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This regime is known to face the problem of overproduction of axion dark matter from the

misalignment mechanism unless the misalignment angle θmis is as small as O(10−3–10−4),

which is generally considered a fine-tuning problem. We investigate a dynamical explana-

tion for a small θmis. The axion mass arises from strong dynamics and may be sufficiently

enhanced by early dynamics so as to overcome Hubble friction and drive the field value

to the bottom of the potential long before the QCD phase transition. Together with an

approximate CP symmetry in the theory, this minimum is very closely related to today’s

value and thus θmis can automatically be well under unity. Owing to such efficient relax-

ation, the isocurvature perturbations are essentially damped. As an existence proof, using

supersymmetric theories we illustrate that the Higgs coupling with the inflaton energy can

successfully achieve this axion damping in a consistent inflationary cosmology.
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1 Introduction

In the Standard Model, a dimensionless charge conjugation and parity (CP) violating

parameter θ is constrained to be less than O(10−10) by the experimental limit on the

neutron electric dipole moment [1, 2]. However, there is no theoretical reason in the

Standard Model why θ has to be exceedingly small. This fine-tuning problem is known

as the strong CP problem [3]. An elegant solution was proposed in refs. [4, 5], where

θ is promoted to a field that dynamically relaxes to a CP-conserving minimum. This

field, called the axion, can be understood as the pseudo Nambu-Goldstone boson arising

from the spontaneous breaking of the global U(1) Peccei-Quinn (PQ) symmetry [6, 7].

The symmetry breaking scale fa, also called the axion decay constant, is constrained by

astrophysics to be larger than O(107–108) GeV [8–12]. After the QCD phase transition,

the axion acquires a mass from strong dynamics

ma = 6µeV

(
1012 GeV

fa

)
(1.1)

and is thus constrained to be lighter than O(0.1) eV. Such a light axion is cosmologically

stable and is hence a well-motivated dark matter (DM) candidate [13–15].

It is theoretically interesting to consider a decay constant above the grand unification

scale MGUT ' 2 × 1016 GeV, which is a typical prediction of string theory [16]. It is also

motivated from the field theory point of view in the supersymmetric Standard Model.

The breaking of the PQ symmetry may be of the same origin as the breaking of grand

unification [17–19]. Actually, in four dimensional grand unified theories, if the µ term

of the Higgs doublets is controlled by the PQ symmetry, as is the case with the DFSZ

model [20, 21], the symmetry breaking scale must be around the unification scale [22–24].

Many experimental efforts have since been devoted to this mass range of axions [25–27].

Nevertheless, ultralight QCD axions are subject to overproduction of dark matter from the

misalignment mechanism.

It is commonly assumed that the axion mass is lower than the Hubble scale HI during

inflation so the field value is frozen due to Hubble friction (unless the number of e-folding
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is exceedingly large Ne ∼ (HI/ma)
2 as considered in refs. [28–30]) and receives quantum

fluctuations of order HI/2π. Furthermore, if the PQ symmetry is broken before infla-

tion, the axion field value is then homogenized throughout the observable universe and

generically misaligned from the minimum of the potential generated by QCD effects at

low temperatures. This potential energy of the axion then contributes to the dark matter

abundance [13–15]

Ωmish
2 ' 0.12 θ2

mis

(
fa

5× 1011 GeV

)n+3
n+2

(1.2)

where θmis is the misalignment angle and n shows the temperature dependence of the axion

mass ma ∝ Tn at temperatures larger than the QCD confinement scale, whereas n = 0

is understood for fa & 1017 GeV because the oscillations occur when the axion mass is

already at the zero-temperature value. Here we have assumed a radiation-dominated era

at the onset of axion oscillations. As a result of eq. (1.2), for fa � O(1012) GeV, the

universe is overclosed unless θmis is sufficiently small (applicable only to the case of pre-

inflationary PQ breaking). There exist late-time mechanisms such as dilution from entropy

production by late decaying moduli fields [31, 32] or the axion superpartner [33–37], and

depletion to other species [38–41]. Meanwhile, it is crucial to explore natural explanations

to a small θmis.

In this paper, we investigate a mechanism we dub Dynamical Axion Misalignment Pro-

duction (DAMP), which exhibits the following two features 1) the axion field dynamically

relaxes to the minimum of the potential in the early universe and 2) the model possesses a

non-trivial prediction between the minima of the axion potential in the early and today’s

epochs. If the minima are approximately aligned, a small misalignment angle can dynami-

cally arise without any fine-tuning, a scenario we refer to as DAMP0. This damping effect

automatically occurs when the assumption of ma � HI is relaxed because the axion starts

to oscillate during inflation and the amplitude is exponentially redshifted. We consider

the case where the large axion mass originates from a large QCD scale during inflation.

