP):

44/3

7

RQ OQq ⇤2�loop
Landau[GeV] E/N NDW

(3, 1,�1/3) QLdR 9.3 · 1038(g1) 2/3 1

(3, 1, 2/3) QLuR 5.4 · 1034(g1) 8/3 1

(3, 2, 1/6) QRqL 6.5 · 1039(g1) 5/3 2

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�NDA =
1

4(4⇡)2nf�3(nf � 1)!(nf � 2)!

m
2d�7
Q

M
2(d�4)
Planck

, (17)

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

⌧
NDA
d=5, nf=2 = 3.9 · 10�20 s

✓
5 · 1011 GeV

mQ

◆3

, (18)

⌧
NDA
d=6, nf=3 = 7.4 · 10�3 s

✓
5 · 1011 GeV

mQ

◆5

, (19)

⌧
NDA
d=7, nf=4 = 4.2 · 1015 s

✓
5 · 1011 GeV

mQ

◆7

. (20)

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

Landau Poles. The presence of large matter multiplets drives the gauge couplings of the SM towards a
nonperturbative regime, eventually leading to Landau poles (LPs). We require the KSVZ axion model to
be a perturbatively calculable and UV complete framework up to the Planck scale, and hence reject those
irreps which lead to LPs below the Planck scale. To be conservative, and to retain the largest number of
RQ, we set the threshold of the heavy quark at mQ = 5 · 1011 GeV (at the boundary of compatibility with
post-inflationary axion-DM limits) and also keep those irreps with a LP within an order of magnitude below
the Planck scale. In fact, gravitational corrections on the running of the gauge couplings, that are under

Original KSVZ: new Q’s SM singlets: E=0 
 Simplest, but cosmo issues with Q stability
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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 g1, g2, g3

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

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

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

F̃ , where the coupling is given in terms of the anomaly coe�cients in eq. (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 R

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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,

Q in generic SM irreps.:  
Only 15 are safe(τQ + no LP):

44/3
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by eq. (44). Finally, even in case ⌦Q is eventually close to the estimate eq. (44), the relative concentration

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

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

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

s are phenomenologically preferred with respect to models

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

d>4
Qq

= m
4�d

P
Pd(Q,'

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

�d
<
⇠

⇡gfmQ

(d� 4)!(d� 5)!

 
m

2
Q

16⇡2m2
P

!d�4

, (45)

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

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

>
⇠

�
4 · 10�20

, 7 · 10�3
, 4 · 1015

�
⇥ (fa/mQ)2d�7 s. For

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

(5)
Q

<
⇠ 10�2 s. For d = 6, even for the

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

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

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

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

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

ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92(4)

◆
(46)

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

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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by eq. (44). Finally, even in case ⌦Q is eventually close to the estimate eq. (44), the relative concentration

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

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

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

s are phenomenologically preferred with respect to models

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

d>4
Qq

= m
4�d

P
Pd(Q,'

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

�d
<
⇠

⇡gfmQ

(d� 4)!(d� 5)!

 
m

2
Q

16⇡2m2
P

!d�4

, (45)

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

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

>
⇠

�
4 · 10�20

, 7 · 10�3
, 4 · 1015

�
⇥ (fa/mQ)2d�7 s. For

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

(5)
Q

<
⇠ 10�2 s. For d = 6, even for the

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

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

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

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

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

ga�� =
ma

eV

2.0

1010 GeV

✓
E

N
� 1.92(4)

◆
(46)

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

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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RQ OQq ⇤2�loop
Landau[GeV] E/N NDW

(3, 1,�1/3) QLdR 9.3 · 1038(g1) 2/3 1

(3, 1, 2/3) QLuR 5.4 · 1034(g1) 8/3 1

(3, 2, 1/6) QRqL 6.5 · 1039(g1) 5/3 2

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�NDA =
1

4(4⇡)2nf�3(nf � 1)!(nf � 2)!

m
2d�7
Q

M
2(d�4)
Planck

, (17)

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

⌧
NDA
d=5, nf=2 = 3.9 · 10�20 s

✓
5 · 1011 GeV

mQ

◆3

, (18)

⌧
NDA
d=6, nf=3 = 7.4 · 10�3 s

✓
5 · 1011 GeV

mQ

◆5

, (19)

⌧
NDA
d=7, nf=4 = 4.2 · 1015 s

✓
5 · 1011 GeV

mQ

◆7

. (20)

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

Landau Poles. The presence of large matter multiplets drives the gauge couplings of the SM towards a
nonperturbative regime, eventually leading to Landau poles (LPs). We require the KSVZ axion model to
be a perturbatively calculable and UV complete framework up to the Planck scale, and hence reject those
irreps which lead to LPs below the Planck scale. To be conservative, and to retain the largest number of
RQ, we set the threshold of the heavy quark at mQ = 5 · 1011 GeV (at the boundary of compatibility with
post-inflationary axion-DM limits) and also keep those irreps with a LP within an order of magnitude below
the Planck scale. In fact, gravitational corrections on the running of the gauge couplings, that are under
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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 R

s

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 R

w

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 +R

s

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 R

s

Q
�R

w

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).

