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The strong CP problem
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¥ CP violation in QCD

- exp. limit from neutron EDM 
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¥ Qualitatively different from other Òsmall valueÓ problems of the SM

why so small ?

-    is radiatively stable (unlike                 )
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d $ 10! 6 " 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ problems is theoretically motivated.
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- it evades explanations based on environmental selection (unlike                            )
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[Ubaldi, 0811.1599]

[Ellis, Gaillard (1979)]
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- only                     has physical meaning
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¥ PQ mechanism

- assume a global U(1)PQ : i) QCD anomalous and ii) spontaneously broken

[Peccei, Quinn (1977)]

- axion: PGB of U(1)PQ breaking

6

Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ I Q YQ XL

QR 1/ 2 CQ I Q YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d ! 10! 6 # 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <! 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga"" plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga"" ! ma#/ (2$f # m# ) ! 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

symmetry. The associated N¬oether 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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TABLE I. Field content of the general KSVZ axion model. ( C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d ! 10! 6 # 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <! 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga"" plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga"" ! ma#/ (2$f # m# ) ! 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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].

The QCD axion

[Weinberg (1978), Wilczek (1978)]
{

(dynamically, via a QCD-induced axion potential)
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¥ PQWW axion 

- axion identiÞed with the phase of the Higgs in a 2HDM (          , ruled out long ago)
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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 != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d ! 10! 6 # 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [? ]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ problems is theoretically motivated.
Di" erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [? ? ]. The so-called Nelson-Barr (NB) type models [? ? ] either
require a high degree of Þne tuning, often comparable to setting! <! 10! 10 by hand, or additional rather
elaborated theoretical structures [? ]. The Peccei-Quinn (PQ) solution [? ? ? ? ] arguably stands on better
theoretical grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q

Axion models (UV completions)

¥ Need to require                         invisible axion (phase of a SM singlet)
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d ! 10! 6 # 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [? ]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ problems is theoretically motivated.
Di" erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [? ? ]. The so-called Nelson-Barr (NB) type models [? ? ] either
require a high degree of Þne tuning, often comparable to setting! <! 10! 10 by hand, or additional rather
elaborated theoretical structures [? ]. The Peccei-Quinn (PQ) solution [? ? ? ? ] arguably stands on better
theoretical grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q

[Zhitnitsky (1980), Dine, Fischler, Srednicki (1981)]- DFSZ axion: 

- KSVZ axion: [Kim (1979), Shifman, Vainshtein, Zakharov (1980)]

SM quarks charged under PQ (requires 2HDM)  

new vector-like quarks charged under PQ  (more on that later !)

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

[Kim, Carosi (2009)]

- axion couplings 

Massive neutrinos and invisible axion minimally connected
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We survey a few minimal scalar extensions of the standard electroweak model that provide a simple
setup for massive neutrinos in connection with an invisible axion. The presence of a chiral U(1)
à la Peccei-Quinn drives the pattern of Majorana neutrino masses while providing a dynamical
solution to the strong CP problem and an axion as a dark matter candidate. We paradigmatically
apply such a renormalizable framework to type-II seesaw and to two viable models for neutrino
oscillations where the neutrino masses arise at one and two loops, respectively. We comment on
the naturalness of the e! ective setups as well as on their implications for vacuum stability and
electroweak baryogenesis.
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FIG. 15: A cartoon for the Fa bounds.

and the QA massmq. We can parametrize the QA (! )
potential as

V [! ] = " 4U(#), # =
!
f q

. (98)

For $ = p/ % < ! 1 + &, we require f q >!
(2 ! &)/ 6& M P |U"| where U" = dU/d# [241, Kim,

Nilles (2003)]. Generically, one needs a Planckian scale
quintessential axion decay constantf q. So, the QA mass
is extremely small, ! 10! 32 eV. As a result, there are two
problems to be resolved to achieve the QA idea: a large
decay constant and an extremely shallow QA potential.

It has long been believed that the MI axion has rather
a robust model independent prediction of its decay con-
stant [89, 343, Choi, Kim (1985), Svrcek, Witten (2006)].
Recently, however, it was shown that the MI axion may
not be model independent since the decay constant may
depend on the compactiÞcation scheme in warped inter-
nal space, ds2 = h2

w ' µ ! dxµ dx! + gmn (y)dym dyn [119,
Dasgupta, Firouzjahi, Gwyn (2008)],

Fa =

"
2
(

m2
s

M P
(99)

where ( depends on the warping in the compact space
y " K ,

( =

#
d6y# g(6) e! " h! 2

w#
d6y# g(6) h2

w
. (100)

Thus, the MI axion with a small ( can be a QA if the
QCD axion decay constant can be in the intermediate
scale. This possibility may be realizable in some com-
posite axion models as recently suggested in [242, Kim,
Nilles (2009)].

V. AXION DETECTION EXPERIMENTS

There are currently a variety of experiments searching
for axions, whether they are left over from the big bang
or produced in stars or the laboratory. Though these
experiments search for axions at a variety of mass and
coupling scales they all rely on the Primako! process for
which the following coupling, ca## is given in Eq. (75),

L = ca##
a

Fa
{ Fem ÷Fem} , ca## $ øca## ! 1.98 (101)

where øca## = Tr Q2
em|E # M Z .

A. Solar axion search

1. Axion Helioscopes

Axions produced in the nuclear core of the sun will
free-stream out and can possibly be detected on Earth
via an axion helioscope, Þrst described in 1983 [333, 334,
Sikivie (1983, 1985)] and developed into a practical labo-
ratory detector in 1988 [355, van Bibber, McIntyre, Mor-
ris, Ra! elt (1989)]. The technique relies on solar axions
converting into low energy X-rays as they pass through
a strong magnetic Þeld. The ßux of axions produced in
the sun is expected to follow a thermal distribution with
a mean energy of%E&= 4 .2 keV. The integrated ßux at
Earth is expected to be " a = g2

103.67 ' 1011 cm! 2s! 1

with g10 = ( ) em/ 2* Fa)ca## 1010 GeV [380, Ziotaset al.
(2005)]. The probability of a solar axion converting into a
photon as it passes through a magnet with Þeld strength
B and length L is given as:

P =
$

) emca## BL
4* Fa

%2

2L 2 1 ! cos(qL)
(qL)2 . (102)

Here ca## is deÞned as the coupling of the axion to two
photons as given in Eq. (101), whileq is the momentum
di! erence between the axion and the photon, deÞned as

- axion mass                  
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I. Introduction. In spite of its indisputable phe-
nomenological success, the standard model (SM)
remains unsatisfactory as a theoretical construc-
tion: it does not explain unquestionable experimen-
tal facts like dark matter (DM), neutrino masses,
and the cosmological baryon asymmetry, and it con-
tains fundamental parameters with highly unnatu-
ral values, like the coe! cient µ2 of the quadratic
Higgs potential term, the Yukawa couplings of the
Þrst 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 (unlikeµ2) and
(unlike he,u,d ) it evades explanations based on envi-
ronmental selection [1]. Thus, seeking explanations
for the smallness of! independently of other Òsmall
valuesÓ problems is theoretically motivated. Di" er-
ently from most of the other SM problems, which
can often be addressed with a large variety of mech-
anisms, basically only three types of solutions to the
strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The
so-called Nelson-Barr (NB) type models [4, 5] either
require a high degree of Þne tuning, often compa-
rable to setting ! <" 10" 10 by hand, or additional
rather elaborated theoretical structures [6]. The
Peccei-Quinn (PQ) solution [7Ð10] arguably stands
on better theoretical grounds, although it remains a
challenge explaining through which mechanism the
global U(1)P Q symmetry, on which the solution re-
lies (and that presumably arises as an accident) re-
mains protected from explicit breaking to the re-
quired level of accuracy [11Ð13].

Setting aside theoretical considerations, the issue
if the PQ solution is the correct one could be set ex-
perimentally by detecting the axion (in contrast, no
similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very im-
portant to identify as well as possible the region of
parameter space where realistic axion models live.
The vast majority of axion search techniques are
sensitive to the axion-photon coupling ga"" , which
is linearly proportional to the inverse of the axion
decay constant f a. Since the axion massma has
the same dependence, experimental exclusion lim-
its, as well as theoretical predictions for speciÞc
models, can be conveniently presented in thema-
ga"" plane. The commonly adopted Òaxion bandÓ
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. [14Ð16]. In this Letter we put forth
a deÞnition of aphenomenologically preferredaxion
window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dan-
gerous strongly interacting relics; ii ) do not induce
Landau poles below a scale# LP close to the Planck
scale mP . While all the cases we consider belong
to the KSVZ type of models [17, 18], the resulting
window encompasses also the DFSZ axion [19, 20]
and many of its variants [15].

II. Hadronic axion models. The basic ingredi-
ent of any renormalizable axion model is a global
U(1)P Q symmetry. The associated N¬oether current
must have a color anomaly and, although not re-
quired for solving the strong CP problem, in general
it has also an electromagnetic anomaly:

$µ J P Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (3)

where G, F are the color and electromagnetic Þeld
strength tensors, ÷G, ÷F their duals, and N and E are

- the lighter the axion, the weaker are its interactions
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Search strategies
¥ Most laboratory search techniques are sensitive to        
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ga!! (1)

! = 0 (2)

dn ! 10! 16 ! ecm (3)

dn (t) ! 10! 16 a(t)
f a

ecm (4)

! !
"

m2
af a

(5)

T(8) = 3 (6)

T(6) =
5

2
(7)

NDW (6 " 8) = 2 (T(8) # T(6)) = 1 (8)

yQ $ 1 (9)

f a % HI , TRH % mQ (10)

TRH % mQ (11)

! a =
2#va

NDW
(12)

Va ! f 2
a m2

a

!
1 # cos

a
va/N

"
(13)

NDW = 2N (14)

U(1)PQ #& ZN DW (15)

' " (x)( = 1"
2
vaeia (x ) /v a (16)

Georg Raffelt, MPI Physics, Munich Off-the-Beaten-Track Dark Matter, ICTP, Trieste 13Ð17 April 2015

Experimental Tests of Invisible Axions

! Pierre Sikivie: 

Macroscopic B-field can provide a 

large coherent transition rate over 

a big volume (low-mass axions) 

• Axion helioscope: 

   Look at the Sun through a dipole magnet 

• Axion haloscope: 

   Look for dark-matter axions with 

   A microwave resonant cavity
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I. Introduction. In spite of its indisputable phe-
nomenological success, the standard model (SM)
remains unsatisfactory as a theoretical construc-
tion: it does not explain unquestionable experimen-
tal facts like dark matter (DM), neutrino masses,
and the cosmological baryon asymmetry, and it con-
tains fundamental parameters with highly unnatu-
ral values, like the coe! cient µ2 of the quadratic
Higgs potential term, the Yukawa couplings of the
Þrst 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 (unlikeµ2) and
(unlike he,u,d ) it evades explanations based on envi-
ronmental selection [1]. Thus, seeking explanations
for the smallness of! independently of other Òsmall
valuesÓ problems is theoretically motivated. Di" er-
ently from most of the other SM problems, which
can often be addressed with a large variety of mech-
anisms, basically only three types of solutions to the
strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The
so-called Nelson-Barr (NB) type models [4, 5] either
require a high degree of Þne tuning, often compa-
rable to setting ! <# 10" 10 by hand, or additional

rather elaborated theoretical structures [6]. The
Peccei-Quinn (PQ) solution [7Ð10] arguably stands
on better theoretical grounds, although it remains a
challenge explaining through which mechanism the
global U(1)P Q symmetry, on which the solution re-
lies (and that presumably arises as an accident) re-
mains protected from explicit breaking to the re-
quired level of accuracy [11Ð13].

Setting aside theoretical considerations, the issue
if the PQ solution is the correct one could be set ex-
perimentally by detecting the axion (in contrast, no
similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very im-
portant to identify as well as possible the region of
parameter space where realistic axion models live.
The vast majority of axion search techniques are
sensitive to the axion-photon coupling ga"" , which
is linearly proportional to the inverse of the axion
decay constant f a. Since the axion massma has
the same dependence, experimental exclusion lim-
its, as well as theoretical predictions for speciÞc
models, can be conveniently presented in thema-
ga"" plane. The commonly adopted Òaxion bandÓ
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. [14Ð16]. In this Letter we put forth
a deÞnition of aphenomenologically preferredaxion
window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dan-
gerous strongly interacting relics; ii ) do not induce
Landau poles below a scale# LP close to the Planck
scale mP . While all the cases we consider belong
to the KSVZ type of models [17, 18], the resulting
window encompasses also the DFSZ axion [19, 20]
and many of its variants [15].

II. Hadronic axion models. The basic ingredi-
ent of any renormalizable axion model is a global
U(1)P Q symmetry. The associated N¬oether current

- Primakoff effect: axion-photon transition in external static E or B Þeld 

¥ Light Shining through Walls (ALPS-I,-II - DESY)

¥ Haloscopes (ADMX - U. of Washington)

- photon conversion into axions, reconverted back into photons after passing wall

¥ Helioscopes (CAST, IAXO - CERN)

- search for axion DM with microwave resonant cavities 

- axions from the Sun
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The ÒusualÓ axion window
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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 Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| " [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/E s and N/N s become
negative and ga!! can get enhanced. The largest enhancement attainable with twoRQ Õs is obtained with
Rs

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

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ Õs can also weakenga!! 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 ofRQ Õs, but no numerical Þne tuning. With twoRQ Õs 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/N c = (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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Hadronic axions (KSVZ)
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ga!! =
ma

eV
2.0

1010 GeV

!
Ec

Nc
! 1.92(4)

"
(33)

R1
Q + R2

Q (34)

Ec

Nc
=

E1 + E2

N1 + E2
(35)

(3, 2, 1/ 6) " (3, 3, ! 4/ 3) (36)

Ec/N c = 122/ 3 (37)

CQ #= I (38)

Va $ vEW (39)

Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ I Q YQ XL

QR 1/ 2 CQ I Q YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d % 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <% 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga!! plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga!! % ma" / (2#f " m" ) % 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put

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

- original model assumes Q ~ (3,1,0), but in general only           required
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d $ 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <$ 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga!! plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga!! $ ma" / (2#f " m" ) $ 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

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

$µ J P Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (39)

4

ga!! =
ma

eV

2.0
1010 GeV

✓
Ec

Nc
! 1.92(4)

◆
(33)

R1
Q + R2

Q (34)

Ec

Nc
=

E1 + E2

N1 + E2
(35)

(3, 2, 1/ 6) " (3, 3, ! 4/ 3) (36)

Ec/N c = 122/ 3 (37)

CQ #= I (38)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d $ 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ! independently of other “small values” problems is theoretically motivated.
Di" erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ! <$ 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)P Q 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
f a . 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 preferredaxion 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)P Q

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

|XL " XR | = 1 . (40)

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

N =
!

Q

(XL " XR ) T(CQ ) , (41)

E =
!

Q

(XL " XR ) Q2
Q , (42)

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

Q Tb
Q = T(CQ )! ab with TQ the generators in CQ (in particular,

T(3) = 1 / 2, T(6) = 5 / 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di#erent RQ imply di #erent
phenomenological consequences, and this can be used to identify preferred models. The scalar Þeld" can
be parametrized as

" (x) =
1

$
2

[" (x) + Va] eia (x ) /V a , (43)

wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
" (x) acquires a massm! % Va with Va & (

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

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

L a = L SM + L PQ " VH �

+ L Qq , (44)

where L SM is the SM Lagrangian,

L PQ = |#µ " |2 + Qi /DQ " (yQ QL QR " + H.c.) (45)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$

2. VH �

contains the new scalar couplings:

VH �

= " µ2
�

|" |2 + $
�

|" |4 + $H �

|H |2|" |2 . (46)

Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)

�

symmetry corresponding
to independent rephasing of theQL,R and " Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and " ( " . If U(1)Q were an exact symmetry,
the newe quarks would be absolutely stability, a possibility which is preferable to avoid. For the fewRQ

for which L Qq '= 0 is allowed, U(1)Q # U(1)B is further broken to U(1)B ! , a generalized baryon number
extended to the Q, which can then decay with unsuppressed rates. However, whetherL Qq is allowed at
the renormalizable level, does not depend solely onRQ : apparently it seems also to depend on the speciÞc
PQ charges. For example, independently ofRQ , the common assignmentXL = " XR = 1

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

�

as well as an e#ective Lagrangian L d> 4
Qq . However, it is

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

must be of dimensiond ) 11 [11Ð13]. Clearly, if
L d> 4

Qq had to respect the PQ symmetry to a similar level of accuracy, theQÕs would beheave as e#ectively
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Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ I Q YQ XL

QR 1/ 2 CQ I Q YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. (C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

f a ! v (81)

f a " v (82)

f a " vEW (83)

! ! 10! 2 (84)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the first family fermions he,u,d ! 10! 6 # 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of ! independently of other “small values” problems is theoretically motivated.
Di" erently from most of the other SM problems, which can often be addressed with a large variety of
mechanisms, basically only three types of solutions to the strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The so-called Nelson-Barr (NB) type models [4, 5] either require
a high degree of fine tuning, often comparable to setting ! <! 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7–10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the global U(1)P Q 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
f a . 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 preferredaxion 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)P Q

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

$µ J P Q
µ =

N " s

4#
G áG̃ +

E"
4#

F áF̃ , (85)

[Kim (1979), Shifman, Vainshtein, 
Zakharov (1980)]
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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 != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d % 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <% 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga!! plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga!! % ma" / (2#f " m" ) % 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
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forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale! LP close to the Planck scalemP . 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 globalU(1)P Q

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

! µ J P Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (40)

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

|XL " XR | = 1 . (41)

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

N =
!