Such a scenario has been considered in refs. [42–44], but not all constraints, such as the

effects from a large QCD scale on Higgs and other scalars, are fully evaluated. For this

reason, the examples presented in these studies may or may not be fully compatible with

cosmological bounds.

As a proof of principle, we demonstrate that DAMP0 can be realized in an extended

Minimal Supersymmetric Standard Model (MSSM). The axion mass increases with the

QCD confinement scale ΛQCD. By virtue of a negative Hubble induced mass via the cou-

pling with the inflaton, the Higgs can be driven towards a large field value along the D-flat

direction. The quark masses enhanced by a large Higgs vacuum expectation value (VEV)

in turn cause strong dynamics to confine at a higher scale Λ′QCD via the renormalization

group (RG) running, thereby enhancing ma. If only MSSM quark masses are raised, the

resultant dynamical scale is not large enough to fulfill the first criterion of DAMP0, which

urges us to consider an extended MSSM. Earlier studies in refs. [42, 43] use generic moduli

fields to directly raise the QCD scale in an attempt to achieve DAMP0 but do not care-

fully examine if the axion mass can be raised in a consistent way. Ref. [44] investigates
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the consistency and concludes that the axion mass cannot be raised above the Hubble

scale during inflation. We will clarify why our setup evades their claim. Later studies in

refs. [45, 46] introduce an extra SU(3)c charged particle and raise their masses by the large

Higgs VEV. The purpose of the papers is to suppress the isocurvature perturbations and

no attempts are made in fulfilling the second criterion for DAMP0 to make predictions

about the DM abundance.

The second criteria of DAMP0 can be satisfied by an (approximate) CP symmetry of

the theory ensuring that the minimum of the axion potential is nearly the same during

inflation and in the vacuum [43]. For example, the field values of any moduli which change

the QCD θ term should remain unchanged. This can be understood by a CP symmetry

which differentiates CP-odd moduli from CP-even moduli, and by assuming that the CP-

odd moduli are always fixed at the enhanced symmetry points. Also, in the extended MSSM

we introduce extra SU(3)c charged particles whose masses are large during inflation. The

phase of the masses should be nearly aligned with that in the vacuum, which can be ensured

by an approximate CP symmetry. We must introduce O(1) CP violation in the Yukawa

couplings of the MSSM. We assume that the coupling among the source of CP violation,

the moduli fields, and the extended sector is small, which may be understood by some

symmetry or a geometrical separation in extra dimensions. Even if the CP phase is O(1) in

the Yukawa couplings, perturbative quantum corrections to the moduli and the extended

sectors are expected to be small, as the CP phase of the Yukawa couplings is physical

only if three generations are simultaneously involved, suppressing the possible quantum

corrections by multi-loop factors, the small Yukawa couplings, and generation mixings.1

A truly vanishing misalignment angle will imply the absence or a different origin of

the axion dark matter. Both of these are interesting possibilities, especially if DAMP0

is applied to the fine-tuning problem in string axions. In this paper, we focus on QCD

axion dark matter from the misalignment mechanism with MGUT . fa .MPl, and thus a

finite 10−4 . θmis . 10−3 is necessary. This implies that axion’s minimum during inflation

should nearly but not precisely coincide with today’s value. One possibility is that the

desirable amount of the CP-violating phase exists. Another possibility is with HI ' ma so

that inflation ends exactly at the time when θmis is relaxed to the desired value. We limit

our consideration to the former and assume an approximate CP symmetry in the Higgs,

inflaton, and extended sectors.2 Interestingly, the CP violation in the MSSM around the

TeV scale is currently constrained to O(10−3) by the electron dipole moment [52, 53] and

might be detected in future experiments if CP violation of O(10−4–10−3) exists in the

Higgs sector.

1One may wonder that solving the strong CP problem by the CP symmetry without resorting to the

QCD axion is more minimal. In fact, it is not easy to solve the strong CP problem while generating O(1)

complex phases in the Yukawa couplings, as the complex phases readily correct the θ term. See refs. [47–50]

for models which work under several assumptions.
2Suppressing the CP-violating phase is not sufficient in ensuring θmis � 1 because the parameters setting

the axion minimum can be real but change signs during and after inflation, introducing a phase shift of

arg(−1) = π in the potential. Equivalently, the axion minimum is converted to the hilltop, i.e. θmis ' π.

We explore this possibility called DAMPπ in a separate publication [51].
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In section 2, we review the misalignment mechanism for axion dark matter. In sec-

tion 3, we illustrate in detail how the understanding of the misalignment angle can be

dramatically different when the dynamics of the Higgs during inflation is taken into ac-

count. We summarize and discuss the conditions and implications of DAMP0.

2 Misalignment mechanism

Since DAMP0 operates at times well before the weak scale, it simply sets the initial condi-

tion for the standard misalignment mechanism [13–15], which we will review in this section.