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
R

s

Q
� R

w

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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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
R

s

Q
� R

w

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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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 g1, g2, g3

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

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

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

F̃ , where the coupling is given in terms of the anomaly coe�cients in eq. (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 R

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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,



KSVZ: More Q representations 
[Di Luzio, Mescia, Nardi (2017)]
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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
R

s

Q
� R

w

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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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
R

s

Q
� R

w

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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a single RQ in Table II. The region below the line E/N = 122/3 allows for two RQ’s. The yellow stripe delimited
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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
R

s

Q
� R

w

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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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 g1, g2, g3

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

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

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

F̃ , where the coupling is given in terms of the anomaly coe�cients in eq. (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 R

s

Q
=

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

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

than the usual lower value of 0.07. Then, if a single RQ is present, according to our two selection criteria all
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,
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• For generation dependent charges (max. of 9 Higgs doublets Hfj):

Axion-photon coupling gaγ: DFSZ-type

• In general each R-handed SM fermion can have a specific PQ charge Xfj 

• For generation independent charges DFSZ remains within KSVZ window:

DFSZ-IV (Xej  Xdj, Xuj):         E/N(max) = 524/3 = 3· E/N(max) (KSVZ) 

 DFSZ: Two (or more) Higgs doublet model plus one scalar singlet Φ

NH=9



KSVZ/DFSZ: enlarged gaγ window 
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Suppressing axion-nucleon coupling: gaN ≈ 0 (DFSZ)

So that, independently of the matrix elements:

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:
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First conclusions from    cu + cd ≈ 0
Nucleophobia unavoidably requires DFSZ-type of 
models  with generation dependent PQ charges 

such that the contribution to the 
anomaly from the two heavier 

generations vanishes: Ntot=N(1stgen) 

Nucleophobia is not possible for KSVZ-type of  models

E.g. in 1811.09637 (Bjorkeroth, Di Luzio, Mescia, EN) on U(1) flavour symmetries  
a number of such symmetries  was  serendipitously found
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DFSZ Electrophobia: gae ≈ 0  (H1,2 + H3) 
Add a third H3 coupled to leptons, relevant conditions:

a-φY decoupling condition:

Explicit breaking of U(1)H3 rephasing 
symmetry (no additional Goldstones)

2nd Nucleophobia condition 

 occurs for specific values  
md/mu ≈ 2, 1, 1/2 with no 
additional tuning required

 Lepton-axion  
decoupling:

(or , , …)



  Axion relic density  Ωa = ρa /ρc     

Credits to G. Villadoro  

2

k (1)

ma ' m⇡

f⇡

fa
' 6 meV

109 GeV

fa
(2)

1

fa
(3)

La�� = �
1

4
ga�� aF · F̃ = ga�� aE ·B (4)

e
�V4E(✓eff) =

Z
D' e

�S0+i✓effQ =

����
Z

D' e
�S0+i✓effQ

���� 
Z

D'
��e�S0+i✓effQ

�� = e
�V4E(0) (5)

Q =
g
2
s

32⇡2

Z
d
4
xG · G̃ (6)

E(0) < E(✓e↵) (7)

a0 = ✓0fa (8)
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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).

Evaluated from integrating:
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(1) boundary conditions: 
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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
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✓ < 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).

Evaluated from integrating:

(1) boundary conditions: 
     ai = θi fa;    (da/dt)i=0;  
        fa ⋛ HI,    HI ⪼ ΛQCD

(2)  H(T) = 1.66 T2/MP

(eq. st.:  weff=1/3, rad.dom.)  
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Di↵erently from most of the other SM problems, which can often be addressed with a large variety of
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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
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Evaluated from integrating:

(1) boundary conditions: 
     ai = θi fa;    (da/dt)i=0;  
        fa ⋛ HI,    HI ⪼ ΛQCD

(2)  H(T) = 1.66 T2/MP

(eq. st.:  weff=1/3, rad.dom.)  

(3) ma2       (T) = ma2                               χ(T)/χ
  (χ = QCD topological suscept.)

    with  ma ～  mπ fπ /fa
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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).

Evaluated from integrating:

(1) boundary conditions: 
     ai = θi fa;    (da/dt)i=0;  
        fa ⋛ HI,    HI ⪼ ΛQCD

(2)  H(T) = 1.66 T2/MP

(eq. st.:  weff=1/3, rad.dom.)  

(3) ma2       (T) = ma2                               χ(T)/χ
  (χ = QCD topological suscept.)

    with  ma ～  mπ fπ /fa

(4) assumed entropy conservation
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• θi : Long lasting, low scale inflation.

                     HI ≲ ΛQCD,  θi —> ≪ 1,  ma ~ 10-12 eV 

• H(T):     GR + non standard thermal history

   - Entropy generation Τ < Tosc:    ma ≈ (5-50) µeV/Δ7/6

     - ψ-domination, with wψ ≠ 1/3: easy to arrange ma << 1 µeV

                 Beyond GR: 
    -  Scalar-tensor theories: 
                    (conformal)     boosted   H(T): ma↑
                    (disformal ?)   quenched H(T): ma↓

[P. W. Graham, A. Scherlis 1805.07362,
F. Takahashi,W. Yin, A. H.Guth 1805.08763]

[N. Ramberg, L. Visinelli, 1904. 05707]

[work in progress]
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Ωa≈ΩCDM outside canonical ma windows 
• Modify ma(T):     
 Additional contributions  
 from mirror instantons:
 (earlier onset of oscillations)
  ma↓

 [For ma↑ see P. Quilez talk]

• Modify ma: 
  N copies of QCD related by a ℤN  symmetry    
           ma(N) = 22-N/2 x ma  ,        for  N > 4    ma↓   

[Giannotti, astro-ph/0504636]

[A. Hook,1802.10093]
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Summary

•  Working group to classify axion models off the beaten tracks  
   (M. Giannotti, L. Di Luzio, EN, L. Visinelli).  Full report to be  
    expected after the summer.

• From any measurement we learn something: some scenarios   
   can be ruled out, viable hypothesis can become no more   
   viable, etc. Experimental results reaching into non-canonical  
   regions are equally important for this learning process.

• A certain number of quasi-model-independent features  
   characterise axion models. Hard to circumvent, but possible.
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