Q

(XL " XR ) T(CQ ) , (42)

E =
!

Q

(XL " XR ) Q2
Q , (43)

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

Q Tb
Q = T(CQ )$ab with TQ the generators in CQ (in particular,

T(3) = 1 / 2, T(6) = 5 / 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di$erent RQ imply di $erent
phenomenological consequences, and this can be used to identify preferred models. The scalar Þeld# can
be parametrized as

# (x) =
1

$
2

[%(x) + Va] eia (x ) /V a , (44)

wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
%(x) acquires a massm! % Va with Va & (

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

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

L a = L SM + L PQ " VH ! + L Qq , (45)

where L SM is the SM Lagrangian,

L PQ = |! µ # |2 + Qi /DQ " (yQ QL QR # + H.c.) (46)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$

2. VH ! contains the new scalar couplings:

VH ! = " µ2
! |# |2 + &! |# |4 + &H ! |H |2|# |2 . (47)

Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,
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Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,
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Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ I Q YQ XL

QR 1/ 2 CQ I Q YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d % 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <% 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga!! plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga!! % ma" / (2#f " m" ) % 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
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forth a definition of a phenomenologically preferred axion window as the region encompassing hadronic axion
models which i ) do not contain cosmologically dangerous strongly interacting relics; ii ) do not induce Landau
poles below a scale ! LP close to the Planck scale mP . While all the cases we consider belong to the KSVZ
type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].

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

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

! µ J P Q
µ =

N " s

4#
G áG̃ +

E"
4#

F áF̃ , (40)

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

|XL " XR | = 1 . (41)

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

N =
!

Q

(XL " XR ) T(CQ ) , (42)

E =
!

Q

(XL " XR ) Q2
Q , (43)

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

Q Tb
Q = T(CQ )$ab with TQ the generators in CQ (in particular,

T(3) = 1/ 2, T(6) = 5/ 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di$erent RQ imply di$erent
phenomenological consequences, and this can be used to identify preferred models. The scalar field # can
be parametrized as

# (x) =
1

$
2
[%(x) + Va ] eia (x ) /V a , (44)

where a(x) is the axion field which would remain massless in the absence of explicit U(1)P Q breaking, while
%(x) acquires a mass m! % Va with Va & (

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

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

L a = L SM + L PQ " VH ! + L Qq , (45)

where L SM is the SM Lagrangian,

L PQ = |! µ # |2 + Qi /DQ " (yQ QL QR # +H.c.) (46)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$
2. VH ! contains the new scalar couplings:

VH ! = " µ2
! |# |2 + &! |# |4 + &H ! |H |2|# |2 . (47)

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

PQ quality and heavy Q stability. The issue whether the Q are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses a U(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of the QL,R and # fields. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalous U(1)P Q , the other one is a non-anomalous U(1)Q , that is the Q-baryon number
of the new quarks [17], under which QL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,
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to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,
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Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ IQ YQ XL

QR 1/ 2 CQ IQ YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I,Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d & 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <& 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical

- U(1)Q is the Q-baryon number. If exact, Q would be stable
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5

forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale! LP close to the Planck scalemP . 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 globalU(1)P Q

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

! µ J P Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (40)

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

|XL " XR | = 1 . (41)

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

N =
!

Q

(XL " XR ) T(CQ ) , (42)

E =
!

Q

(XL " XR ) Q2
Q , (43)

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

Q Tb
Q = T(CQ )$ab with TQ the generators in CQ (in particular,

T(3) = 1 / 2, T(6) = 5 / 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di$erent RQ imply di $erent
phenomenological consequences, and this can be used to identify preferred models. The scalar Þeld# can
be parametrized as

# (x) =
1

$
2

[%(x) + Va] eia (x ) /V a , (44)

wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
%(x) acquires a massm! % Va with Va & (

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

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

L a = L SM + L PQ " VH ! + L Qq , (45)

where L SM is the SM Lagrangian,

L PQ = |! µ # |2 + Qi /DQ " (yQ QL QR # + H.c.) (46)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$

2. VH ! contains the new scalar couplings:

VH ! = " µ2
! |# |2 + &! |# |4 + &H ! |H |2|# |2 . (47)

Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,

issue with cosmology !
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quarks q = qL , dR , uR do not contribute to the QCD anomaly, and thus their PQ charges can be set to zero.
This allows to describe the SM Yukawa sector with a single Higgs Þeld. The renormalizable Lagrangian for
a generic hadronic axion model can be written as:
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where Q = QL + QR and, from the last term, mQ = yQ Va/
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2. VH ! contains the new scalar couplings:

VH ! = " µ2
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Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.
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decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
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Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ IQ YQ XL

QR 1/ 2 CQ IQ YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I,Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d & 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <& 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
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forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale! LP close to the Planck scalemP . 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 globalU(1)P Q

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

! µ J P Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (40)

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

|XL " XR | = 1 . (41)

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

N =
!

Q

(XL " XR ) T(CQ ) , (42)

E =
!

Q

(XL " XR ) Q2
Q , (43)

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

Q Tb
Q = T(CQ )$ab with TQ the generators in CQ (in particular,

T(3) = 1 / 2, T(6) = 5 / 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di$erent RQ imply di $erent
phenomenological consequences, and this can be used to identify preferred models. The scalar Þeld# can
be parametrized as

# (x) =
1

$
2

[%(x) + Va] eia (x ) /V a , (44)

wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
%(x) acquires a massm! % Va with Va & (

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

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

L a = L SM + L PQ " VH ! + L Qq , (45)

where L SM is the SM Lagrangian,

L PQ = |! µ # |2 + Qi /DQ " (yQ QL QR # + H.c.) (46)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$

2. VH ! contains the new scalar couplings:

VH ! = " µ2
! |# |2 + &! |# |4 + &H ! |H |2|# |2 . (47)

Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,

- if             U(1)Q is further broken and Q-decay is possible
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U(1)PQ %U(1)Q (40)

L Qq #= 0 (41)

Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ I Q YQ XL

QR 1/ 2 CQ I Q YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d & 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <& 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set
experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
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the strong CP problem, in general it has also an electromagnetic anomaly:
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whereG, F are the color and electromagnetic Þeld strength tensors,÷G, ÷F their duals, and N and E are the
color and electromagnetic anomaly coe" cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermionsQL , QR which must transform non-trivially under SU(3) and chirally
under U(1)P Q . Their mass arises from a Yukawa interaction with a SM singlet scalar Þeld# which develops
a PQ breaking VEV, so that their PQ charges XL,R ! X (QL,R ), normalized to X (# ) = 1, must satisfy

|XL " XR | = 1 . (41)

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

N =
!

Q

(XL " XR ) T(CQ ) , (42)

E =
!

Q

(XL " XR ) Q2
Q , (43)

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

Q Tb
Q = T(CQ )$ab with TQ the generators in CQ (in particular,

T(3) = 1 / 2, T(6) = 5 / 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di$erent RQ imply di $erent
phenomenological consequences, and this can be used to identify preferred models. The scalar Þeld# can
be parametrized as

# (x) =
1

$
2

[%(x) + Va] eia (x ) /V a , (44)

wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
%(x) acquires a massm! % Va with Va & (

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

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

L a = L SM + L PQ " VH ! + L Qq , (45)

where L SM is the SM Lagrangian,

L PQ = |! µ # |2 + Qi /DQ " (yQ QL QR # + H.c.) (46)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$

2. VH ! contains the new scalar couplings:

VH ! = " µ2
! |# |2 + &! |# |4 + &H ! |H |2|# |2 . (47)

Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,
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forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale! LP close to the Planck scalemP . 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 globalU(1)P Q

symmetry. The associated N¬oether current must have a color anomaly and, although not required for solving
the strong CP problem, in general it has also an electromagnetic anomaly:
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G á ÷G +

E"
4#
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whereG, F are the color and electromagnetic Þeld strength tensors,÷G, ÷F their duals, and N and E are the
color and electromagnetic anomaly coe" cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermionsQL , QR which must transform non-trivially under SU(3) and chirally
under U(1)P Q . Their mass arises from a Yukawa interaction with a SM singlet scalar Þeld# which develops
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wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
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Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
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Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ IQ YQ XL

QR 1/ 2 CQ IQ YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I,Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d & 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <& 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical

- U(1)Q is the Q-baryon number. If exact, Q would be stable

Q stability & PQ quality
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type of models [17, 18], the resulting window encompasses also the DFSZ axion [19, 20] and many of its
variants [15].
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symmetry. The associated N¬oether 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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whereG, F are the color and electromagnetic Þeld strength tensors,÷G, ÷F their duals, and N and E are the
color and electromagnetic anomaly coe" cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermionsQL , QR which must transform non-trivially under SU(3) and chirally
under U(1)P Q . Their mass arises from a Yukawa interaction with a SM singlet scalar Þeld# which develops
a PQ breaking VEV, so that their PQ charges XL,R ! X (QL,R ), normalized to X (# ) = 1, must satisfy

|XL " XR | = 1 . (41)

We denote the (vectorlike) representations of the SM gauge groupGSM = SU(3)C # SU(2)I # U(1)Y to which
we assign theQ as RQ=( CQ , I Q , YQ ) so that
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where the sum over is over irreducible color representations (we allow for the simultaneous presence of more
RQ ). The color index is deÞned by TrTa

Q Tb
Q = T(CQ )$ab with TQ the generators in CQ (in particular,

T(3) = 1 / 2, T(6) = 5 / 2, T(8) = 3, T(15) = 10) and QQ is the U(1)em charge. Di$erent RQ imply di $erent
phenomenological consequences, and this can be used to identify preferred models. The scalar Þeld# can
be parametrized as

# (x) =
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[%(x) + Va] eia (x ) /V a , (44)

wherea(x) is the axion Þeld which would remain massless in the absence of explicitU(1)P Q breaking, while
%(x) acquires a massm! % Va with Va & (
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2GF )! 1/ 2 = 247 GeV in the invisible axion models. The SM

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

L a = L SM + L PQ " VH ! + L Qq , (45)

where L SM is the SM Lagrangian,

L PQ = |! µ # |2 + Qi /DQ " (yQ QL QR # + H.c.) (46)

where Q = QL + QR and, from the last term, mQ = yQ Va/
$

2. VH ! contains the new scalar couplings:

VH ! = " µ2
! |# |2 + &! |# |4 + &H ! |H |2|# |2 . (47)

Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq '= 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and # Þelds. The PQ Yukawa term (yQ '= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R ( ei " QL,R and # ( # . If U(1)Q were an exact symmetry,

- if             U(1)Q is further broken and Q-decay is possible
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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 != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d & 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <& 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set
experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
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PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 ! U(1)Q L " U(1)Q R " U(1)! symmetry corresponding
to independent rephasing of theQL,R and ! Þelds. The PQ Yukawa term (yQ #= 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R $ ei ! QL,R and ! $ ! . If U(1)Q were an exact symmetry,
the newe quarks would be absolutely stability, a possibility which is preferable to avoid. For the fewRQ

for which L Qq #= 0 is allowed, U(1)Q " U(1)B is further broken to U(1)B ! , a generalized baryon number
extended to the Q, which can then decay with unsuppressed rates. However, whetherL Qq is allowed at
the renormalizable level, does not depend solely onRQ : apparently it seems also to depend on the speciÞc
PQ charges. For example, independently ofRQ , the common assignmentXL = %XR = 1

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

! as well as an e" ective Lagrangian L d> 4
Qq . However, it is

well known that to preserve ! < 10! 10, operators in V d> 4
! must be of dimensiond & 11 [11Ð13]. Clearly, if

L d> 4
Qq had to respect the PQ symmetry to a similar level of accuracy, theQÕs would beheave as e" ectively

stable. However, a scenario in which a global symmetryU(1)Q arises as an accident, because of speciÞc
assignments for the charges of another global symmetryU(1)P Q , seems theoretically untenable. A simple
way out is to assume a suitable discrete (gauge) symmetryZN ensuring that (i) U(1)P Q arises accidentally
and is of the requiredhigh quality; (ii) U(1)Q is either broken at the tree level, or it can be of su# cient bad
quality to allow for safely fast Q decays. Table II gives a neat example of how such a mechanism can work.

ZN(q) d ! 4 d = 5 (XL , XR )

1 QL dR QL ! µ qL (D µ H )  (0, " 1)

" QL dR !   (" 1, " 2)

" N! 2 Ð QL dR ! 2, QR qL H   ! (2, 1)

" N! 1 qL QR H, QL dR ! Ð (1, 0)

TABLE II. ZN charges for the SM quarks q which allow for d ! 4 and d = 5 operators. In the last column we give
the PQ charges for which U(1)P Q remains unbroken. The ZN charges for QL,R and ! are given in eq. (49).

We choseRQ = RdR = (3 , 1, %1/ 3) so that GSM invariance allows forL Qq #= 0, and we assume the following
transformations under ZN:

QL $ QL , QR $ " N! 1QR , ! $ " ! , (50)

with " ! ei 2" / N. This ensures that the minimum dimension of the PQ breaking operators inV d> 4
! is N.

The dimension of U(1)Q breaking decay operators depends on theZN charges of the SM quarks. Table II
lists di" erent possibilities for d ' 4 and d = 5. In the last column we give the PQ charges that one would
assign to theQL,R to keep U(1)P Q unbroken.

III. Cosmology. We assume a post-inßationary scenario in whichU(1)P Q is broken after inßation. Requir-
ing that the axion energy density from vacuum realignment does not exceed$ DM implies f a ! Va/N DW <( 5á
1011 GeV [22, 23], whereNDW = 2N is the vacuum degeneracy corresponding to aZ2N ) U(1)P Q left un-
broken by non-perturbative QCD e" ects. We further assumemQ < T reheating so that a thermal distribution
of Q provides the initial conditions for their cosmological history.

Depending on their speciÞc properties they will be subject to di" erent types of constraints. For some
RQ Õs the heavy quark can only hadronize into fractionally charged hadrons, which implies that decays into
SM particles are forbidden [24]. TheseQ-hadrons must then exist today as stable relics. Searches for
fractionally charged particles limit their abundance with respect to ordinary nucleons to nQ /n b <( 10! 20

[25]. This is orders of magnitude below any reasonable estimate of their relic abundance and of their
concentrations in bulk matter. This restricts the possible RQ Õs to the much smaller subset which allows for
integrally charged (or neutral) color singlet Q-hadrons. In this case decays into SM particles are allowed,
but cosmological observations severely constrains the heavy hadrons lifetime#Q . For #Q ( (10! 2 % 1012)
s. Q decays would a" ect Big Bang Nucleosynthesis (BBN) [26, 27]. Early energy release from heavy
particles decays with lifetimes ( (106 % 1012) s is strongly constrained also by limits on CMB spectral
distortions [28Ð30], whileQÕs decaying around the recombination era (#Q >( 1013 s.) are tightly constrained
by measurement of CMB anisotropies. Decays after recombination would give rise to free-streaming photons

- U(1)Q and U(1)PQ breaking effective operators (can consistently coexist) 

responsible for Q decay (even for            )

N > 10 not to ruin the PQ solution 

¥ Global symmetries expected to be broken by Planck-scale physics
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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 != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe" cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,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
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under color (C != 1), but otherwise generic.

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d & 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <& 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
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Cosmological constraints
¥ Colored meta-stable particles are severely bounded by cosmology
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Field Spin SU(3)C SU(2)L U(1)Y U(1)P Q

QL 1/ 2 CQ I Q YQ XL

QR 1/ 2 CQ I Q YQ XR

! 0 1 1 0 1

TABLE I. Field content of the general KSVZ axion model. ( C, I , Y) denote irreps of the SM gauge group nontrivial
under color (C != 1), but otherwise generic.

1013 (49)

1017 (50)

1026 (51)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d ! 10! 6 " 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <! 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU (1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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 massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga!! plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga!! ! ma" /(2#f" m" ) ! 10! 10 (ma/eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi) do not contain cosmologically dangerous strongly interacting relics;ii) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU (1)P Q

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

$µJP Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (52)

whereG, F are the color and electromagnetic Þeld strength tensors,÷G, ÷F their duals, and N and E are the
color and electromagnetic anomaly coe! cients. In a generic axion model of KSVZ type [17, 18] the anomaly
is induced by pairs of heavy fermionsQL , QR which must transform non-trivially under SU (3) and chirally
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grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

Setting aside theoretical considerations, the issue if the PQ solution is the correct one could be set
experimentally by detecting the axion (in contrast, no similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very important to identify as well as possible the region of
parameter space where realistic axion models live. The vast majority of axion search techniques are sensitive
to the axion-photon coupling ga!! , which is linearly proportional to the inverse of the axion decay constant
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Òaxion bandÓ corresponds roughly toga!! ! ma" / (2#f " m" ) ! 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

symmetry. The associated N¬oether 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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whereG, F are the color and electromagnetic Þeld strength tensors,÷G, ÷F their duals, and N and E are the
color and electromagnetic anomaly coe! cients. In a generic axion model of KSVZ type [17, 18] the anomaly
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[See e.g. ÒNon-collider searches for stable massive particlesÓ, 
Burdin et al. Physics Reports 582 (2015) 1Ð52] 
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Heavy QÕs relic density

¥ Reliable estimates on      remain an open issue, but Q abundances arguably too high

¥ We assume Treheating > mQ (thermal distribution of QÕs as initial condition) 

9

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 = 1 TeV limit the allowed region.