When the temperature drops to near the QCD scale, the axion acquires a periodic potential

energy through the color anomalies, with a mass given by

ma(T ≥ ΛQCD) = 6 eV

(
106 GeV

fa

)(
ΛQCD

T

)n
, (2.1)

where n = 4 for the SM is obtained by the dilute instanton gas approximation (see the

lattice simulations in refs. [54–58], whose results indicate that n ranges from 3.0 to 3.7

depending on the temperature). The equation of motion and the energy density read

θ̈a + 3Hθ̇a = −m2
aθa, (2.2)

ρa =
1

2

(
m2
a ϕ

2 + ϕ̇2
)
, (2.3)

where the axion field value ϕ is interchangeable with the angle θa ≡ ϕ/fa. Initially over-

damped by the Hubble friction term in eq. (2.2), the axion mass increases through the

QCD phase transition and the axion starts to oscillate coherently when ma ' 3H. After

the onset of oscillations, the axion behaves as cold dark matter with the abundance given

in eq. (1.2). Assuming the axion reproduces the observed DM abundance, a small θmis

leads to the prediction of large fa

fa ' 2× 1016 GeV

(
2× 10−3

θmis

) 2n+4
n+3

, (2.4)

where n = 0 is understood for fa & 1017 GeV as the axion mass reaches the zero-

temperature value before the oscillation starts. In what follows, we illustrate on how a

small θmis can naturally arise from dynamics via DAMP0, as opposed to fine-tuning the

initial condition.

3 Early relaxation during inflation

The axion field is generically assumed to be a constant during inflation as a result of the

Hubble friction term in eq. (2.2) because one presumes that the axion mass is no larger than

today’s value. Nonetheless, this assumption holds only when the effects responsible for the

axion mass remain invariant throughout the cosmological evolution. If the axion mass is

larger than the Hubble parameter during inflation HI , the axion begins its coherent oscilla-

tions, whose amplitude is damped exponentially. The axion mass may initially be enhanced
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by a smaller decay constant, a larger QCD scale, or a different origin of the axion mass.

A smaller decay constant can occur when the PQ breaking dynamics evolves with time,

whereas the axion may also receive extra mass contributions, e.g. a large QCD confinement

scale [42–46, 59], explicit PQ breaking [60–63], and magnetic monopoles [64, 65].

We study the scenario where the QCD scale is enhanced by the inflationary dynamics of

the Higgs or other moduli fields. QCD confines at the scale where strong dynamics becomes

non-perturbative from the RG running. The number of active quark flavors affects the RG

running and, in particular, ΛQCD increases with the quark masses. Consequently, the

quark masses that are raised during inflation, e.g. by the Higgs VEV, increase the QCD

scale and hence the axion mass. Other generic moduli fields can also directly affect the

gauge coupling constant [42–44, 59] and thus the QCD scale as well. We first discuss the

minimal setup of the MSSM and a large Higgs VEV before introducing additional particles.

The Higgs evolution during inflation crucially depends on its coupling with other fields.

If a negative mass term is generated by the VEVs of other scalars and dominates over the

Hubble scale, the Higgs field is driven to a large value where higher dimensional oper-

ators become important in stabilizing the Higgs. The MSSM provides a well-motivated

framework for this realization. To be concrete, we assume the following Kähler potential

∆K =
|X|2

M2

(
|Hu|2 + |Hd|2 +

(
HuHd + c.c.

)
− |Hu|2|Hd|2

M2
− |Hu|4

M2
− |Hd|4

M2

)
, (3.1)

where X is the chiral field whose F -term provides an inflaton energy and M is the cut-

off scale of the theory. Here and hereafter we assume a universal cutoff and drop O(1)

coefficients. Through eq. (3.1), the energy density of the inflaton ρX = FXF
∗
X ' H2

IM
2
Pl

generates the Hubble induced mass as well as the higher dimensional operators in the

Higgs potential

∆V = cH2
I

(
−|Hu|2 − |Hd|2 −

(
HuHd + c.c.

)
+
|Hu|2|Hd|2

M2
+
|Hu|4

M2
+
|Hd|4

M2

)
, (3.2)

where c = M2
Pl/M

2. These additional Hubble induced terms in eq. (3.2) affect both the

radial and angular directions of the Higgs fields. The negative Hubble induced mass,

−cH2
I (|Hu|2 + |Hd|2), drives the Higgs along the D-flat direction |Hu| = |Hd| ≡ φ towards

large VEVs of order M , which are stabilized by the positive quartic terms. This enhances

the axion mass via a larger dynamical scale from heavier quarks. We note that the Higgs

energy density is comparable to that of the inflaton and makes an O(1) change to the

vacuum energy. Since the Higgs field value remains constant and the Higgs energy density

follows that of the inflaton, this only changes the overall energy scale of the inflation and

does not interfere with inflation dynamics. Conversely, if the sign of cH2
I (|Hu|2 + |Hd|2)

is positive instead, the conventional cosmology results because the Higgs VEVs remain

small. Finally, the term −cH2
I

(
HuHd + c.c.