RQ OQq ⇤
R Q
LP [GeV] E/N NDW

(3, 1, ! 1/ 3) QL dR 9.3 á1038 (g1) 2/ 3 1

(3, 1, 2/ 3) QL uR 5.4 á1034 (g1) 8/ 3 1

(3, 2, 1/ 6) QR qL 6.5 á1039 (g1) 5/ 3 2

(3, 2, ! 5/ 6) QL dR H   4.3 á1027 (g1) 17/ 3 2

(3, 2, 7/ 6) QL uR H 5.6 á1022 (g1) 29/ 3 2

(3, 3, ! 1/ 3) QR qL H   5.1 á1030 (g2) 14/ 3 3

(3, 3, 2/ 3) QR qL H 6.6 á1027 (g2) 20/ 3 3

(3, 3, ! 4/ 3) QL dR H   2 3.5 á1018 (g1) 44/ 3 3

(6, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 2.3 á1037 (g1) 4/ 15 5

(6, 1, 2/ 3) QL ! µ ! uR Gµ ! 5.1 á1030 (g1) 16/ 15 5

(6, 2, 1/ 6) QR ! µ ! qL Gµ ! 7.3 á1038 (g1) 2/ 3 10

(8, 1, ! 1) QL ! µ ! eR Gµ ! 7.6 á1022 (g1) 8/ 3 6

(8, 2, ! 1/ 2) QR ! µ ! "L Gµ ! 6.7 á1027 (g1) 4/ 3 12

(15, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 8.3 á1021 (g3) 1/ 6 20

(15, 1, 2/ 3) QL ! µ ! uR Gµ ! 7.6 á1021 (g3) 2/ 3 20

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

Other features can render the choice of someRQ more appealing than others. For example ifNDW = 1
problems with cosmological domain walls (DW) are avoided [48], and someRQ could improve gauge coupling
uniÞcation [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
problem exist (see e.g. [50]), while improved uniÞcation might simply be an accident because of the many
RQ we consider. Nevertheless, we have analyzed both these issues: the values ofNDW are given in the
last column in Table III, while only RQ = (3 , 2, 1/ 6) in the third line improves considerably gauge coupling
uniÞcation (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 L a!! = ! (1/ 4)ga!! a F á

[Dover, Gaisser, Steigman (1979), 
Nardi, Roulet (1990), 
Arvanitaki et al., hep-ph/0504210, 
Kang, Luty, Nasri, hep-ph/0611322,
Jacob, Nussinov, 0712.2681 
Kusakabe, Takesako, 1112.0860] 
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Selection criteria

1.  The Q are sufÞciently short lived                  in order to avoid cosmological issues

¥ We require: 

3

! 0 = O(1) (17)

f a ! H I (18)

f a " HI (19)

f a ! 1012 GeV (20)

! 0 " 1 (21)

!
! 2

0

"
=

1
2"

# !

! !
! 2d! =

" 2

3
(22)

#Q <# 10! 2 s (23)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga"" plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga"" # ma$/ (2" f ! m! ) # 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

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

%µ J P Q
µ =

N $s

4"
G á ÷G +

E$
4"

F á ÷F , (24)

- decays via d=4 operators are fast enough 

- decays via effective operators 
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RQ OQq ! 2! loop
Landau [GeV] E/N NDW

(3, 1, ! 1/ 3) QL dR 9.3 á1038 (g1) 2/ 3 1

(3, 1, 2/ 3) QL uR 5.4 á1034 (g1) 8/ 3 1

(3, 2, 1/ 6) QR qL 6.5 á1039 (g1) 5/ 3 2

(3, 2, ! 5/ 6) QL dR H   4.3 á1027 (g1) 17/ 3 2

(3, 2, 7/ 6) QL uR H 5.6 á1022 (g1) 29/ 3 2

(3, 3, ! 1/ 3) QR qL H   5.1 á1030 (g2) 14/ 3 3

(3, 3, 2/ 3) QR qL H 6.6 á1027 (g2) 20/ 3 3

(3, 3, ! 4/ 3) QL dR H   2 3.5 á1018 (g1) 44/ 3 3

(6, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 2.3 á1037 (g1) 4/ 15 5

(6, 1, 2/ 3) QL ! µ ! uR Gµ ! 5.1 á1030 (g1) 16/ 15 5

(6, 2, 1/ 6) QR ! µ ! qL Gµ ! 7.3 á1038 (g1) 2/ 3 10

(8, 1, ! 1) QL ! µ ! eR Gµ ! 7.6 á1022 (g1) 8/ 3 6

(8, 2, ! 1/ 2) QR ! µ ! "L Gµ ! 6.7 á1027 (g1) 4/ 3 12

(15, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 8.3 á1021 (g3) 1/ 6 20

(15, 1, 2/ 3) QL ! µ ! uR Gµ ! 7.6 á1021 (g3) 2/ 3 20

TABLE II. RQ irreps which allow for renormalizable Q-decay operators (Þrst 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 operatorOQq 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 á1011 GeV (the gauge coupling which triggers the Landau pole is speciÞed 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. ( ??)).

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

! NDA =
1

4(4! )2n f ! 3(nf ! 1)!(nf ! 2)!

m2d! 7
Q

M 2(d! 4)
Planck

, (17)

where we neglected the possibility of scalar Þeld condensations in the e" ective operator.
SinceQ-decay operators ofd = 5 , 6, 7 will at least involve nf = 2 , 3, 4 particles in the Þnal state, we have

" NDA
d=5 , n f =2 = 3 .9 á10! 20 s

!
5 á1011 GeV

mQ

" 3

, (18)

" NDA
d=6 , n f =3 = 7 .4 á10! 3 s

!
5 á1011 GeV

mQ

" 5

, (19)

" NDA
d=7 , n f =4 = 4 .2 á1015 s

!
5 á1011 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 ford = 5 operators if mQ ! 106 GeV. On the other
hand, if the decay happens viad = 6 operators a much higher mass scalemQ ! 1011Ö12 GeV is needed. In
the post-inßationary PQ symmetry breaking scenario this is in tension with the bounds from axion DM via
the misalignment mechanism, leading tof a " 5 á1011 GeV (see Refs. [? ? ] for some recent Lattice QCD
analyses). Finally, operators ofd # 7 require an even highermQ 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 atmQ = 5 á1011 GeV (at the boundary of compatibility with
post-inßationary 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

6

quote the nonperturbative estimate of Kang, Luty and Nasri (KLN) [ ? ]

!
! Q h2"KLN

= 3 á10! 7
# mQ

TeV

$3/ 2
, (14)

where Rhad denotes the typical hadronic size when the bound state is formed.

!
! Q h2"KLN

= 8 .7 á10! 12
%

Rhad

GeV! 1

&! 2

!
%

TC

180 MeV

&! 3/ 2 # mQ

GeV

$3/ 2
, (15)

where Rhad denotes the typical hadronic size when the bound state is formed.
The comparison between the relic densities computed according to Eq. (13) and Eq. (15) is shown in

Fig. 1. What can be concluded for sure is that the true relic density must lie between these two limits. For
further details we refer to Ref. [? ].

FIG. 1. Heavy quarkÕs relic density as a function of its mass. The full line corresponds to the nonperturbative
estimate in Eq. (15), with R

had

= 1 GeV and TC = 180 MeV, while the dotted/dashed lines denote the perturbative
QCD expression in Eq. (13) with xfo = 25, g! = 106.75 and ! s (µ = mQ ), evaluated by employing a color triplet
(dotted) and octet (dashed) Q irrep. ! Q h2 ! 0.1124 is the bound from the overclosure of the Universe (blue region),
while mQ ! 1 TeV is the approximate bound from LHC (red region).

IV. Selection criteria.
The list of Q " (C, I , Y) irreps with nontrivial color quantum numbers, characterizing the most general

KSVZ axion model, is in principle inÞnite. However, in the relevant mQ < T reheating case, cosmological
constraints are particularly severe and can be exploited in order to reduce the list viable cases. By further
requiring that the KSVZ model remains weakly coupled up to the Planck scale, we arrive to a Þnite list of
phenomenologically preferredQ irreps, which are collected in Table II. In the following, we discuss the two
selection criteria which leads to it.

Cosmologically safe lifetimes. The lifetime of the metastable heavy quark is a crucial information for
cosmology. While the case of renormalizable interactions betweenQ and light SM quarks clearly leads to fast
enough decays of the heavyQ on a cosmological timescale, we provide here a quantitative estimate based
on naive dimensional analysis (NDA) of the Q lifetimes when the decay proceeds via Planck suppressed
e" ective operators. We write the e" ective Lagrangian responsible for the heavy quarksÕ decay as

L d> 4
Qq =

1

M (d! 4)
Planck

Od> 4
Qq + h.c. , (16)

where d is the canonical dimension of the operatorOd> 4
Qq . By assuming a constant matrix element and
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parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga"" plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga"" # ma$/ (2" f ! m! ) # 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

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

%µ J P Q
µ =

N $s

4"
G á ÷G +

E$
4"

F á ÷F , (24)

- decays via d=4 operators are fast enough 

- decays via effective operators 

Q must allow for d=4 or 5 decay op.Õs

7

RQ OQq ! 2! loop
Landau [GeV] E/N NDW

(3, 1, ! 1/ 3) QL dR 9.3 á1038 (g1) 2/ 3 1

(3, 1, 2/ 3) QL uR 5.4 á1034 (g1) 8/ 3 1

(3, 2, 1/ 6) QR qL 6.5 á1039 (g1) 5/ 3 2

(3, 2, ! 5/ 6) QL dR H   4.3 á1027 (g1) 17/ 3 2

(3, 2, 7/ 6) QL uR H 5.6 á1022 (g1) 29/ 3 2

(3, 3, ! 1/ 3) QR qL H   5.1 á1030 (g2) 14/ 3 3

(3, 3, 2/ 3) QR qL H 6.6 á1027 (g2) 20/ 3 3

(3, 3, ! 4/ 3) QL dR H   2 3.5 á1018 (g1) 44/ 3 3

(6, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 2.3 á1037 (g1) 4/ 15 5

(6, 1, 2/ 3) QL ! µ ! uR Gµ ! 5.1 á1030 (g1) 16/ 15 5

(6, 2, 1/ 6) QR ! µ ! qL Gµ ! 7.3 á1038 (g1) 2/ 3 10

(8, 1, ! 1) QL ! µ ! eR Gµ ! 7.6 á1022 (g1) 8/ 3 6

(8, 2, ! 1/ 2) QR ! µ ! "L Gµ ! 6.7 á1027 (g1) 4/ 3 12

(15, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 8.3 á1021 (g3) 1/ 6 20

(15, 1, 2/ 3) QL ! µ ! uR Gµ ! 7.6 á1021 (g3) 2/ 3 20

TABLE II. RQ irreps which allow for renormalizable Q-decay operators (Þrst 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 operatorOQq 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 á1011 GeV (the gauge coupling which triggers the Landau pole is speciÞed 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. ( ??)).

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

! NDA =
1

4(4! )2n f ! 3(nf ! 1)!(nf ! 2)!

m2d! 7
Q

M 2(d! 4)
Planck

, (17)

where we neglected the possibility of scalar Þeld condensations in the e" ective operator.
SinceQ-decay operators ofd = 5 , 6, 7 will at least involve nf = 2 , 3, 4 particles in the Þnal state, we have

" NDA
d=5 , n f =2 = 3 .9 á10! 20 s

!
5 á1011 GeV

mQ

" 3

, (18)

" NDA
d=6 , n f =3 = 7 .4 á10! 3 s

!
5 á1011 GeV

mQ

" 5

, (19)

" NDA
d=7 , n f =4 = 4 .2 á1015 s

!
5 á1011 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 ford = 5 operators if mQ ! 106 GeV. On the other
hand, if the decay happens viad = 6 operators a much higher mass scalemQ ! 1011Ö12 GeV is needed. In
the post-inßationary PQ symmetry breaking scenario this is in tension with the bounds from axion DM via
the misalignment mechanism, leading tof a " 5 á1011 GeV (see Refs. [? ? ] for some recent Lattice QCD
analyses). Finally, operators ofd # 7 require an even highermQ 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 atmQ = 5 á1011 GeV (at the boundary of compatibility with
post-inßationary 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

6

quote the nonperturbative estimate of Kang, Luty and Nasri (KLN) [ ? ]

!
! Q h2"KLN

= 3 á10! 7
# mQ

TeV

$3/ 2
, (14)

where Rhad denotes the typical hadronic size when the bound state is formed.

!
! Q h2"KLN

= 8 .7 á10! 12
%

Rhad

GeV! 1

&! 2

!
%

TC

180 MeV

&! 3/ 2 # mQ

GeV

$3/ 2
, (15)

where Rhad denotes the typical hadronic size when the bound state is formed.
The comparison between the relic densities computed according to Eq. (13) and Eq. (15) is shown in

Fig. 1. What can be concluded for sure is that the true relic density must lie between these two limits. For
further details we refer to Ref. [? ].

FIG. 1. Heavy quarkÕs relic density as a function of its mass. The full line corresponds to the nonperturbative
estimate in Eq. (15), with R

had

= 1 GeV and TC = 180 MeV, while the dotted/dashed lines denote the perturbative
QCD expression in Eq. (13) with xfo = 25, g! = 106.75 and ! s (µ = mQ ), evaluated by employing a color triplet
(dotted) and octet (dashed) Q irrep. ! Q h2 ! 0.1124 is the bound from the overclosure of the Universe (blue region),
while mQ ! 1 TeV is the approximate bound from LHC (red region).

IV. Selection criteria.
The list of Q " (C, I , Y) irreps with nontrivial color quantum numbers, characterizing the most general

KSVZ axion model, is in principle inÞnite. However, in the relevant mQ < T reheating case, cosmological
constraints are particularly severe and can be exploited in order to reduce the list viable cases. By further
requiring that the KSVZ model remains weakly coupled up to the Planck scale, we arrive to a Þnite list of
phenomenologically preferredQ irreps, which are collected in Table II. In the following, we discuss the two
selection criteria which leads to it.

Cosmologically safe lifetimes. The lifetime of the metastable heavy quark is a crucial information for
cosmology. While the case of renormalizable interactions betweenQ and light SM quarks clearly leads to fast
enough decays of the heavyQ on a cosmological timescale, we provide here a quantitative estimate based
on naive dimensional analysis (NDA) of the Q lifetimes when the decay proceeds via Planck suppressed
e" ective operators. We write the e" ective Lagrangian responsible for the heavy quarksÕ decay as

L d> 4
Qq =

1

M (d! 4)
Planck

Od> 4
Qq + h.c. , (16)

where d is the canonical dimension of the operatorOd> 4
Qq . By assuming a constant matrix element and
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Selection criteria

1.  The Q are sufÞciently short lived                  in order to avoid cosmological issues

¥ We require: 

3

! 0 = O(1) (17)

f a ! H I (18)

f a " HI (19)

f a ! 1012 GeV (20)

! 0 " 1 (21)

!
! 2

0

"
=

1
2"

# !

! !
! 2d! =

" 2

3
(22)

#Q <# 10! 2 s (23)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga"" plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga"" # ma$/ (2" f ! m! ) # 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

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

%µ J P Q
µ =

N $s

4"
G á ÷G +

E$
4"

F á ÷F , (24)

2.  No Landau poles below 1018 GeV

- large Q multiplets drive the gauge couplings towards the non-perturbative regime 
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Figure 4: Same as in Fig. 3 for di! erent extensions of the SM featuring a Majorana isospin-J fermion
of dimensionality n = 2J + 1. Notice that in ref. [6] only Majorana fermions with n " 5 are allowed,
based on a one-loop analysis. However, at two loops onlyn # 4 survives, thus excluding the minimal
dark matter case.

27

¥ We have to avoid the appearance of Landau poles 
below the cut-off !

SU(2)
1

1

2 3

3

4 5 6

6

7 8

8

10

SU(3)

Asymptotically!
Free 

¥ Ex. complex scalars

¥ (In some cases two loop 
effects are important)

Consistent EFTs with cut-off ! = 1015 GeV:
No Landau pole before ! = 1015 GeV.
Extra matter changes running of gauge couplings

µ
d

dµ
gi = �! i g

3
i with ! i = gauge � matter

Higher quantum numbers ! lower Landau poles.
If there is a small one loop beta function, two-loop RGEs might even change the
quantitative behaviour.

5 10 15 20
0.000

0.005

0.010

0.015

0.020

log10!! "GeV#

" 3
"!4

##

SM $ !27,1,0#H

Accidental matter
Ramona Gršber in coll. with Luca Di Luzio, Jernej Kamenik and Marco Nardecchia Ð
Accidental matter at the LHC 07.04.2015 7/16

LANDAU POLES

N.B. two-loop effects are crucial if there 
is an accidental cancellation in 1-loop b.f.

[DL, Gršber, Kamenik, Nardecchia, 1504.00359]

1-loop

2-loop



Selection criteria

1.  The Q are sufÞciently short lived                  in order to avoid cosmological issues

¥ We require: 

3

! 0 = O(1) (17)

f a ! H I (18)

f a " HI (19)

f a ! 1012 GeV (20)

! 0 " 1 (21)

!
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=
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# !

! !
! 2d! =
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3
(22)

#Q <# 10! 2 s (23)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga"" plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga"" # ma$/ (2" f ! m! ) # 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

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

%µ J P Q
µ =

N $s

4"
G á ÷G +

E$
4"

F á ÷F , (24)

2.  No Landau poles below 1018 GeV

- large Q multiplets drive the gauge couplings towards the non-perturbative regime 
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3.  Absence of domain walls 

4.  Q-assisted uniÞcation 



Phenomenologically preferred QÕs

7

RQ OQq ! 2! loop
Landau [GeV] E/N NDW

(3, 1, ! 1/ 3) QL dR 9.3 á1038 (g1) 2/ 3 1

(3, 1, 2/ 3) QL uR 5.4 á1034 (g1) 8/ 3 1

(3, 2, 1/ 6) QR qL 6.5 á1039 (g1) 5/ 3 2

(3, 2, ! 5/ 6) QL dR H   4.3 á1027 (g1) 17/ 3 2

(3, 2, 7/ 6) QL uR H 5.6 á1022 (g1) 29/ 3 2

(3, 3, ! 1/ 3) QR qL H   5.1 á1030 (g2) 14/ 3 3

(3, 3, 2/ 3) QR qL H 6.6 á1027 (g2) 20/ 3 3

(3, 3, ! 4/ 3) QL dR H   2 3.5 á1018 (g1) 44/ 3 3

(6, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 2.3 á1037 (g1) 4/ 15 5

(6, 1, 2/ 3) QL ! µ ! uR Gµ ! 5.1 á1030 (g1) 16/ 15 5

(6, 2, 1/ 6) QR ! µ ! qL Gµ ! 7.3 á1038 (g1) 2/ 3 10

(8, 1, ! 1) QL ! µ ! eR Gµ ! 7.6 á1022 (g1) 8/ 3 6

(8, 2, ! 1/ 2) QR ! µ ! "L Gµ ! 6.7 á1027 (g1) 4/ 3 12

(15, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 8.3 á1021 (g3) 1/ 6 20

(15, 1, 2/ 3) QL ! µ ! uR Gµ ! 7.6 á1021 (g3) 2/ 3 20

TABLE II. RQ irreps which allow for renormalizable Q-decay operators (Þrst 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 operatorOQq 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 á1011 GeV (the gauge coupling which triggers the Landau pole is speciÞed 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. ( ??)).

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

! NDA =
1

4(4⇡)2nf ! 3(nf ! 1)!(nf ! 2)!

m2d! 7
Q

M 2(d! 4)
Planck

, (17)

where we neglected the possibility of scalar Þeld condensations in the e" ective operator.
SinceQ-decay operators ofd = 5 , 6, 7 will at least involve nf = 2 , 3, 4 particles in the Þnal state, we have

⌧NDA
d=5 , nf =2 = 3 .9 á10! 20 s

!
5 á1011 GeV

mQ

" 3

, (18)

⌧NDA
d=6 , nf =3 = 7 .4 á10! 3 s

!
5 á1011 GeV

mQ

" 5

, (19)

⌧NDA
d=7 , nf =4 = 4 .2 á1015 s

!
5 á1011 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 ford = 5 operators if mQ ! 106 GeV. On the other
hand, if the decay happens viad = 6 operators a much higher mass scalemQ ! 1011Ö12 GeV is needed. In
the post-inßationary PQ symmetry breaking scenario this is in tension with the bounds from axion DM via
the misalignment mechanism, leading tof a " 5 á1011 GeV (see Refs. [? ? ] for some recent Lattice QCD
analyses). Finally, operators ofd # 7 require an even highermQ 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 atmQ = 5 á1011 GeV (at the boundary of compatibility with
post-inßationary axion-DM limits) and also keep those irreps with a LP within an order of magnitude below
the Planck scale. In fact, gravitational corrections on the running of the gauge couplings, that are under

7

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

some uncomfortably low energy scale! LP < m P . Quantum gravity corrections to the running of the
gauge couplings can become relevant at scales approachingmP , 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 Õs which do not induce LP ing1, g2, g3

below! LP ! 1018 GeV are phenomenologically preferred.We apply this criterium employing two-loop beta
functions [45] and setting conservatively the threshold forRQ at mQ = 5 á1011 GeV. The RQ satisfying
both our criteria are listed in Table II. The gauge coupling and the energy scale where the Þrst LP occurs
are given in the third column.

Other features can render the choice of someRQ more appealing than others. For example ifNDW = 1
problems with cosmological domain walls (DW) are avoided [48], and someRQ could improve gauge coupling
uniÞcation [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
problem exist (see e.g. [50]), while improved uniÞcation might simply be an accident because of the many
RQ we consider. Nevertheless, we have analyzed both these issues: the values ofNDW are given in the
last column in Table II, while only RQ = (3 , 2, 1/ 6) in the third line improves considerably gauge coupling
uniÞcation (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 L a!! = " (1/ 4)ga!! a F á
÷F , 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 ofE/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 smallma values to give an idea of the Òdensity
of preferred hadronic axion modelsÓ. All in all, we Þnd that thestrongest coupling is obtained for Rs

Q =
(3, 3, " 4/ 3) that gives Es/N s " 1.92 ! 12.75, almost twice the usually adopted value of 7.0 [33], while the
weakest coupling is obtained forRw

Q = (3 , 2, 1/ 6) for which Ew /N w " 1.92 ! " 0.25 is about 3.5 times larger
than the usual lower value of 0.07. Then, if a singleRQ 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 Þgure 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 moreRQ Õs. 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 allRQ Õs,

3

! 0 = O(1) (17)

f a ! H I (18)

f a " HI (19)

f a ! 1012 GeV (20)

! 0 " 1 (21)

!
! 2

0

"
=

1
2"

# !

! !
! 2d! =

" 2

3
(22)

#Q <# 10! 2 s (23)

M P = 1 .22á1019 GeV (24)

E
N

=

$
Q (XL $ XR ) Q2

Q$
Q (XL $ XR ) T(CQ )

(25)

E
N

=

$
Q Q2

Q$
Q T(CQ )

(26)

I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
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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 = 1 TeV limit the allowed region.

some uncomfortably low energy scale! LP < m P . Quantum gravity corrections to the running of the
gauge couplings can become relevant at scales approachingmP , 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 Õs which do not induce LP ing1, g2, g3

below! LP ! 1018 GeV are phenomenologically preferred.We apply this criterium employing two-loop beta
functions [45] and setting conservatively the threshold forRQ at mQ = 5 á1011 GeV. The RQ satisfying
both our criteria are listed in Table II. The gauge coupling and the energy scale where the Þrst LP occurs
are given in the third column.

Other features can render the choice of someRQ more appealing than others. For example ifNDW = 1
problems with cosmological domain walls (DW) are avoided [48], and someRQ could improve gauge coupling
uniÞcation [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
problem exist (see e.g. [50]), while improved uniÞcation might simply be an accident because of the many
RQ we consider. Nevertheless, we have analyzed both these issues: the values ofNDW are given in the
last column in Table II, while only RQ = (3 , 2, 1/ 6) in the third line improves considerably gauge coupling
uniÞcation (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 L a!! = " (1/ 4)ga!! a F á
÷F , 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 ofE/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 smallma values to give an idea of the Òdensity
of preferred hadronic axion modelsÓ. All in all, we Þnd that thestrongest coupling is obtained for Rs

Q =
(3, 3, " 4/ 3) that gives Es/N s " 1.92 ! 12.75, almost twice the usually adopted value of 7.0 [33], while the
weakest coupling is obtained forRw

Q = (3 , 2, 1/ 6) for which Ew /N w " 1.92 ! " 0.25 is about 3.5 times larger
than the usual lower value of 0.07. Then, if a singleRQ 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 Þgure 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 moreRQ Õs. 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 allRQ Õs,
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=
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
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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 /n b ! 10�8 (mQ / TeV) 1/ 2 would still be quite large, and if the QÕs 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 stableQÕs:
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 ßow [44], etc.

IV. Selection criteria. All in all, although no uncircumventable argument seems to exist forbidding
completely heavy strongly interacting relics, the Þrst 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 ismP , and we write Od> 4

Qq = m4�d
P Pd(Q, " n )

where Pd is a d-dimensional Lorentz and gauge invariant monomial linear inQ and containing n SM Þelds
" . For d = 5 , 6, 7 the Þnal states always containn " d # 3 particles. Taking conservatively n = d # 3 we
obtain:

#d <!
#gf mQ

(d # 4)!(d # 5)!

!
m2

Q

16#2m2

P

" d�4

, (45)

where gf accounts for Þnal states degrees of freedom, and we have integrated analytically then-body phase
space neglecting" masses and assuming momentum independent matrix elements (see e.g. [45]). Requiring
mQ $ f a we obtain respectively for d = 5 , 6, 7, ! (d)

Q
>!

#
4 á10�20, 7 á10�3, 4 á1015

$
% (f a/m Q )2d�7 s. For

d = 5, as long as mQ >! 800 TeV decays occur with safe lifetimes! (5)

Q
<! 10�2 s. For d = 6, even for the

largest valuesmQ ! f a decays occur dangerously close to BBN [46]. Operators ofd = 7 and higher are
always excluded. TheRQ selected by this Þrst criterium are the Þrst seven listed in Table II which allow
for L Qq &= 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 couplingsg

1

, g
2

, g
3

at
some uncomfortably low energy scale$ LP < m P . Quantum gravity corrections to the running of the
gauge couplings can become relevant at scales approachingmP , and their e" ect is to delay the emergence
of LP [47]. Then, to be conservative, we choose a value of$ LP for which gravitational corrections can
presumably be neglected. Then, our second criterium is that:(ii) RQ ’s which do not induce LP in g

1

, g
2

, g
3

below $ LP ! 1018 GeV are phenomenologically preferred. We apply this criterium employing two-loop beta
functions [45] and setting conservatively the threshold forRQ at mQ = 5 á1011 GeV. The RQ satisfying
both our criteria are listed in Table II. The gauge coupling and the energy scale where the Þrst LP occurs
are given in the third column.

Other features can render the choice of someRQ more appealing than others. For example ifNDW = 1
problems with cosmological domain walls (DW) are avoided [48], and someRQ could improve gauge coupling
uniÞcation [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
problem exist (see e.g. [50]), while improved uniÞcation might simply be an accident because of the many
RQ we consider. Nevertheless, we have analyzed both these issues: the values ofNDW are given in the
last column in Table II, while only RQ = (3 , 2, 1/ 6) in the third line improves considerably gauge coupling
uniÞcation (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 L a!! = # (1/ 4)ga!! a F á
÷F , 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 ofE/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 smallma values to give an idea of the Òdensity
of preferred hadronic axion modelsÓ. All in all, we Þnd that thestrongest coupling is obtained for Rs

Q =
(3, 3, # 4/ 3) that gives Es/N s # 1.92 ! 12.75, almost twice the usually adopted value of 7.0 [33], while the
weakest coupling is obtained forRw

Q = (3 , 2, 1/ 6) for which Ew /N w # 1.92 ! # 0.25 is about 3.5 times larger
than the usual lower value of 0.07. Then, if a singleRQ is present, according to our two selection criteria all
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functions [45] and setting conservatively the threshold forRQ at mQ = 5 á1011 GeV. The RQ satisfying
both our criteria are listed in Table II. The gauge coupling and the energy scale where the Þrst LP occurs
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problems with cosmological domain walls (DW) are avoided [48], and someRQ could improve gauge coupling
uniÞcation [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
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where the uncertainty comes from QCD corrections evaluated at NLO [51]. The values ofE/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 smallma values to give an idea of the Òdensity
of preferred hadronic axion modelsÓ. All in all, we Þnd that thestrongest coupling is obtained for Rs

Q =
(3, 3, # 4/ 3) that gives Es/N s # 1.92 ! 12.75, almost twice the usually adopted value of 7.0 [33], while the
weakest coupling is obtained forRw
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than the usual lower value of 0.07. Then, if a singleRQ is present, according to our two selection criteria all

7

RQ OQq ! 2! loop
Landau [GeV] E/N NDW

(3, 1, ! 1/ 3) QL dR 9.3 á1038 (g1) 2/ 3 1

(3, 1, 2/ 3) QL uR 5.4 á1034 (g1) 8/ 3 1

(3, 2, 1/ 6) QR qL 6.5 á1039 (g1) 5/ 3 2

(3, 2, ! 5/ 6) QL dR H   4.3 á1027 (g1) 17/ 3 2

(3, 2, 7/ 6) QL uR H 5.6 á1022 (g1) 29/ 3 2

(3, 3, ! 1/ 3) QR qL H   5.1 á1030 (g2) 14/ 3 3

(3, 3, 2/ 3) QR qL H 6.6 á1027 (g2) 20/ 3 3

(3, 3, ! 4/ 3) QL dR H   2 3.5 á1018 (g1) 44/ 3 3

(6, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 2.3 á1037 (g1) 4/ 15 5

(6, 1, 2/ 3) QL ! µ ! uR Gµ ! 5.1 á1030 (g1) 16/ 15 5

(6, 2, 1/ 6) QR ! µ ! qL Gµ ! 7.3 á1038 (g1) 2/ 3 10

(8, 1, ! 1) QL ! µ ! eR Gµ ! 7.6 á1022 (g1) 8/ 3 6

(8, 2, ! 1/ 2) QR ! µ ! "L Gµ ! 6.7 á1027 (g1) 4/ 3 12

(15, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 8.3 á1021 (g3) 1/ 6 20

(15, 1, 2/ 3) QL ! µ ! uR Gµ ! 7.6 á1021 (g3) 2/ 3 20

TABLE II. RQ irreps which allow for renormalizable Q-decay operators (Þrst 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 operatorOQq 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 á1011 GeV (the gauge coupling which triggers the Landau pole is speciÞed 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. ( ??)).

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

! NDA =
1

4(4⇡)2nf ! 3(nf ! 1)!(nf ! 2)!

m2d! 7
Q

M 2(d! 4)
Planck

, (17)

where we neglected the possibility of scalar Þeld condensations in the e" ective operator.
SinceQ-decay operators ofd = 5 , 6, 7 will at least involve nf = 2 , 3, 4 particles in the Þnal state, we have

⌧NDA
d=5 , nf =2 = 3 .9 á10! 20 s

!
5 á1011 GeV

mQ

" 3

, (18)

⌧NDA
d=6 , nf =3 = 7 .4 á10! 3 s

!
5 á1011 GeV

mQ

" 5

, (19)

⌧NDA
d=7 , nf =4 = 4 .2 á1015 s

!
5 á1011 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 ford = 5 operators if mQ ! 106 GeV. On the other
hand, if the decay happens viad = 6 operators a much higher mass scalemQ ! 1011Ö12 GeV is needed. In
the post-inßationary PQ symmetry breaking scenario this is in tension with the bounds from axion DM via
the misalignment mechanism, leading tof a " 5 á1011 GeV (see Refs. [? ? ] for some recent Lattice QCD
analyses). Finally, operators ofd # 7 require an even highermQ 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 atmQ = 5 á1011 GeV (at the boundary of compatibility with
post-inßationary 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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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 Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| " [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/E s and N/N s become
negative and ga!! can get enhanced. The largest enhancement attainable with twoRQ Õs is obtained with
Rs

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

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ Õs can also weakenga!! 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 ofRQ Õs, but no numerical Þne tuning. With twoRQ Õs 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/N c = (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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More QÕs
¥ What happens for NQ > 1 ?

- combined anomaly factor for                     :  

¥ Strongest coupling (compatible with LP criterium) is given by  

¥ Unfortunately, complete decoupling within theoretical errors is possible as well: 
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FIG. 2. The ga!! / ma window for preferred axion models. The lines E/N = 44 / 3 and 5/ 3 encompass models with
a single RQ in Table II. The region below the line E/N = 122/ 3 allows for two RQ Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| " [0.07, 7] [33]. Current (projected) exclusion bounds
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yielding ! a / ! DM = 1 ( > 0.01).