)
fixes the relative phase of Hu and Hd.

3 This

3Ref. [44] does not introduce this term and relies on the vacuum Bµ term to fix the phase. They hence

restrict their attention to the case where HI < mSUSY. Furthermore, they assume that M ∼MPl, and thus

the Higgs does not take a large field value during inflation. The axion mass is suppressed in their setup

and DAMP0 cannot be realized.
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term is not necessary if the vacuum Bµ term is already larger than H2
I . We assume an

approximate CP symmetry so that this Higgs phase is nearly aligned with today’s value,4

satisfying the second criterion of DAMP0. Here
√
cHI is assumed to be larger than the

supersymmetry (SUSY) soft breaking scale mSUSY and hence we need

HI & 10 GeV

(
mSUSY

TeV

)(
M

MGUT

)
, (3.3)

where MGUT = 2× 1016 GeV. We may relax this condition if the µ term as well as the soft

SUSY breaking terms are small at large field values of the Higgs or during inflation. The

soft terms are actually smaller in gauge mediation since the large Higgs field value breaks

the gauge symmetry.

The large Higgs VEV gives quarks very large masses during inflation. In the MSSM,

the 1-loop renormalization group equation (RGE) is

µr
d

dµr

8π2

g2
= 3N − F, (3.4)

where µr is the renormalization scale, N is the gauge group index, and F is the number

of active fermions in the theory. In the MSSM with a large Higgs VEV φi, assuming the

gauge couplings are held fixed at the GUT scale, and pretending that all quarks (including

possible KSVZ quarks [66, 67]) are heavier than the dynamical scale, we find that the

fiducial dynamical scale is raised to

Λfid = 107 GeV

(
φi

1016 GeV

)2/3(tanβ

1

)1/3

. (3.5)

The fiducial dynamical scale coincides with the physical dynamical scale Λ′QCD if all quarks

are actually heavier than Λfid. Otherwise, they are related as

Λfid ≡ Λ′QCD

∏
mq<Λ′

QCD

(
mq

Λ′QCD

)1/9

. (3.6)

When the physical dynamical scale is raised beyond the gluino mass mg̃, the axion mass

is suppressed by mg̃ as

ma '
1

4π

m
1/2
g̃ Λ

3/2
fid

fa
' 10 keV

(
mg̃

TeV

)1/2( Λfid

107 GeV

)3/2(1016 GeV

fa

)
, (3.7)

where we include the factor of 4π expected from the naive dimensional analysis [68–71].

The mass mg̃ refers to the RG invariant quantity, mg̃,phys/g
2. This suppression can be

understood by the R symmetry in the limit of a vanishing gluino mass, where only a linear

combination of an R-axion and the QCD axion, which is dominantly the R axion, obtains

4We assume the sign of cH2
I

(
HuHd+c.c.

)
, if required to fix the relative phase, is the same as Bµ

(
HuHd+

c.c.
)

from soft supersymmetry breaking in the present universe. Rather, if the signs are opposite, the Higgs

phase shifts by π, placing the axion at the hilltop instead. We consider this interesting possibility in ref. [51].
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a mass from the color anomaly. The axion mass is given by Λfid rather than the physical

dynamical scale. This can be understood by computing the axion mass in the parameter

space where Λfid = Λ′QCD, and extending it to the case with Λfid < Λ′QCD by holomorphy of

the gauge coupling. The MSSM with a large Higgs VEV alone is insufficient in raising the

axion mass above the scale of HI required in eq. (3.3) to drive the Higgs towards the D-flat

direction. Even if we avoid the bound in eq. (3.3) by small mSUSY in the early universe, the

Hubble scale during inflation must be below the MeV scale, which may require fine-tuning

in the inflation model parameters.

One can further enhance Λfid by introducing additional particles. One possibility

involves a moduli field whose VEV controls and increases the gauge coupling constant [42–

44, 59] during inflation. To satisfy the second criterion of DAMP0, the coupling between

the moduli field and GG̃ should be suppressed. The field value of the CP-odd part of the

moduli field should remain the same during inflation and in the vacuum.

Another possibility is to extend the MSSM by NΨ additional fermion pairs in the 5+ 5̄

representation of SU(5) as discussed in ref. [45]

Λfid ' 107 GeV

(
φi

1016 GeV

)2/3(MΨ,I

MΨ

)NΨ/9

, (3.8)

where MΨ and MΨ,I are the vacuum mass and the enhanced mass during inflation, re-

spectively. We can enhance the mass of Ψ by the large VEVs of some fields, which can

be identified with the moduli field discussed above. The minimal example is a coupling

with the Higgs, W ∼ HuHdΨΨ̄/M . For instance, with NΨ = 4, MΨ = mg̃ = TeV,

MΨ,I = φi = MGUT, the dynamical scale is Λfid ' 1013 GeV; the axion mass ma '
104 GeV(1016 GeV/fa) sets an upper bound on HI since efficient early relaxation to the

minimum demands ma > HI . This is now consistent with eq. (3.3). To satisfy the second

requirement of DAMP0, CP-violating phases of MΨ and MΨ,I should be absent.