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

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

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ Õs can also weakenga!! 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 ofRQ Õs, but no numerical Þne tuning. With twoRQ Õs 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/N c = (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 Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| " [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/N s, the
factor in parenthesis is never larger than one implyingEc/N c < E s/N s. This is not so, however, if we
allow for opposite signs in the PQ charge di↵erences:�X = " �X s. In this case E/E s and N/N s become
negative and ga!! can get enhanced. The largest enhancement attainable with twoRQ Õs is obtained with
Rs

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

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ Õs can also weakenga!! 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 ofRQ Õs, but no numerical Þne tuning. With twoRQ Õs 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/N c = (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 Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| " [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/N s, the
factor in parenthesis is never larger than one implyingEc/N c < E s/N s. This is not so, however, if we
allow for opposite signs in the PQ charge di" erences:# X = " # X s. In this case E/E s and N/N s become
negative and ga!! can get enhanced. The largest enhancement attainable with twoRQ Õs is obtained with
Rs

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

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ Õs can also weakenga!! 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 ofRQ Õs, but no numerical Þne tuning. With twoRQ Õs 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/N c = (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 Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| " [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/N s, the
factor in parenthesis is never larger than one implyingEc/N c < E s/N s. This is not so, however, if we
allow for opposite signs in the PQ charge di↵erences:�X = ��X s. In this case E/E s and N/N s become
negative and ga�� can get enhanced. The largest enhancement attainable with twoRQ Õs is obtained with
Rs

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

Fig. 2 to the uppermost oblique line. Unfortunately, more RQ Õs can also weakenga�� 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 ofRQ Õs, but no numerical Þne tuning. With twoRQ Õs 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/N c = (23 / 12, 64/ 33, 41/ 21) ⇡ (1.92, 1.94, 1.95). In all these cases the axion could be only detected via
its coupling to nucleons, providing additional motivations for axion searches which do not rely on the axion
coupling to photons [52, 53].
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d " 10! 6 ! 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <" 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
f a. Since the axion massma has the same dependence, experimental exclusion limits, as well as theoretical
predictions for speciÞc models, can be conveniently presented in thema-ga!! plane. The commonly adopted
Òaxion bandÓ corresponds roughly toga!! " ma" / (2#f " m" ) " 10! 10 (ma/ eV)GeV! 1 with a somewhat
arbitrary width, chosen to include representative models like those in Refs. [14Ð16]. In this Letter we put
forth a deÞnition of a phenomenologically preferredaxion window as the region encompassinghadronic axion
models whichi ) do not contain cosmologically dangerous strongly interacting relics;ii ) do not induce Landau
poles below a scale# LP close to the Planck scalemP . 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 globalU(1)P Q

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

$µ J P Q
µ =

N " s

4#
G á ÷G +

E"
4#

F á ÷F , (34)

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

|XL ! XR | = 1 . (35)

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

N =
X

Q

(XL ! XR ) T(CQ ) , (36)

E =
X

Q

(XL ! XR ) Q2
Q , (37)

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

Q Tb
Q = T(CQ )%ab with TQ the generators in CQ (in particular,

$

[Theoretical error from NLO 𝛘PT
Grilli di Cortona et al., 1511.02867]
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¥ Each RH SM fermion can have a different PQ charge
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allow for opposite signs in the PQ charge di! erences:" X = ! " X s. In this case E/E s and N/N s become
negative and ga!! can get enhanced. The largest enhancement attainable with twoRQ Õs is obtained with
Rs

Q " Rw
Q . This still respects the LP selection criterium and yieldsEc/N c = 122/ 3,

Adding multiple RQ will eventually lead to low-scale LPs. By admitting an arbitrary number of represen-
tations RQ > 1, we can still Þnd an absolute upper bound onEc/N c compatible with the requirement of no
LPs below 1018 GeV. This comes from the combinationR8 " R6 # R9 where the symbol" (# ) means that
the representations have to be taken with the same (opposite) PQ sign of" X = XL ! XR . That implies
# LP = 1 .0 á1018 and E/N = 170/ 3, corresponding in Fig. 5 to the uppermost oblique line.

Unfortunately, more RQ Õs can also weakenga!! below the lower limit in Fig. 5, and even yield complete
axion-photon decoupling (within theoretical errors), a possibility that requires an ad hoc choice ofRQ Õs, but
no numerical Þne tuning. With two RQ Õs 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 respectivelyEc/N c = (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 [69, 70].

D. Axion window and DFSZ-type of models

Variants of DFSZ axion models were discussed for instance in Refs. [16, 17]. Here we argue that also
DFSZ-type of models yield axion-photon couplings which fall within the band in Fig. 5. More speciÞcally,
no couplings larger than our upper limit E/N = 170/ 3 can be generated. In DFSZ-type models, two or
more Higgs doubletsHi , carrying PQ charges, together with the SM singlet axion Þeld,$ , are introduced.
The SM fermion content is not enlarged, however in general both quarks and leptons also carry PQ charges.
Therefore, the electroweak and colour anomalies depend only on the PQ charge assignments of the SM
fermions. Quarks and leptons couple to theHi Higgses via Yukawa interactions. In turn, the nH $ 2 Higgs

doublets are coupled to the axion Þeld$ through scalar potential terms. The Higgs kinetic term carries a
U(1)n H rephasing symmetry that must be broken to the singleU(1)P Q , in order that the PQ current in
eq.1 is unambiguously deÞned, and also to avoid additional Goldstone bosons which would be dangerous for
having couplings suppressed only as 1/v EW . (I think that: 1. The new GB couplings are suppressed just
by 1/v EW ; and 2. That for example the electron charges would not enter in theE/N formula.) The explicit
breaking U(1)n H +1 % U(1)Y & U(1)P Q must then be provided by non-Hermitian renormalizable terms
terms in the scalar potential involving Hi and $ , and this implies that the PQ charges of all the fermions
and all the the Higgses are interrelated. Therefore the PQ charges of the fermions (and in particular of the
Leptons) cannot be chosen arbitrarily.

Given that the anomalies of the PQ current depend on the di! erence between the PQ charges of LH and
RH fermions, without loss of generality we can set the PQ charges of the SM LH fermions to zero. Hence,
we deÞne the transformation properties of the SM fermions underU(1)P Q as

uj
R % exp (iX uj ) uj

R (34)

dj
R % exp (iX dj ) dj

R (35)

ej
R % exp (iX ej ) ej

R (36)

Note that for the time being we have allowed for family-dependent PQ charges. The ratio of anomaly
coe%cients E/N can be written as
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where, in order to have a non-vanishing PQ-colour anomaly, the denominator must be non-vanishing.
The original DFSZ model [21, 22] includes two Higgs doublets,Hu,d , and family independent PQ charges.

Then the factor E/N is Þxed up to the two-fold possibility of coupling the letpons either to Hd or to H !
u .
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the representations have to be taken with the same (opposite) PQ sign of" X = XL ! XR . That implies
# LP = 1 .0 á1018 and E/N = 170/ 3, corresponding in Fig. 5 to the uppermost oblique line.

Unfortunately, more RQ Õs can also weakenga�� below the lower limit in Fig. 5, and even yield complete
axion-photon decoupling (within theoretical errors), a possibility that requires an ad hoc choice ofRQ Õs, but
no numerical Þne tuning. With two RQ Õs 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 respectivelyEc/N c = (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
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where, in order to have a non-vanishing PQ-colour anomaly, the denominator must be non-vanishing.
The original DFSZ model [21, 22] includes two Higgs doublets,Hu,d , and family independent PQ charges.

Then the factor E/N is Þxed up to the two-fold possibility of coupling the letpons either to Hd or to H ⇤
u .

¥ With two or three Higgs doublets, DFSZ remains within NQ = 1 KSVZ window 
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Eq. (66) shows that these two cases yield, respectively

DFSZ-I : Xe = Xd E/N = 8/3

DFSZ-II : Xe = ! Xu E/N = 2/3 (40)

which in both cases give axion-photon couplings that fall inside the KSVZ band in Þg. 5.
Let us now consider the DFSZ-III variant of Ref. [16]. The PQ charges are again family independent, but

the scalar sector is enlarged to contain thenH = 3 Higgs doubletsHe,d,u coupled respectively to the leptons,
down-type and up-type quarks. Even if in this model we have some more freedom in choosing the values of the
chargesXe being the leptons coupled to a di! erent Higgs doublet than the quarks, still one cannot generate
arbitrarily large axion-photon couplings. This is because, as was already mentioned above, non-Hermitian
mixed scalar monomials likeHu,d He" 2 are needed to enforce the breakingU (1)e " U (1)u " U (1)d " U (1)! #
U (1)P Q and, if Xe were much larger than Xu,d , it would not be possible to write down PQ invariant
renormalizable terms of this type.

In order to Þnd the maximum allowed value of Xe let us proceed to classify the possible PQ and
gauge invariant mixed operators. The fundamental blocks are the gauge invariant bilinear couplingsbeu =
(HeHu ) , bed = ( H !

eHd), bud = ( HuHd) and their Hermitian conjugate, which can be coupled among them,
or to b! = " 2. It is easy to verify that Higgs bilinear terms alone yield the same two possibilities listed in
Eq. (40) DFVZ-I - II. Let us next consider quadrilinear couplings. SincePQ(bud ) = ! PQ(" 2) the following
cases exhaust all the possible relations among the charges:

beu ábud =$ Xu + Xe = ! (Xu + Xd) (41)

beu áb 
ud =$ Xu + Xe = +( Xu + Xd) (42)

bed ábud =$ Xd ! Xe = ! (Xu + Xd) (43)

bed áb 
ud =$ Xd ! Xe = +( Xu + Xd) . (44)

These four possibilities yield, respectively,E/N = ! 4/3, 8/3, 14/3 and 2/3, all of which result in axion-
photon couplings that fall within the NQ = 1 band in Fig. 5. 4

When U (1)P Q is deÞned in terms of generation dependent charges, as for example in Refs.[71], the
number of possible gauge and PQ mixed invariants proliferates. The maximum freedom in choosing the
fermion charges corresponds to the case in which there are three Higgs doublets for each fermion species
(He1 , He2 , He3 , etc.) and the Higgs rephasing symmetry isU (1)9+1 . Although such a model might be
phenomenologically not viable, it can still be considered just to bound from above the maximum possible
E/N for the case of generation dependent PQ charges.

Enrico
We want the charges of theui and di fermions to be as large as possible in units of the axion charge

q, while we want
!

j (uj + dj ) = 2 q which is the minimum value of the denominator in the relation below
Eq. (45) which still gives an anomaly.

E

N
=

2
3

+ 2

!
j (Xuj + Xej )

!
j (Xuj + Xdj )

. (45)

We should study the charges of the scalars and then change the sign for the fermions. The sign is irrelevant
in the ratio of charges, but to express the scalar relations in terms of charges of the fermions I just take a
shortcut setting PQ(" ) = ! q.

We have up to nine scalar multipletsHu i , Hdi , Hei plus the singlet " and thus aU (1)9+1 symmetry, that
we want to break to U (1)Y " U (1)P Q . We consider only gauge invariant scalar couplings so thatU (1)Y will
arise by default. (Hypercharge is then identiÞed by the choicePQ(" ) = 0 while PQ by, e.g., PQ(" ) = 1.)
Without loss of generality, we can shift all the PQ charges proportionaly to hypercharge, since the couplings
we will consider are Y-invariant, as is the PQ-charge relation in Eq. (45). So I start with the coupling
u1d1" 2 and according to the above I set for simplicity

u1 = 2 q d1 = 0 . (46)

4 The X e,u,d charges of the DFSZ variants in Ref. [16] do not allow to build renormalizable PQ and gauge invariant non-
Hermitian mixed terms. Consequently, the E/N estimations of Ref. [16] are wrong since without mixed terms leptons do not
contribute at all to the PQ electromagnetic anomaly in those DFSZ variants and X e does not enter E/N.
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These four possibilities yield, respectively,E/N = ! 4/ 3, 8/ 3, 14/ 3 and 2/ 3, all of which result in axion-
photon couplings that fall within the NQ = 1 band in Fig. 5. 4

When U(1)P Q is deÞned in terms of generation dependent charges, as for example in Refs.[71], the
number of possible gauge and PQ mixed invariants proliferates. The maximum freedom in choosing the
fermion charges corresponds to the case in which there are three Higgs doublets for each fermion species
(He1 , He2 , He3 , etc.) and the Higgs rephasing symmetry isU(1)9+1 . Although such a model might be
phenomenologically not viable, it can still be considered just to bound from above the maximum possible
E/N for the case of generation dependent PQ charges.

Enrico
We want the charges of theui and di fermions to be as large as possible in units of the axion charge

q, while we want
!

j (uj + dj ) = 2 q which is the minimum value of the denominator in the relation below
Eq. (46) which still gives an anomaly.
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We should study the charges of the scalars and then change the sign for the fermions. The sign is irrelevant
in the ratio of charges, but to express the scalar relations in terms of charges of the fermions I just take a
shortcut setting P Q(" ) = ! q.

We have up to nine scalar multipletsHu i , Hdi , Hei plus the singlet " and thus a U(1)9+1 symmetry, that
we want to break to U(1)Y # U(1)P Q . We consider only gauge invariant scalar couplings so thatU(1)Y will
arise by default. (Hypercharge is then identiÞed by the choicePQ(" ) = 0 while PQ by, e.g., PQ(" ) = 1.)
Without loss of generality, we can shift all the PQ charges proportionaly to hypercharge, since the couplings
we will consider are Y-invariant, as is the PQ-charge relation in Eq. (46). So I start with the coupling
u1d1" 2 and according to the above I set for simplicity

u1 = 2q d1 = 0 . (47)

4 The X e,u,d charges of the DFSZ variants in Ref. [16] do not allow to build renormalizable PQ and gauge invariant non-
Hermitian mixed terms. Consequently, the E/N estimations of Ref. [16] are wrong since without mixed terms leptons do not
contribute at all to the PQ electromagnetic anomaly in those DFSZ variants and X e does not enter E/N.

¥ Clockwork-like scenarios with a large number of Higgs doublets allow to boost E/N 

[See also Farina et al. 1611.09855, 
for KSVZ clockwork]

- with n up-type doublets which do not couple to SM fermions 
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E
N

=
2
3

+ 2
Xu + Xe

Xu + Xd
⇠ 2m +1 (67)

E/N ⇠ 2n (68)

A similar construction is possible also in KSVZ models by adding additional PQ charged singlets! k .
This possibility was put forth in [72] and we refer to this reference for details.

VI. CONCLUSIONS

In conclusion, nobody wants to write the conclusions . . .
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Appendix A: Q-decay operators ! integrally charged hadrons

In this Appendix we examine the close connection between the existence ofQ-decay operators and the
absence of fractionally charged hadrons containing the heavy quarkQ. Heavy colored particles with exotic
electric charges (e.g.Q = 1 / 5, ! , etc.) cannot decay into SM particles (by electric charge conservation)
and hence are absolutely stable. They also will not get conÞned into hadrons of integer charge, and this
implies that they cannot get bounded into neutral hadrons, atoms or molecules. Limits on the abundance
of fractionally charged particles are very strong, while exotic hadrons with integer charges can ÒhideÓ more
easily (strong limits exist, but they also depend on the exotic hadron charge).

Remarkably, if the quantum numbers ofQ are such that one can build aQ-decay operator the heavy quark
Q can only hadronize into integrally charged hadrons. The reverse statement is true as well. Namely, if the
heavy quark Q is such that it gives rise to hadrons with integer charges then it is always possible to write
operators that will let them decay into SM particles. On general grounds, one expect such operators to be
generated at latest by Planck-scale physics and this can have profound consequences on the phenomenological
studies of these exotics.

The rest of the Appendix is devoted to a constructive proof of the statement above both in the direct and
reverse direction.

1. Proof of direct statement

Let us start by proving the direct statement: Exotic heavy Q quarks that are allowed to decay into SM
particles, can only hadronize in integrally charged baryons or mesons.

The possibility of decays requires operators linear in the ÞeldQ. In the following, we explicitly write the
Q and the SM quarksq, and denote with [SM ] any string of other SM particles not containing quarks. Note
that in all cases [SM ] has integer or vanishing electric charge, and can transform either in the1 or 8 of
color.5 In the following g denotes gluons,Q denotes the electric charge, andn 2 Z denotes a generic integer
or vanishing number. Here we will not be concerned with identifying the lowest mass exotic hadron within
an exotic isospin multiplet, since all the members of a multiplet have either integer or fractional charges, so
the generic symbolq for SM quarks su" ce.

The argument proceeds by construction. We Þrst select aQ-decay operator which Þxes the gauge quantum
numbers of Q and then inspect the electric charge of possible bound states formed byQ with light quarks
and gluons. We consider in turn the following possibilities:

5 For simplicity we only consider decay operators involving at most one color Þeld strength tensor, but the generalization is
straightforward. Note that two or more Gµ! imply operators of D ! 7, and with respect to them Q is cosmologically stable.
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E/N (gmax
a!! ) E/N (gmin

a!! )

KSVZ ( NQ = 1) 44/ 3 5/ 3
KSVZ ( NQ > 1) 170/ 3 23/ 12
DFSZ (nH = 2) 2/ 3 8/ 3
DFSZ (nH = 3) ! 4/ 3 8/ 3
DFSZ (nH > 3) 74/ 3 23/ 12

TABLE V. E/N values which give for a given any model the maximun and the decoupling values of ga!! . In the
case of KSVZ, bounds have been worked out under our selection rules. For DFSZ case instead, no conditions have
been considered for the viability of the model.

from H !
u2 áHu1! 2,  and H !

e2 áHe1! 2,  and

Xu3 = Xu2 + q = 6 q ! Xd1
Xe3 = Xe2 + q = 6 q + Xd1

" Xu3 + Xe3 = 12q (59)

from H !
u3 áHu2! 2,  and H !

e3 áHe3! 2,  . Finally

E

N
=

2
3

+ 2

!
j (4q + 8 q + 12q)

2q
=

74
3

(60)

The potential will contain

V (Huj,dj,ej , ! ) # (61)

Hu1 áHd1! 2 + H !
e1 áHd1! 2,  (62)

+H !
u2 áHu1! 2,  + H !

e2 áHe1! 2,  (63)

+H !
u3 áHu2! 2,  + H !

e3 áHe3! 2,  (64)

+Hu2 áHd2 + Hu3 áHd3 (65)

The decoupling setup can be obtained by the following PQ charges assignment

Xdj = Xu1 = 1 , Xu2 = Xu3 = 2 , Xej = 0 (66)

which givesE/N = 23/12

E. Clockwork scenarios

In all the models we have so far considered some implicit assumption regarding their scalar content was
made. In KSVZ-type of models we have assumed that there is only one SM scalar singlet! carrying a PQ
charge, while in DFSZ-type of models we have allowed, as a maximum number, for one scalar doublet for
each SM fermion mass, for a total of nine EW doublets.

However, many more EW scalar doublets can be introduced in the SM without violating the LP condition,
up to about Þfty. By adding scalar doublets that do not couple directly to the fermions, it is possible to
obtain very large PQ charges for the leptons, with huge enhancements of the numerator in the second term
in eq. (46). To see how this can work let us start withX! = q and the quadrilinear scalar couplingHuHd! 2,
and let us set by using a charge redeÞnition proportional to hyperchargeXu = ! 2q and Xd = 0. Let us
DeÞneH1 = Hu and next let us add a whole set of up-type Higgs doubletsHn with n = 2 , 3, . . . ,m coupled
as (HnH

!
n " 1)(H !

n " 1H
!
d ) and with charges Xn = ! 2n q. Finally let us couple (HeHm )(Hm Hd). We then

obtain Xe = 2 m +1 q. Given that the number of doublets m can be as large as 50 before a LP is hit, lepton
charges exponentially large$ 250 become possible.

In steps (for the talk):

1. Consider (HuHd! 2) and normalize X! % q; =& Xu = ! 2q; Xd = 0

2. DeÞneH1 = Hu . Add m up-type doublets: (HkH
!
k " 1)(H !

k " 1H
!
d ), i.e. Xk = ! 2k q

3. Finally couple also the lepton HiggsHe: (HeHm )(Hm Hd), i.e. Xe = 2 m +1 q
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2. DeÞne            .  Add n up-type doublets: 
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The decoupling setup can be obtained by the following PQ charges assignment

X dj = X u1 = 1 , X u2 = X u3 = 2 , X ej = 0 (66)

which givesE/N = 23/ 12

E. Clockwork scenarios

In all the models we have so far considered some implicit assumption regarding their scalar content was
made. In KSVZ-type of models we have assumed that there is only one SM scalar singlet! carrying a PQ
charge, while in DFSZ-type of models we have allowed, as a maximum number, for one scalar doublet for
each SM fermion mass, for a total of nine EW doublets.

However, many more EW scalar doublets can be introduced in the SM without violating the LP condition,
up to about Þfty. By adding scalar doublets that do not couple directly to the fermions, it is possible to
obtain very large PQ charges for the leptons, with huge enhancements of the numerator in the second term
in eq. (46). To see how this can work let us start withX! = q and the quadrilinear scalar couplingHu Hd! 2,
and let us set by using a charge redeÞnition proportional to hyperchargeXu = ! 2q and X d = 0. Let us
DeÞneH1 = Hu and next let us add a whole set of up-type Higgs doubletsHn with n = 2 , 3, . . . , m coupled
as (Hn H !

n " 1)(H !
n " 1H !

d ) and with charges Xn = ! 2n q. Finally let us couple (HeHm )(Hm Hd). We then
obtain Xe = 2 m +1 q. Given that the number of doublets m can be as large as 50 before a LP is hit, lepton
charges exponentially large$ 250 become possible.

In steps (for the talk):

1. Consider (Hu Hd! 2) and normalize X! % q; =& Xu = ! 2q; Xd = 0

2. DeÞneH1 = Hu . Add m up-type doublets: (Hk H !
k" 1)(H !

k " 1H !
d ), i.e. Xk = ! 2k q

3. Finally couple also the lepton HiggsHe: (HeHm )(Hm Hd), i.e. Xe = 2 m +1 q
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TABLE V. E/N values which give for a given any model the maximun and the decoupling values of ga!! . In the
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been considered for the viability of the model.
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(HeHn )(Hn Hd), i.e. Xe = 2 n +1 q

E
N

=
2
3

+ 2
Xu + Xe

Xu + Xd
! 2m +1 (67)

E/N ! 2n (68)

A similar construction is possible also in KSVZ models by adding additional PQ charged singlets! k .
This possibility was put forth in [72] and we refer to this reference for details.

VI. CONCLUSIONS

In conclusion, nobody wants to write the conclusions . . .
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Appendix A: Q-decay operators ! integrally charged hadrons

In this Appendix we examine the close connection between the existence ofQ-decay operators and the
absence of fractionally charged hadrons containing the heavy quarkQ. Heavy colored particles with exotic
electric charges (e.g.Q = 1 / 5, ! , etc.) cannot decay into SM particles (by electric charge conservation)
and hence are absolutely stable. They also will not get conÞned into hadrons of integer charge, and this
implies that they cannot get bounded into neutral hadrons, atoms or molecules. Limits on the abundance
of fractionally charged particles are very strong, while exotic hadrons with integer charges can ÒhideÓ more
easily (strong limits exist, but they also depend on the exotic hadron charge).

Remarkably, if the quantum numbers ofQ are such that one can build aQ-decay operator the heavy quark
Q can only hadronize into integrally charged hadrons. The reverse statement is true as well. Namely, if the
heavy quark Q is such that it gives rise to hadrons with integer charges then it is always possible to write
operators that will let them decay into SM particles. On general grounds, one expect such operators to be
generated at latest by Planck-scale physics and this can have profound consequences on the phenomenological
studies of these exotics.

The rest of the Appendix is devoted to a constructive proof of the statement above both in the direct and
reverse direction.

1. Proof of direct statement

Let us start by proving the direct statement: Exotic heavy Q quarks that are allowed to decay into SM
particles, can only hadronize in integrally charged baryons or mesons.

The possibility of decays requires operators linear in the ÞeldQ. In the following, we explicitly write the
Q and the SM quarksq, and denote with [SM ] any string of other SM particles not containing quarks. Note
that in all cases [SM ] has integer or vanishing electric charge, and can transform either in the1 or 8 of
color.5 In the following g denotes gluons,Q denotes the electric charge, andn " Z denotes a generic integer
or vanishing number. Here we will not be concerned with identifying the lowest mass exotic hadron within

5 For simplicity we only consider decay operators involving at most one color Þeld strength tensor, but the generalization is
straightforward. Note that two or more Gµ! imply operators of D ! 7, and with respect to them Q is cosmologically stable.
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UniÞcaxion ?
¥ Some QÕs might improve gauge coupling uniÞcation  

at one loop. We di! er with respect to that by the fact that we perform a two-loop analysis of
gauge coupling uniÞcation, which leads tomQ = 2 ! 107 GeV.

Figure 2: Two-loop gauge coupling uniÞcation pattern in presence of an extra Dirac fermion
Q " (3, 2, 1/ 6) with mQ = 2 ! 107 GeV (blue line), against the SM case (red dashed line).

On the other hand, it is not easy to envisage a GUT completion featuring a hierarchy
f a # MGUT in which only a fragment Q of a complete GUT multiplet survives atmQ ! f a.
The point is simply stated: as long as the PQ symmetry commutes with the GUT group, the
whole GUT multiplet containing Q (e.g. 10$ Q in SU(5)) acquires a mass ofO(f a) after PQ
breaking. Consequently, having a complete GUT multiplet at intermediate scales does not
improve on gauge coupling uniÞcation.

The source of the problem points to its possible solution: if the PQ does not commute with
the GUT group, but arises as an accidental global symmetry after GUT breaking, then the
previous conclusion could be avoided. Unfortunately, we are not aware of a working example.
Another possibility would be instead to give up on a 4D description. In fact, string-inspired
scenarios allow in principle to avoid matter uniÞcation while keeping gauge coupling uniÞcation
(and they might be as well behind the stabilization mechanism of the PQ symmetry against
Planck scale physics). Of course, at this level this is just wishful thinking.

3 Heavy quarksÕ cosmology

3.1 Lifetimes

The lifetime of the metastable heavy quark is a crucial information for cosmology. We provide
here a quantitative estimate of theQ decay rates by considering in turn the case where the
decay ofQ happens via a renormalizable interaction with SM quarks and the case ofQ-decay
operators via e! ective operators.

3.1.1 Q-decay via renormalizable interactions

As an example of the decay via mixing mechanism, let us consider the Þrst case in Table3
(Q " (3, 1, %1/ 3) and (XL , XR) = (0 , %1)). The relevant part of the Lagrangian is

L KSVZ & %yQL QR" %mmix QL dR %ydqL dRH , (13)
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- out of all our 15 cases, just one works Þne: Q ~ (3, 2, 1/6)

[Giudice, Rattazzi, Strumia, 1204.5465]
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¥ Conceiving a UV model remains, however, a challenge
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I. Introduction. In spite of its indisputable phenomenological success, the standard model (SM) remains
unsatisfactory as a theoretical construction: it does not explain unquestionable experimental facts like
dark matter (DM), neutrino masses, and the cosmological baryon asymmetry, and it contains fundamental
parameters with highly unnatural values, like the coe! cient µ2 of the quadratic Higgs potential term,
the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
! < 10! 10. This last quantity is somewhat special: its value is stable with respect to higher order corrections
(unlike µ2) and (unlike he,u,d ) it evades explanations based on environmental selection [1]. Thus, seeking
explanations for the smallness of! independently of other Òsmall valuesÓ 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 Þne tuning, often comparable to setting! <# 10! 10 by hand, or additional rather elaborated
theoretical structures [6]. The Peccei-Quinn (PQ) solution [7Ð10] arguably stands on better theoretical
grounds, although it remains a challenge explaining through which mechanism the globalU(1)P Q symmetry,
on which the solution relies (and that presumably arises as an accident) remains protected from explicit
breaking to the required level of accuracy [11Ð13].

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
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the Yukawa couplings of the Þrst family fermionshe,u,d # 10! 6 $ 10! 5 and the strong CP violating angle
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- a complete GUT multiplet doesnÕt help !
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Domain Wall (DW) problem
¥                         explicitly broken by QCD effects
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known as the Kibble mechanism. 

The simple fact is that causal effects in the early universe can only propagate (as at any time) as the speed
of light c. This means that at a time t, regions of the universe separated by more than a distance d=ct can
know nothing about each other. In a symmetry breaking phase transition, different regions of the universe
will choose to fall into different minima in the set of possible states (this set is known to mathematicians
as the vacuum manifold). Topological defects are precisely the `boundaries' between these regions with
different choices of minima, and their formation is therefore an inevitable consequence of the fact that
differentregions cannot agree on their choices.

For example, in a theory with two minima, plus + and minus -, then neighbouring regions separated by
more than ct will tend to fall randomly into the different states (as shown below). Interpolating between
these different minima will be a domain wall.

The Kibble mechanism for the formation of domain walls.

Cosmic strings will arise in slightly more complicated theories in which the minimum energy states
possess `holes'. The strings will simply correspond to non-trivial `windings' around these holes (as
illustrated below).
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RQ OQq !
R Q
LP [GeV] E/N NDW

(3, 1, ! 1/ 3) QL dR 9.3 á1038 (g1) 2/ 3 1

(3, 1, 2/ 3) QL uR 5.4 á1034 (g1) 8/ 3 1

(3, 2, 1/ 6) QR qL 6.5 á1039 (g1) 5/ 3 2

(3, 2, ! 5/ 6) QL dR H   4.3 á1027 (g1) 17/ 3 2

(3, 2, 7/ 6) QL uR H 5.6 á1022 (g1) 29/ 3 2

(3, 3, ! 1/ 3) QR qL H   5.1 á1030 (g2) 14/ 3 3

(3, 3, 2/ 3) QR qL H 6.6 á1027 (g2) 20/ 3 3

(3, 3, ! 4/ 3) QL dR H   2 3.5 á1018 (g1) 44/ 3 3

(6, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 2.3 á1037 (g1) 4/ 15 5

(6, 1, 2/ 3) QL ! µ ! uR Gµ ! 5.1 á1030 (g1) 16/ 15 5

(6, 2, 1/ 6) QR ! µ ! qL Gµ ! 7.3 á1038 (g1) 2/ 3 10

(8, 1, ! 1) QL ! µ ! eR Gµ ! 7.6 á1022 (g1) 8/ 3 6

(8, 2, ! 1/ 2) QR ! µ ! "L Gµ ! 6.7 á1027 (g1) 4/ 3 12

(15, 1, ! 1/ 3) QL ! µ ! dR Gµ ! 8.3 á1021 (g3) 1/ 6 20

(15, 1, 2/ 3) QL ! µ ! uR Gµ ! 7.6 á1021 (g3) 2/ 3 20

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

E/N
=

44
/ 3

E/N
=

5/ 3

NQ = 1

H
D

MCAST

Helioscopes

IAXO

Haloscopes

HB

NQ > 1

FIG. 2. The ga"" / ma window for preferred axion models. The lines E/N = 44 / 3 and 5/ 3 encompass models with
a single RQ in Table III. The region below the line E/N = 122/ 3 allows for two RQ Õs. The yellow stripe delimited
by dashed lines reproduces the usual window|E/N ! 1.92| # [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).

than the usual lower value of 0.07. Then, if a singleRQ 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 Þgure 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 moreRQ Õs. 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 allRQ Õs,

Domain Wall (DW) problem
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¥ Inßation can dilute them away

- can still be relevant in pre-inßationary PQ breaking regime if           
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¥ Inßation can dilute them away 

¥ NDW = 1 (no remnant discrete symmetry)
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¥ Inßation can dilute them away 

¥ NDW = 1 (no remnant discrete symmetry)

¥ Explicit PQ breaking 

DW problem - solutions
18 Pierre Sikivie

3.2 A small breaking of PQ symmetry

A third solution to the domain wall problem is to postulate a small explicit
breaking of the Z (N ) symmetry, and hence of PQ symmetry (4). The symme-
try breaking must lift completely the degeneracy of the vacuum and be large
enough that the unique true vacuum takes over before the walls dominate
the energy density. On the other hand, it must be small enoughthat the PQ
mechanism still works. This solution does not appear very attactive and we
will see below that there is little room in parameter space for it to occur, but
it is a logical possibility.

To get rid of the walls, we add to the RHS of Eq. (26) a tiny UPQ (1)
breaking term which lifts the vacuum degeneracy completely, e.g.:

! V = ! " (#e! i ! + h.c.) . (87)

To add such a term to an axion model by hand seems rather unnatural.
However it is conceivable that a small UPQ (1) breaking term is in fact a
natural property of the ultimate theory. This would be the ca se, for example,
if the low energy e! ective theory at some energy scale has an automatic PQ
symmetry which is broken in the full theory. Be that as it may, Eq. (87) yields
a small correction to the e! ective potential for the axion Þeld:
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va
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density is lowered by an amount of order"va relative to the other now quasi-
vacua. As a result, the walls at the boundary of a region in thetrue vacuum
are subjected to an outward pressure of order"va . Since the walls are typically
a distancet apart, the volume energy" va t3 associated with the lifting of the
vacuum degeneracy grows more rapidly than the energy$t2 in the walls. At
a time %" "
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, the pressure favoring the true vacuum starts to dominate the

wall dynamics and the true vacuum takes over, i.e. the walls disappear. The
energy stored in the network of walls and strings decays intogravitational
waves (9). The true vacuum must take over before the walls dominate the
energy density. Using Eq. (74), we obtain:
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On the other hand " is bounded from above by the requirement that! V does
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Eqs. (89) and (90) indicate that there is little room in parameter space for
this third solution to the axion domain wall problem, but it i s not ruled out.
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mechanism still works. This solution does not appear very attactive and we
will see below that there is little room in parameter space for it to occur, but
it is a logical possibility.

To get rid of the walls, we add to the RHS of Eq. (26) a tiny UPQ (1)
breaking term which lifts the vacuum degeneracy completely, e.g.:

! V = ! " (#e! i ! + h.c.) . (87)

To add such a term to an axion model by hand seems rather unnatural.
However it is conceivable that a small UPQ (1) breaking term is in fact a
natural property of the ultimate theory. This would be the ca se, for example,
if the low energy e! ective theory at some energy scale has an automatic PQ
symmetry which is broken in the full theory. Be that as it may, Eq. (87) yields
a small correction to the e! ective potential for the axion Þeld:

! Va = ! 2va" cos
!

a
va

! !
"

. (88)

The unique true vacuum is the one for which| ! ! a
va

| is smallest. Its energy
density is lowered by an amount of order"va relative to the other now quasi-
vacua. As a result, the walls at the boundary of a region in thetrue vacuum
are subjected to an outward pressure of order"va . Since the walls are typically
a distancet apart, the volume energy" va t3 associated with the lifting of the
vacuum degeneracy grows more rapidly than the energy$t2 in the walls. At
a time %" "

#va
, the pressure favoring the true vacuum starts to dominate the

wall dynamics and the true vacuum takes over, i.e. the walls disappear. The
energy stored in the network of walls and strings decays intogravitational
waves (9). The true vacuum must take over before the walls dominate the
energy density. Using Eq. (74), we obtain:

%"
$

"va
<" 102 sec

!
1012 GeV

f a

"
. (89)

On the other hand " is bounded from above by the requirement that! V does
not upset the PQ mechanism.! V shifts the minimum of the e! ective potential
for the axion Þeld, inducing a ø& " #

m 2
a f a

. The requirement that ø& < 10! 10

implies:

%>"
10 sec

N

!
f a

1012 GeV

"
. (90)

Eqs. (89) and (90) indicate that there is little room in parameter space for
this third solution to the axion domain wall problem, but it i s not ruled out.