Even if the dynamical scale is raised by the dynamics of fields other than the Higgs,

the large Higgs field value during inflation is still crucial. If the Higgs field value is small,

the axion mass is suppressed by the small MSSM quark masses as shown in ref. [44].

We stress that the results of DAMP0 are independent of the specific mechanism that

raises the QCD scale during inflation. Nonetheless, there are some consistency conditions

to be satisfied. The suppression by light quark masses in eq. (3.6) implies that, even when

both Λ′QCD and φi are saturated to the cutoff scale M , the Standard Model quark Yukawa

couplings yq set an absolute maximum of Λfid

Λmax
fid = M

∏
q∈SM

y1/9
q ' 10−2M. (3.9)

Moreover, strong dynamics generates the following effective superpotential for the Higgs,

W ' 1

16π2

(
Λfid|φi=M

)3
(
φ

M

)2

(3.10)

and gives a mass to φ from the F -term potential

mφ '

(
Λfid|φi=M

)3

16π2M2
, (3.11)
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which can dominate and prevent the Higgs from acquiring a large VEV. We require that this

should be smaller than
√
cHI . Similarly, the scalar superpartner of the axion, the saxion,

also receives a mass ms ' Λ3
fid/(f

2
a16π2). If the saxion mass other than this contribution is

also only as large as
√
cHI , we obtain a stronger constraint when fa < M . The constraint

is however absent if the saxion is more strongly stabilized.

The constraint on the inflationary Hubble scale HI for a given fiducial dynamical scale

Λfid is shown in figure 1. The blue region reflects the conventional cosmology without

DAMP0 for various values of fa because the axion mass during inflation is less than HI

and the axion field is overdamped by Hubble friction. The gray region is theoretically

inaccessible since Λfid exceeds the maximum in eq. (3.9). The red region also cannot achieve

DAMP0 because strong dynamics generates a Higgs mass in eq. (3.11) that dominates

the Hubble induced mass and drives the Higgs toward the origin. In the orange region,

the Hubble induced mass is subdominant to the SUSY scale in the MSSM and becomes

irrelevant for mSUSY = TeV, precluding DAMP0. Lastly, below the dashed line for each

labeled value of fa, the saxion mass given by strong dynamics exceeds
√
cHI , and extra

stabilization of the saxion is needed. For example, for a chiral multiplet S which non-

linearly realizes the PQ symmetry by S → S + iC, we may add a superpotential [72]

W = mSfaZe
−S/fa +mSfaZ̄e

S/fa , (3.12)

where Z and Z̄ are PQ charged chiral fields. This gives the saxion a mass as large as mS .

Since the F terms of Z and Z̄ break the supersymmetry, the mass is bounded from above,

mS . m3/2
MPl

fa
' 106 GeV

1016 GeV

fa

m3/2

104 GeV
, (3.13)

where m3/2 is the gravitino mass. The mass can be large enough for a realistic range of

the gravitino mass.

In figure 1, we assume for minimality that the gluino mass during inflation is the

same as the vacuum value that we take as mg̃ = TeV. This assumption can be relaxed

as well to raise the axion mass further and broaden the allowed parameter space. If mg̃

is larger during inflation, the upper bound on HI can be raised by a factor as large as

(Λfid/mg̃)
1/2 = 105 (Λfid/1013 GeV)1/2(TeV/mg̃)

1/2 according to eq. (3.7). This factor is

significant and DAMP0 becomes compatible with high scale inflation.

4 Conclusion

A large decay constant is not only within the reach of the projected experimental sensitivity

for ultralight axions but well-motivated from the theoretical standpoints. Specifically,

fa ' 1016 GeV can be associated with grand unification, whereas string theory predicts

fa ' 1016–17 GeV. The QCD axion with such a large fa faces serious challenges in cosmology,

including overproduction of axion dark matter from the misalignment mechanism. It is

widely regarded that the misalignment angle θmis can be fine-tuned to avoid this issue. Even

in this case, however, isocurvature perturbations are in conflict with high scale inflation.
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Figure 1. Parameter space for the inflationary Hubble scale HI and the fiducial confinement scale

Λfid defined in eq. (3.6) given mg̃ = mSUSY = TeV, and φi = M . The left (right) panel is for the

cutoff scale M = MGUT (MPl) respectively.

In this paper, we identify a class of models where the misalignment angle is set to a

small value due to axion dynamics instead of mere fine-tuning. The conventional assump-

tion of the axion field during inflation is such that Hubble friction dominates over the axion

mass and the field value remains constant. Nevertheless, there are various scenarios where

the axion mass can be much larger so that the axion is relaxed to the minimum in the

early universe. We refer to such damping mechanism as Dynamical Axion Misalignment

Production (DAMP). Furthermore, if the model possesses an approximate CP symmetry,

the minima in the early universe can nearly align with that of today, leading to θmis ' 0,

which we call DAMP0. This early relaxation to a minimum close to today’s value resolves

both the axion overproduction and isocurvature difficulties.

We realize the DAMP0 scenario using supersymmetric models where the coupling

between the Higgs and the inflaton results in a large axion mass during inflation. In

particular, the inflaton energy density can induce a negative mass term for the Higgs,

resulting in large Higgs VEVs in the D-flat direction. The quark masses that become

larger due to the Higgs VEVs modify the RG running of the strong coupling constant and

bring about a much larger QCD confinement scale. The axion mass is then enhanced by

the high QCD scale, fulfilling the criteria for DAMP0 in a consistent cosmology. We can

also raise the QCD scale by means of generic moduli fields. The large Higgs field value is

still crucial since otherwise the axion mass is suppressed by the small MSSM quark masses.

In summary, the axion misalignment near the bottom of the potential can result from early

dynamics and hence a small θmis can be regarded as a prediction of the model rather than

fine-tuning.

– 9 –
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[16] P. Svrček and E. Witten, Axions in string theory, JHEP 06 (2006) 051 [hep-th/0605206]

[INSPIRE].

– 10 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0370-2693(80)91025-4
https://inspirehep.net/search?p=find+J+PHLTA,88B,123
https://doi.org/10.1103/PhysRevLett.97.131801
https://arxiv.org/abs/hep-ex/0602020
https://inspirehep.net/search?p=find+HEP-EX/0602020
https://doi.org/10.1103/PhysRevLett.37.8
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://inspirehep.net/search?p=find+J+PRLTA,38,1440
https://doi.org/10.1103/PhysRevD.16.1791
https://inspirehep.net/search?p=find+J+PHRVA,D16,1791
https://doi.org/10.1103/PhysRevLett.40.223
https://inspirehep.net/search?p=find+J+PRLTA,40,223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://inspirehep.net/search?p=find+J+PRLTA,40,279
https://doi.org/10.1016/0370-2693(87)91710-2
https://doi.org/10.1016/0370-2693(87)91710-2
https://inspirehep.net/search?p=find+J+PHLTA,B193,525
https://doi.org/10.1103/PhysRevLett.60.1793
https://doi.org/10.1103/PhysRevLett.60.1793
https://inspirehep.net/search?p=find+J+PRLTA,60,1793
https://doi.org/10.1103/PhysRevLett.60.1797
https://inspirehep.net/search?p=find+J+PRLTA,60,1797
https://doi.org/10.1016/0370-2693(88)91595-X
https://inspirehep.net/search?p=find+J+PHLTA,B203,188
https://doi.org/10.1007/978-3-540-73518-2_3
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1088/1126-6708/2006/06/051
https://arxiv.org/abs/hep-th/0605206
https://inspirehep.net/search?p=find+HEP-TH/0605206


J
H
E
P
0
5
(
2
0
1
9
)
1
6
2

[17] M.B. Wise, H. Georgi and S.L. Glashow, SU(5) and the invisible axion, Phys. Rev. Lett. 47

(1981) 402 [INSPIRE].

[18] H.P. Nilles and S. Raby, Supersymmetry and the strong CP problem, Nucl. Phys. B 198

(1982) 102 [INSPIRE].

[19] L.J. Hall and S. Raby, A complete supersymmetric SO(10) model, Phys. Rev. D 51 (1995)

6524 [hep-ph/9501298] [INSPIRE].

[20] M. Dine, W. Fischler and M. Srednicki, A simple solution to the strong CP problem with a

harmless axion, Phys. Lett. 104B (1981) 199 [INSPIRE].

[21] A.R. Zhitnitsky, On possible suppression of the axion hadron interactions (in Russian), Sov.

J. Nucl. Phys. 31 (1980) 260 [INSPIRE].

[22] M.W. Goodman and E. Witten, Global symmetries in four-dimensions and higher

dimensions, Nucl. Phys. B 271 (1986) 21 [INSPIRE].

[23] E. Witten, Deconstruction, G2 holonomy and doublet triplet splitting, in the proceedings of

the 10th International Conference on Supersymmetry and unification of fundamental

interactions (SUSY’02), June 17–23, Hamburg, Germany (2002), hep-ph/0201018 [INSPIRE].

[24] K. Harigaya, M. Ibe and M. Suzuki, Mass-splitting between haves and have-nots —

Symmetry vs. Grand Unified Theory, JHEP 09 (2015) 155 [arXiv:1505.05024] [INSPIRE].