- large enough so that a unique vacuum takes over before DWs dominate energy density 

- small enough so that PQ solution is not ruined 

2

! !
"

m2
af a

(1)

T(8) = 3 (2)

T(6) =
5
2

(3)

NDW (6 " 8) = 2 ( T(8) # T(6)) = 1 (4)

yQ $ 1 (5)

f a % HI , TRH % mQ (6)

TRH % mQ (7)

! a =
2#va

NDW
(8)

Va ! f 2
a m2

a

!
1 # cos

a
va/N

"
(9)

NDW = 2N (10)

U(1)PQ #& ZN DW (11)

' " (x)( = 1!
2
vaeia (x ) /v a (12)

! e! (x) = ! #
a(x)
f a

(13)

' a(x)( = ! f a (14)

a & ' a( + a (15)

' ! e! (x)( =
#

! #
a(x)
f a

$
= 0 (16)

[Sikivie (1982)]
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Heavy QÕs relic 

4

relevant mQ < T reheating case, in which the relic density of the QÕs does not get diluted by inßation.
For lifetimes of the order of (0.01 ! 105) s, the Q decays may a! ect Big Bang Nucleosynthesis (BBN)
[18], while for longer lifetimes of the order of (1012 ! 1013) s, their decays would create distortions in the
thermalization of the cosmic microwave background before recombination. Such distortions of the spectrum
by the injection of high-energy photons into the plasma lead to strong constraints [19]. Decays ofQ after
recombination can give rise to photons that free-stream to us, and are visible in the di! use gamma ray
background [20]. Observations by Fermi LAT [21] limit the ßux of these gamma rays and thus constrain
such scenarios. In general these observations of the di! use gamma ray background rule outQ with lifetimes
between (1013 ! 1026) s. Finally, in case the QÕs survive to the present day, the bounds crucially depend on
their electric charges. If integrally charged, they would act as heavy positively charged nucleons, producing
anomalously heavy isotopes. A combination of measurements places severe limits on the abundance of
terrestrial heavy elements today [17], e! ectively excluding such scenarios. Alternatively, if their charge is a
non-integer fraction of that of the electron, they are excluded by the null results of searches for fractionally
charged particles in bulk matter on Earth or meteoritic material [17]. This latter possibility is however
excluded in case at hand, where theRQ Õs quantum numbers are such that a SM gauge invariantQ-decay
operator can be constructed [16].

Heavy QÕs relic density. In order to make deÞnite statements about the cosmological implications of new
long-lived heavy colored fermions, one needs to estimate their present relic abundance" Q . Such an estimate
can depend on some assumptions. A Þrst crucial one is wether theQQ system carries a particle-antiparticle
asymmetry (as ordinary quarks do) or not. Assuming that there is no asymmetry is the conservative choice,
since it yields the lowest values ofnQ ; hence any bound derived under this assumption applies also if an
asymmetry is present. In the assumed symmetric scenario,nQ is estimated by tracing the rate for QQ
annihilation in the early Universe down to the freeze-out temperatureTfo when the rate falls below the
expansion rateH (Tfo ) and annihilations stop.

During the Universe evolution, the heavy quarks annihilation processes proceed in two di! erent regimes:
for T >" TC (where TC " 180 MeV is the color conÞnement temperature) theQÕs annihilate as free (uncon-
Þned) quarks. In this regime the annihilation cross section can be computed perturbatively in a reliable
way, yielding

#! v$QQ =
"# 2

s

16m2
Q

(cf nf + cg) , (9)

where nf is the number of quark ßavors into which Q can annihilate, and (cf , cg) = ( 2
9 , 220

27 ) for triplets
[22], (3

2 , 27
4 ) for octets [23], etc. For annihilations occurring via the perturbative cross section in Eq. (9)

the typical freez-out temperature is given by Tfo " mQ / 20 ! mQ / 30, so that for mQ >" TeV free quark
annihilation has already frozen out before conÞnement. In such a case, a standard calculation yields

!
" Q h2"Free

= 2 .0
# xfo

25

$ # g!

106.75

$" 1/ 2
%

#! v$QQ

10" 10 GeV" 2

&" 1

, (10)

with xfo = mQ /T fo and g! denoting the number of degrees of freedom which are in thermal equilibrium at
freeze-out.

For T < T C the QÕs get conÞned in color singlet hadrons, that can be pictured as a heavy parton
surrounded by a QCD cloud (Òbrown muckÓ) of light degrees of freedom. As the temperature decreases below
TC , the presence of a baryon asymmetry for the SM quarks implies that the brown muck is preferentially
constituted by light quarks q (and eventually gluons g) rather than by antiquarks q. For example, for a
color triplet, the heavy mesonQq will readily scatter with ordinary nucleons which are relatively much more
abundant, giving rise to a heavy baryon: Qq + qqq% Qqq+ qq.

Presently, agreement on quantitative estimates of the annihilation rate for massive colored particles con-
Þned into hadrons has not been reached. The issue remains controversial and published estimates for the
relic density span over several orders of magnitude (see e.g. Refs. [24Ð30]). As a limit case we quote the
nonperturbative estimate of Kang, Luty and Nasri (KLN) [28]

!
" Q h2"Bound

= 8 .7 á10" 12
%

Rhad

GeV" 1

&" 2 %
TC

180 MeV

&" 3/ 2 # mQ

GeV

$3/ 2
(11)

where Rhad denotes the typical hadronic size when the bound state is formed.
The comparison between the relic densities computed according to Eq. (10) and Eq. (11) is shown in

Fig. 1. What can be concluded for sure is that the true relic density must lie between these two limits. For
further details we refer to Ref. [16].
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- above TC ~ 180 MeV: perturbative annihilation

- below TC ~ 180 MeV: heavy QÕs get conÞned in color singlets and annihilation may 
restart via the formation of intermediate bound states (e.g.                                )
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Figure 2: The formation of a highly excited bound state.

with binding energy larger than the temperature T survive collisions with particles in the
thermal bath, and eventually decay through annihilation. T he net result is that the heavy
partons e! ectively have an enhanced cross section for annihilation given by the capture
cross section. (This is similar to the scenario originally described in [1] for stable gluinos.)
The phenomonological implications of this result will be discussed at the end of this note.

We now explain why the capture process is unsuppressed. The Þrst point is the ex-
istence of the bound state. The potential between two heavy partons can be written
schematically as a sum of a short-distance Coulomb interaction and an attractive linear
term representing the e! ects of conÞnement:

V (r ) !
CαQCD

r
" σr. (1)

Here σ ! " 2
had is the string tension, and C is a group theory factor that depends on the

color representation of the heavy partons. The color Coulomb force is always attractive in
the color singlet channel (i.e. C < 0). We also expect the long-range part of the potential to
be attractive in the color singlet channel, since it is responsible for color conÞnement. The
energy spectrum of the system of two heavy partons thereforelooks as shown schematically
in Þgure 3. The low-lying states are Coulombic, with energy splittings of order α2

QCD m #
" had ! GeV, while the states near the continuum threshold are dominated by the linear
term. Spin-dependent interactions are suppressed by 1/m , so spin excitations are small and
we do not expect them to play an important role in the process we are considering. The
rotational excitations are very important for determining the properties of the intermediate
bound state. The minimum radius for a given angular momentumis determined by the

Ð 2 Ð
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[Kang, Luty, Nasri, hep-ph/0611322]
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ZN(q) d ! 4 d = 5 (XL,XR)

1 QLdR QL�µqL (DµH)  (0, " 1)

! QLdR!   (" 1, " 2)

!N! 2 Ð QLdR! 2 , QRqLH
  ! (2, 1)

!N! 1 qLQRH, QLdR! Ð (1, 0)

TABLE II. ZN charges for the SM quarks q which allow for d ! 4 and d = 5 operators. In the last column we give
the PQ charges for which U (1)PQ remains unbroken. The ZN charges forQL,R and ! are given in eq. (107).

with ! ! ei 2! / N. This ensures that the minimum dimension of the PQ breaking operators inV d> 4
! is N.

The dimension of U(1)Q breaking decay operators depends on theZN charges of the SM quarks. Table II
lists di! erent possibilities for d " 4 and d = 5. In the last column we give the PQ charges that one would
assign to theQL,R to keep U(1)P Q unbroken.

III. Cosmology. We assume a post-inßationary scenario in whichU(1)P Q is broken after inßation. Requir-
ing that the axion energy density from vacuum realignment does not exceed" DM implies f a ! Va/N DW <# 5á
1011 GeV [22, 23], whereNDW = 2N is the vacuum degeneracy corresponding to aZ2N $ U(1)P Q left un-
broken by non-perturbative QCD e! ects. We further assumemQ < T reheating so that a thermal distribution
of Q provides the initial conditions for their cosmological history.

Depending on their speciÞc properties they will be subject to di! erent types of constraints. For some
RQ Õs the heavy quark can only hadronize into fractionally charged hadrons, which implies that decays into
SM particles are forbidden [24]. TheseQ-hadrons must then exist today as stable relics. Searches for
fractionally charged particles limit their abundance with respect to ordinary nucleons to nQ /n b <# 10�20

[25]. This is orders of magnitude below any reasonable estimate of their relic abundance and of their
concentrations in bulk matter. This restricts the possible RQ Õs to the much smaller subset which allows for
integrally charged (or neutral) color singlet Q-hadrons. In this case decays into SM particles are allowed,
but cosmological observations severely constrains the heavy hadrons lifetime"Q . For "Q # (10�2 % 1012)
s. Q decays would a! ect Big Bang Nucleosynthesis (BBN) [26, 27]. Early energy release from heavy
particles decays with lifetimes # (106 % 1012) s is strongly constrained also by limits on CMB spectral
distortions [28Ð30], whileQÕs decaying around the recombination era ("Q ># 1013 s.) are tightly constrained
by measurement of CMB anisotropies. Decays after recombination would give rise to free-streaming photons
visible in the di! use gamma ray background [31], and tight constraints from Fermi LAT [32] allow to exclude
"Q # (1013 %1026) s. For lifetimes longer than the age of the Universe"U # 4 á1017 s. the Q will contribute
to the present energy density, and we must require that their energy density will not exceed that of the DM
" Q " " DM # 0.12h�2. However, obtaining reliable estimates of" Q is a non-trivial task. Some controversy
in the results exists, related to possible large enhancements of the annihilation rate which can occur after
the QÕs get conÞned into hadrons. At temperatures above the QCD phase transitionTC # 180 MeV the QÕs
annihilate as free quarks. Perturbative computations in this regime are reliable, and give:

&#v' QQ =
$%2

s

16m2
Q

(cf nf + cg) , (109)

wherenf is the number of quark ßavors into whichQ can annihilate, and (cf , cg) = ( 2
9 , 220

27 ) for triplets [33],
( 3

2 , 27
4 ) for octets [34], etc. Freezeout of freeQ annihilation occurs around Tfo # mQ / 25 when, for mQ >

few TeV, there areg⇤ = 106.75 e! ective degrees of freedom in thermal equilibrium. Together with Eq. (108)
this gives:

!
" Q h2" free

( 8 á10�3
# mQ

TeV

$2
. (110)

The upper lines in Fig. 1 give
!
" Q h2

" free
as a function of mQ for SU(3) triplets (dotted) and octets

(dashed). Only a narrow interval at low mQ respects the limit " Q " " DM = 0 .1124h�2, and future
improved limits on mQ (possibly from the high luminosity LHC) might be able to exclude it completely.
Q annihilation can however restart below TC when the QÕs get conÞned into color singlet hadrons, due to
Þnite size e! ects of the composite state. For example, an annihilation cross section of typical hadronic size
#ann # (m2

! v)�1 # 30v�1 mb was assumed in ref. [35] for conÞned heavy color sextet quarks, giving a relic
density nQ /n b # 10�11. In [36] it was remarked that such a cross section is typical of inclusive hadronic
scattering, while the exclusive annihilation channel (not containing the heavyQ quarks in the Þnal state)
was likely smaller by a few orders of magnitude. Ref. [37] suggested that the formation of bound states out
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I. INTRODUCTION

!
!!

!
! " 10�10

#! e! (x)$ % 0 (1)

f a " 1012 GeV (2)

Qq + Qqq% QQ + qqq (3)

- however QQ, QQQ, É bound states (so far not taken into account) would hinder it 
[Kusakabe, Takesako, 1112.0860]



¥ Assume a suitable discrete (gauge) symmetry      ensuring

¥ An example with Q ~ dR . Under      (with                )
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Finally, L Qq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
decays [21]. Note, however, that SM gauge invariance allowsL Qq != 0 only for few speciÞcRQ . For example,
the original KSVZ assignment RQ = (3 , 1, 0) [17, 18] would forbid Q-decays to all orders.

PQ quality and heavy Q stability. The issue whether theQ are exactly stable, metastable, or decay
with safely short lifetimes, is of central importance in our study, so let us discuss it in some detail. The
gauge invariant kinetic term in L PQ possesses aU(1)3 " U(1)Q L # U(1)Q R # U(1)! symmetry corresponding
to independent rephasing of theQL,R and ! Þelds. The PQ Yukawa term (yQ != 0) breaks U(1)3 to U(1)2.
One factor is the anomalousU(1)P Q , the other one is a non-anomalousU(1)Q , that is the Q-baryon number
of the new quarks [17], under whichQL,R $ ei ! QL,R and ! $ ! . If U(1)Q were an exact symmetry,
the newe quarks would be absolutely stability, a possibility which is preferable to avoid. For the fewRQ

for which L Qq != 0 is allowed, U(1)Q # U(1)B is further broken to U(1)B ! , a generalized baryon number
extended to the Q, which can then decay with unsuppressed rates. However, whetherL Qq is allowed at
the renormalizable level, does not depend solely onRQ : apparently it seems also to depend on the speciÞc
PQ charges. For example, independently ofRQ , the common assignmentXL = %XR = 1

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

! as well as an e" ective Lagrangian L d> 4
Qq . However, it is

well known that to preserve ! < 10! 10, operators in V d> 4
! must be of dimensiond & 11 [11Ð13]. Clearly, if

L d> 4
Qq had to respect the PQ symmetry to a similar level of accuracy, theQÕs would beheave as e" ectively

stable. However, a scenario in which a global symmetryU(1)Q arises as an accident, because of speciÞc
assignments for the charges of another global symmetryU(1)P Q , seems theoretically untenable. A simple
way out is to assume a suitable discrete (gauge) symmetryZN ensuring that (i) U(1)P Q arises accidentally
and is of the requiredhigh quality; (ii) U(1)Q is either broken at the tree level, or it can be of su# cient bad
quality to allow for safely fast Q decays. Table II gives a neat example of how such a mechanism can work.

ZN(q) d ! 4 d = 5 (XL , XR )

1 QL dR QL ! µ qL (D µ H )† (0, " 1)

" QL dR ! † (" 1, " 2)

" N�2 Ð QL dR ! 2, QR qL H †! (2, 1)

" N�1 qL QR H, QL dR ! Ð (1, 0)

TABLE II. ZN charges for the SM quarks q which allow for d ! 4 and d = 5 operators. In the last column we give
the PQ charges for which U(1)P Q remains unbroken. The ZN charges for QL,R and ! are given in eq. (50).

We choseRQ = RdR = (3 , 1, %1/ 3) so that GSM invariance allows forL Qq != 0, and we assume the following
transformations under ZN:

QL $ QL , QR $ " N! 1QR , ! $ " ! , (51)

with " " ei 2" / N. This ensures that the minimum dimension of the PQ breaking operators inV d> 4
! is N.

The dimension of U(1)Q breaking decay operators depends on theZN charges of the SM quarks. Table II
lists di" erent possibilities for d ' 4 and d = 5. In the last column we give the PQ charges that one would
assign to theQL,R to keep U(1)P Q unbroken.

III. Cosmology. We assume a post-inßationary scenario in whichU(1)P Q is broken after inßation. Requir-
ing that the axion energy density from vacuum realignment does not exceed$ DM implies f a " Va/N DW <( 5á
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[25]. This is orders of magnitude below any reasonable estimate of their relic abundance and of their
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but cosmological observations severely constrains the heavy hadrons lifetime#Q . For #Q ( (10! 2 % 1012)
s. Q decays would a" ect Big Bang Nucleosynthesis (BBN) [26, 27]. Early energy release from heavy

1. U(1)PQ arises accidentally and is of the required high quality

2. U(1)Q is either broken at the ren. level, or it can be of sufÞcient bad quality
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well known that to preserve ! < 10! 10, operators in V d> 4
! must be of dimensiond & 11 [11Ð13]. Clearly, if

L d> 4
Qq had to respect the PQ symmetry to a similar level of accuracy, theQÕs would beheave as e" ectively

stable. However, a scenario in which a global symmetryU(1)Q arises as an accident, because of speciÞc
assignments for the charges of another global symmetryU(1)P Q , seems theoretically untenable. A simple
way out is to assume a suitable discrete (gauge) symmetryZN ensuring that (i) U(1)P Q arises accidentally
and is of the requiredhigh quality; (ii) U(1)Q is either broken at the tree level, or it can be of su# cient bad
quality to allow for safely fast Q decays. Table II gives a neat example of how such a mechanism can work.

ZN(q) d ! 4 d = 5 (XL , XR )

1 QL dR QL ! µ qL (D µ H )  (0, " 1)

" QL dR !   (" 1, " 2)

" N! 2 Ð QL dR ! 2, QR qL H   ! (2, 1)

" N! 1 qL QR H, QL dR ! Ð (1, 0)

TABLE II. ZN charges for the SM quarks q which allow for d ! 4 and d = 5 operators. In the last column we give
the PQ charges for which U(1)P Q remains unbroken. The ZN charges for QL,R and ! are given in eq. (49).

We choseRQ = RdR = (3 , 1, %1/ 3) so that GSM invariance allows forL Qq #= 0, and we assume the following
transformations under ZN:

QL $ QL , QR $ " N! 1QR , ! $ " ! , (50)

with " ! ei 2" / N. This ensures that the minimum dimension of the PQ breaking operators inV d> 4
! is N.

The dimension of U(1)Q breaking decay operators depends on theZN charges of the SM quarks. Table II
lists di" erent possibilities for d ' 4 and d = 5. In the last column we give the PQ charges that one would
assign to theQL,R to keep U(1)P Q unbroken.

III. Cosmology. We assume a post-inßationary scenario in whichU(1)P Q is broken after inßation. Requir-
ing that the axion energy density from vacuum realignment does not exceed$ DM implies f a ! Va/N DW <( 5á
1011 GeV [22, 23], whereNDW = 2N is the vacuum degeneracy corresponding to aZ2N ) U(1)P Q left un-
broken by non-perturbative QCD e" ects. We further assumemQ < T reheating so that a thermal distribution
of Q provides the initial conditions for their cosmological history.

Depending on their speciÞc properties they will be subject to di" erent types of constraints. For some
RQ Õs the heavy quark can only hadronize into fractionally charged hadrons, which implies that decays into
SM particles are forbidden [24]. TheseQ-hadrons must then exist today as stable relics. Searches for
fractionally charged particles limit their abundance with respect to ordinary nucleons to nQ /n b <( 10! 20

[25]. This is orders of magnitude below any reasonable estimate of their relic abundance and of their
concentrations in bulk matter. This restricts the possible RQ Õs to the much smaller subset which allows for
integrally charged (or neutral) color singlet Q-hadrons. In this case decays into SM particles are allowed,
but cosmological observations severely constrains the heavy hadrons lifetime#Q . For #Q ( (10! 2 % 1012)
s. Q decays would a" ect Big Bang Nucleosynthesis (BBN) [26, 27]. Early energy release from heavy
particles decays with lifetimes ( (106 % 1012) s is strongly constrained also by limits on CMB spectral
distortions [28Ð30], whileQÕs decaying around the recombination era (#Q >( 1013 s.) are tightly constrained
by measurement of CMB anisotropies. Decays after recombination would give rise to free-streaming photons
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Finally, LQq contains possible renormalizable terms couplingQL,R to the SM quarks which can allow Q
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PQ charges. For example, independently ofRQ, the common assignmentXL = %XR = 1

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

! as well as an e↵ective LagrangianLd>4
Qq . However, it is

well known that to preserve ! < 10! 10, operators in V d>4
! must be of dimensiond & 11 [11Ð13]. Clearly, if

Ld>4
Qq had to respect the PQ symmetry to a similar level of accuracy, theQÕs would beheave as e↵ectively

stable. However, a scenario in which a global symmetryU (1)Q arises as an accident, because of speciÞc
assignments for the charges of another global symmetryU (1)PQ, seems theoretically untenable. A simple
way out is to assume a suitable discrete (gauge) symmetryZN ensuring that (i) U (1)PQ arises accidentally
and is of the requiredhigh quality; (ii) U (1)Q is either broken at the tree level, or it can be of su�cient bad
quality to allow for safely fast Q decays. Table II gives a neat example of how such a mechanism can work.
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the PQ charges for which U(1)P Q remains unbroken. The ZN charges for QL,R and ! are given in eq. (50).

We choseRQ = RdR = (3 , 1,%1/3) so that GSM invariance allows forLQq != 0, and we assume the following
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with " " ei2" /N. This ensures that the minimum dimension of the PQ breaking operators inV d>4
! is N.

The dimension ofU (1)Q breaking decay operators depends on theZN charges of the SM quarks. Table II
lists di↵erent possibilities for d ' 4 and d = 5. In the last column we give the PQ charges that one would
assign to theQL,R to keepU (1)PQ unbroken.
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RQÕs the heavy quark can only hadronize into fractionally charged hadrons, which implies that decays into
SM particles are forbidden [24]. TheseQ-hadrons must then exist today as stable relics. Searches for
fractionally charged particles limit their abundance with respect to ordinary nucleons to nQ/nb <( 10! 20

[25]. This is orders of magnitude below any reasonable estimate of their relic abundance and of their
concentrations in bulk matter. This restricts the possibleRQÕs to the much smaller subset which allows for
integrally charged (or neutral) color singlet Q-hadrons. In this case decays into SM particles are allowed,
but cosmological observations severely constrains the heavy hadrons lifetime#Q. For #Q ( (10! 2 % 1012)
s. Q decays would a↵ect Big Bang Nucleosynthesis (BBN) [26, 27]. Early energy release from heavy
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appears, where in the second equality we defined f a = vP Q/ 6. The factor 6 is the anomaly
coe! cient associated with the 6 standard model quarks. The SM fermion kinetic terms
generate axion fermion couplings
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where cq is a coe! cient depending on whether the quark is up or down type.

4.3 Leading order axion properties

In this section we summarise the leading order axion properties and the notation that
is used in the following chapters. At energies below the Peccei Quinn (PQ) and the
electroweak (EW) breaking scales the axion dependent part of the Lagrangian, at leading
order in 1/f a and the weak couplings can be written, without loss of generality, as
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g0
a"" =

↵em

2⇡f a

E
N

, (4.44)

where E/N is the ratio of the Electromagnetic (EM) and the color anomaly (=8/3 for
complete SU(5) representations). Finally in the last term of eq. (4.43) j µ

a,0 = c0
qøq�µ�5q

is a model dependent axial current made of SM matter fields. The axionic pseudo shift-
symmetry, equation (4.15), has been used to remove the QCD ✓ angle.

The only non-derivative coupling to QCD can be conveniently reshu" ed by a quark
field redefinition. In particular performing a change of field variables on the up and down
quarks
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symmetry, equation (4.15), has been used to remove the QCD& angle.
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a,0 = c0
qøq" µ" 5q

is a model dependent axial current made of SM matter Þelds. The axionic pseudo shift-
symmetry, equation (4.15), has been used to remove the QCD& angle.
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appears, where in the second equality we defined f a = vP Q/ 6. The factor 6 is the anomaly
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"
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The advantage of this basis of axion couplings is twofold. First the axion coupling
to the axial current only renormalizes multiplicatively unlike the coupling to the gluon
operator, which mixes with the axial current divergence at one-loop. Second the only
non-derivative couplings of the axion appear through the quark mass terms.

At leading order in 1/f a the axion can be treated as an external source, the e! ects
from virtual axions being further suppressed by the tiny coupling. The non derivative
couplings to QCD are encoded in the phase dependence of the dressed quark mass matrix
Ma, while in the derivative couplings the axion enters as an external axial current. The
low energy behaviour of correlators involving such external sources is completely captured
by chiral Lagrangians, whoseraison dÕ•treis exactly to provide a consistent perturbative
expansion for such quantities.

Notice that the choice of Þeld redeÞnition (4.45) allowed us to move the non-derivative
couplings entirely into the lightest two quarks. In this way we can integrate out all the
other quarks and directly work in the 2-ßavor e! ective theory, with Ma capturing the
whole axion dependence, at least for observables that do not depend on the derivative
couplings.

At the leading order in the chiral expansion all the non-derivative dependence on the
axion is thus contained in the pion mass terms:
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#á á á$is the trace over ßavor indices,B0 is related to the chiral condensate and determined
by the pion mass in term of the quark masses, and the pion decay constant is normalized
such that f ! & 92 MeV.

In order to derive the leading order e! ective axion potential we need only consider the
neutral pion sector. ChoosingQa proportional to the identity we have
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appears, where in the second equality we deÞnedf a = vP Q/ 6. The factor 6 is the anomaly
coe! cient associated with the6 standard model quarks. The SM fermion kinetic terms
generate axion fermion couplings
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wherecq is a coe! cient depending on whether the quark is up or down type.
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quark masses is non-analytic, as a consequence of the presence of light Goldstone modes.
The axion self coupling, which is extracted from the fourth derivative of the potential

! a !
" 4V(a)

" a4

!
!
!
!
a=0

= "
m2

u " mumd + m2
d

(mu + md)2

m2
a

f 2
a

, (4.54)

is roughly a factor of 3 smaller than! (inst )
a = " m2

a/f 2
a , the one extracted from the single

cosine potentialV inst (a) = " m2
af 2

a cos(a/f a). The six-axion couplings di! er in sign as
well.

The vev for the neutral pion, ##0$= $af ! can be shifted away by a non-singlet chiral
rotation. Its presence is due to the#0-a mass mixing induced by isospin breaking e! ects
in eq. (4.48), but can be avoided by a di! erent choice forQa, which is indeed Þxed up to
a non-singlet chiral rotation. As noticed in [252], expanding eq. (4.48) to quadratic order
in the Þelds we Þnd the term

L p2 % 2B0
f !

4f a
a#! { Qa, Mq} $, (4.55)

which is responsible for the mixing. It is then enough to choose

Qa =
M ! 1

q

#M ! 1
q $

, (4.56)

to avoid the tree-level mixing between the axion and pions and thevev for the latter.
Such a choice only works at tree level, the mixing reappears at the loop level, but this
contribution is small and can be treated as a perturbation.

The non-trivial potential ( 4.52) allows for domain wall solutions. These have width
O(m! 1

a ) and tension given by

%= 8maf 2
a E

"
4mumd

(mu + md)2

#
, E[q] !

$ 1

0

dy
%

2(1 " y)(1 +
&

1 " qy)
. (4.57)

The function E[q] can be written in terms of elliptic functions but the integral form is more
compact. Note that changing the quark masses over the whole possible range,q ' [0, 1],
only variesE[q] betweenE[0] = 1 (cosine-like potential limit) and E[1] = 4 " 2

&
2 ( 1.17

(for degenerate quarks). For physical quark massesE[qphys] ( 1.12, only 12% o! the
cosine potential prediction, and%( 9maf 2

a .
In a non vanishing axion Þeld background, such as inside the domain wall or to a

much lesser extent in the axion dark matter halo, QCD properties are di! erent than in
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appears, where in the second equality we deÞnedf a = vP Q/ 6. The factor 6 is the anomaly
coe! cient associated with the6 standard model quarks. The SM fermion kinetic terms
generate axion fermion couplings

øqL /DqL ! cq
! µa
vP Q

øq" µ" 5q, (4.42)

wherecq is a coe! cient depending on whether the quark is up or down type.

4.3 Leading order axion properties

In this section we summarise the leading order axion properties and the notation that
is used in the following chapters. At energies below the Peccei Quinn (PQ) and the
electroweak (EW) breaking scales the axion dependent part of the Lagrangian, at leading
order in 1/f a and the weak couplings can be written, without loss of generality, as

L a =
1
2

(! µa)2 +
a
f a

#s

8$
Gµ!

÷Gµ! +
1
4

a g0
a"" Fµ!

÷F µ! +
! µa
2f a

j µ
a,0 , (4.43)

where the second term deÞnesf a, the dual gluon Þeld strength÷Gµ! = 1
2%µ!#$ G#$, color

indices are implicit, and the coupling to the photon Þeld strengthFµ! is

g0
a"" =

#em

2$f a

E
N

, (4.44)

where E/N is the ratio of the Electromagnetic (EM) and the color anomaly (=8/3 for
complete SU(5) representations). Finally in the last term of eq. (4.43) j µ

a,0 = c0
qøq" µ" 5q

is a model dependent axial current made of SM matter Þelds. The axionic pseudo shift-
symmetry, equation (4.15), has been used to remove the QCD& angle.

The only non-derivative coupling to QCD can be conveniently reshu" ed by a quark
Þeld redeÞnition. In particular performing a change of Þeld variables on the up and down
quarks

q =
!

u
d

"
! ei " 5

a
2f a

Qa

!
u
d

"
, tr Qa = 1 , (4.45)

eq. (4.43) becomes

L a =
1
2

(! µa)2 +
1
4

a ga"" Fµ!
÷F µ! +

! µa
2f a

j µ
a " øqL MaqR + h.c. , (4.46)

where

ga"" =
#em

2$f a

#
E
N

" 6 tr
$
QaQ2

%
&

, j µ
a = j µ

a,0 " øq" µ" 5Qaq , (4.47)
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The function E[q] can be written in terms of elliptic functions but the integral form is more
compact. Note that changing the quark masses over the whole possible range,q ! [0, 1], only
variesE[q] betweenE[0] = 1 (cosine-like potential limit) and E[1] = 4" 2

#
2 $ 1.17 (for degenerate

quarks). For physical quark massesE[qphys] $ 1.12, only 12% o! the cosine potential prediction,
and ! $ 9maf 2

a .

In a non vanishing axion Þeld background, such as inside the domain wall or to a much lesser
extent in the axion dark matter halo, QCD properties are di! erent than in the vacuum. This can
easily be seen expanding eq. (8) at the quadratic order in the pion Þeld. For%a&= " f a '= 0 the
pion mass becomes

m2
! (" ) = m2

!

!

1 "
4mumd

(mu + md)2
sin2

"
"
2

#
, (16)

and for " = # the pion mass is reduced by a factor
$

(md + mu)/ (md " mu) $
#

3. Even more
drastic e! ects are expected to occur in nuclear physics (see e.g. [34]).

The axion coupling to photons can also be reliably extracted from the chiral Lagrangian.
Indeed at leading order it can simply be read out of eqs. (4), (5) and (14)1:

ga"" =
$em

2#f a

%
E
N

"
2
3

4md + mu

md + mu

&
, (17)

where the Þrst term is the model dependent contribution proportional to the EM anomaly of the
PQ symmetry, while the second is the model independent one coming from the minimal coupling
to QCD at the non-perturbative level.

The other axion couplings to matter are either more model dependent (as the derivative cou-
plings) or theoretically more challenging to study (as the coupling to EDM operators), or both.
In section 2.4, we present a new strategy to extract the axion couplings to nucleons using ex-
perimental data and lattice QCD simulations. Unlike previous studies our analysis is based only
on Þrst principle QCD computations. While the precision is not as good as for the coupling to
photons, the uncertainties are already below 10% and may improve as more lattice simulations
are performed.

Results with the 3-ßavor chiral Lagrangian are often found in the literature. In the 2-ßavor
Lagrangian the extra contributions from the strange quark are contained inside the low-energy
couplings. Within the 2-ßavor e! ective theory the di! erence between using 2 or 3 ßavor formulae,
is a higher order e! ect. Indeed the di! erence isO(mu/m s) which corresponds to the expansion
parameter of the 2-ßavor Lagrangian. As we will see in the next section these e! ects can only be
consistently considered after including the full NLO correction.

At this point the natural question is, how good are the estimates obtained so far using lead-
ing order chiral Lagrangians? In the 3-ßavor chiral Lagrangian NLO corrections are typically
around 20-30%. The 2-ßavor theory enjoys a much better perturbative expansion given the larger
hierarchy between pions and the other mass thresholds. To get a quantitative answer the only

1The result can also be obtained using a di! erent choice ofQa, but in this case the non-vanishinga-! 0 mixing
would require the inclusion of an extra contribution from the ! 0"" coupling.
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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 = 1 TeV limit the allowed region.

some uncomfortably low energy scale! LP < m P . Quantum gravity corrections to the running of the
gauge couplings can become relevant at scales approachingmP , 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 Õs which do not induce LP ing1, g2, g3

below! LP ! 1018 GeV are phenomenologically preferred.We apply this criterium employing two-loop beta
functions [45] and setting conservatively the threshold forRQ at mQ = 5 á1011 GeV. The RQ satisfying
both our criteria are listed in Table II. The gauge coupling and the energy scale where the Þrst LP occurs
are given in the third column.

Other features can render the choice of someRQ more appealing than others. For example ifNDW = 1
problems with cosmological domain walls (DW) are avoided [48], and someRQ could improve gauge coupling
uniÞcation [49]. We prefer not to consider these as crucial discriminating criteria, since solutions to the DW
problem exist (see e.g. [50]), while improved uniÞcation might simply be an accident because of the many
RQ we consider. Nevertheless, we have analyzed both these issues: the values ofNDW are given in the
last column in Table II, while only RQ = (3 , 2, 1/ 6) in the third line improves considerably gauge coupling
uniÞcation (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 L a!! = " (1/ 4)ga!! a F á
÷F , 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 ofE/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 smallma values to give an idea of the Òdensity
of preferred hadronic axion modelsÓ. All in all, we Þnd that thestrongest coupling is obtained for Rs

Q =
(3, 3, " 4/ 3) that gives Es/N s " 1.92 ! 12.75, almost twice the usually adopted value of 7.0 [33], while the
weakest coupling is obtained forRw

Q = (3 , 2, 1/ 6) for which Ew /N w " 1.92 ! " 0.25 is about 3.5 times larger
than the usual lower value of 0.07. Then, if a singleRQ 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 Þgure 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 moreRQ Õs. 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 allRQ Õs,

(no axion-pion mixing)
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