[25] D. Budker et al., Proposal for a Cosmic Axion Spin Precession Experiment (CASPEr), Phys.

Rev. X 4 (2014) 021030 [arXiv:1306.6089] [INSPIRE].

[26] Y. Kahn, B.R. Safdi and J. Thaler, Broadband and resonant approaches to axion dark matter

detection, Phys. Rev. Lett. 117 (2016) 141801 [arXiv:1602.01086] [INSPIRE].

[27] J.L. Ouellet et al., First results from ABRACADABRA-10 cm: a search for Sub-µeV axion

dark matter, Phys. Rev. Lett. 122 (2019) 121802 [arXiv:1810.12257] [INSPIRE].

[28] S. Dimopoulos and L.J. Hall, Inflation and invisible axions, Phys. Rev. Lett. 60 (1988) 1899

[INSPIRE].

[29] P.W. Graham and A. Scherlis, Stochastic axion scenario, Phys. Rev. D 98 (2018) 035017

[arXiv:1805.07362] [INSPIRE].

[30] F. Takahashi, W. Yin and A.H. Guth, QCD axion window and low-scale inflation, Phys.

Rev. D 98 (2018) 015042 [arXiv:1805.08763] [INSPIRE].

[31] P.J. Steinhardt and M.S. Turner, Saving the invisible axion, Phys. Lett. 129B (1983) 51

[INSPIRE].

[32] M. Kawasaki, T. Moroi and T. Yanagida, Can decaying particles raise the upper bound on

the Peccei-Quinn scale?, Phys. Lett. B 383 (1996) 313 [hep-ph/9510461] [INSPIRE].

[33] M. Hashimoto, K.I. Izawa, M. Yamaguchi and T. Yanagida, Axion cosmology with its scalar

superpartner, Phys. Lett. B 437 (1998) 44 [hep-ph/9803263] [INSPIRE].

[34] M. Kawasaki, N. Kitajima and K. Nakayama, Cosmological aspects of inflation in a

supersymmetric axion model, Phys. Rev. D 83 (2011) 123521 [arXiv:1104.1262] [INSPIRE].

[35] H. Baer and A. Lessa, Some necessary conditions for allowing the PQ scale as high as MGUT

in SUSY models with an axino or neutralino LSP, JHEP 06 (2011) 027 [arXiv:1104.4807]

[INSPIRE].

[36] K.J. Bae, H. Baer, A. Lessa and H. Serce, Coupled Boltzmann computation of mixed axion

neutralino dark matter in the SUSY DFSZ axion model, JCAP 10 (2014) 082

[arXiv:1406.4138] [INSPIRE].

– 11 –

https://doi.org/10.1103/PhysRevLett.47.402
https://doi.org/10.1103/PhysRevLett.47.402
https://inspirehep.net/search?p=find+J+PRLTA,47,402
https://doi.org/10.1016/0550-3213(82)90547-8
https://doi.org/10.1016/0550-3213(82)90547-8
https://inspirehep.net/search?p=find+J+NUPHA,B198,102
https://doi.org/10.1103/PhysRevD.51.6524
https://doi.org/10.1103/PhysRevD.51.6524
https://arxiv.org/abs/hep-ph/9501298
https://inspirehep.net/search?p=find+HEP-PH/9501298
https://doi.org/10.1016/0370-2693(81)90590-6
https://inspirehep.net/search?p=find+J+PHLTA,104B,199
https://inspirehep.net/search?p=find+J+SJNCA,31,260
https://doi.org/10.1016/0550-3213(86)90352-4
https://inspirehep.net/search?p=find+J+NUPHA,B271,21
https://arxiv.org/abs/hep-ph/0201018
https://inspirehep.net/search?p=find+HEP-PH/0201018
https://doi.org/10.1007/JHEP09(2015)155
https://arxiv.org/abs/1505.05024
https://inspirehep.net/search?p=find+ARXIV:1505.05024
https://doi.org/10.1103/PhysRevX.4.021030
https://doi.org/10.1103/PhysRevX.4.021030
https://arxiv.org/abs/1306.6089
https://inspirehep.net/search?p=find+ARXIV:1306.6089
https://doi.org/10.1103/PhysRevLett.117.141801
https://arxiv.org/abs/1602.01086
https://inspirehep.net/search?p=find+ARXIV:1602.01086
https://doi.org/10.1103/PhysRevLett.122.121802
https://arxiv.org/abs/1810.12257
https://inspirehep.net/search?p=find+ARXIV:1810.12257
https://doi.org/10.1103/PhysRevLett.60.1899
https://inspirehep.net/search?p=find+J+PRLTA,60,1899
https://doi.org/10.1103/PhysRevD.98.035017
https://arxiv.org/abs/1805.07362
https://inspirehep.net/search?p=find+ARXIV:1805.07362
https://doi.org/10.1103/PhysRevD.98.015042
https://doi.org/10.1103/PhysRevD.98.015042
https://arxiv.org/abs/1805.08763
https://inspirehep.net/search?p=find+ARXIV:1805.08763
https://doi.org/10.1016/0370-2693(83)90727-X
https://inspirehep.net/search?p=find+J+PHLTA,129B,51
https://doi.org/10.1016/0370-2693(96)00743-5
https://arxiv.org/abs/hep-ph/9510461
https://inspirehep.net/search?p=find+HEP-PH/9510461
https://doi.org/10.1016/S0370-2693(98)00887-9
https://arxiv.org/abs/hep-ph/9803263
https://inspirehep.net/search?p=find+HEP-PH/9803263
https://doi.org/10.1103/PhysRevD.83.123521
https://arxiv.org/abs/1104.1262
https://inspirehep.net/search?p=find+ARXIV:1104.1262
https://doi.org/10.1007/JHEP06(2011)027
https://arxiv.org/abs/1104.4807
https://inspirehep.net/search?p=find+ARXIV:1104.4807
https://doi.org/10.1088/1475-7516/2014/10/082
https://arxiv.org/abs/1406.4138
https://inspirehep.net/search?p=find+ARXIV:1406.4138


J
H
E
P
0
5
(
2
0
1
9
)
1
6
2

[37] R.T. Co, F. D’Eramo and L.J. Hall, Supersymmetric axion grand unified theories and their

predictions, Phys. Rev. D 94 (2016) 075001 [arXiv:1603.04439] [INSPIRE].

[38] N. Kitajima and F. Takahashi, Resonant conversions of QCD axions into hidden axions and

suppressed isocurvature perturbations, JCAP 01 (2015) 032 [arXiv:1411.2011] [INSPIRE].

[39] P. Agrawal, G. Marques-Tavares and W. Xue, Opening up the QCD axion window, JHEP 03

(2018) 049 [arXiv:1708.05008] [INSPIRE].

[40] S.-Y. Ho, K. Saikawa and F. Takahashi, Enhanced photon coupling of ALP dark matter

adiabatically converted from the QCD axion, JCAP 10 (2018) 042 [arXiv:1806.09551]

[INSPIRE].

[41] C.S. Machado, W. Ratzinger, P. Schwaller and B.A. Stefanek, Audible axions, JHEP 01

(2019) 053 [arXiv:1811.01950] [INSPIRE].

[42] G.R. Dvali, Removing the cosmological bound on the axion scale, hep-ph/9505253 [INSPIRE].

[43] T. Banks and M. Dine, The cosmology of string theoretic axions, Nucl. Phys. B 505 (1997)

445 [hep-th/9608197] [INSPIRE].

[44] K. Choi, H.B. Kim and J.E. Kim, Axion cosmology with a stronger QCD in the early

universe, Nucl. Phys. B 490 (1997) 349 [hep-ph/9606372] [INSPIRE].

[45] K.S. Jeong and F. Takahashi, Suppressing isocurvature perturbations of QCD axion dark

matter, Phys. Lett. B 727 (2013) 448 [arXiv:1304.8131] [INSPIRE].

[46] K. Choi, E.J. Chun, S.H. Im and K.S. Jeong, Diluting the inflationary axion fluctuation by a

stronger QCD in the early Universe, Phys. Lett. B 750 (2015) 26 [arXiv:1505.00306]

[INSPIRE].

[47] A.E. Nelson, Naturally weak CP-violation, Phys. Lett. 136B (1984) 387 [INSPIRE].

[48] S.M. Barr, Solving the strong CP problem without the Peccei-Quinn symmetry, Phys. Rev.

Lett. 53 (1984) 329 [INSPIRE].

[49] L. Bento, G.C. Branco and P.A. Parada, A minimal model with natural suppression of strong

CP-violation, Phys. Lett. B 267 (1991) 95 [INSPIRE].

[50] G. Hiller and M. Schmaltz, Solving the strong CP problem with supersymmetry, Phys. Lett.

B 514 (2001) 263 [hep-ph/0105254] [INSPIRE].

[51] R.T. Co, E. Gonzalez and K. Harigaya, Axion misalignment driven to the hilltop, JHEP 05

(2019) 163[arXiv:1812.11192] [INSPIRE].

[52] ACME collaboration, Improved limit on the electric dipole moment of the electron, Nature

562 (2018) 355 [INSPIRE].

[53] C. Cesarotti, Q. Lu, Y. Nakai, A. Parikh and M. Reece, Interpreting the electron EDM

constraint, arXiv:1810.07736 [INSPIRE].

[54] P. Petreczky, H.-P. Schadler and S. Sharma, The topological susceptibility in finite

temperature QCD and axion cosmology, Phys. Lett. B 762 (2016) 498 [arXiv:1606.03145]

[INSPIRE].
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