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Abstract

We point out that the QCD axion generally couples to all the gauge fields in nature through the

Super-Weyl, Kähler and sigma-model anomalies in supergravity. If supersymmetry is dynamically

broken by the hidden-sector gauge interactions, the axion potential receives corrections due to the

instanton in the hidden sector. We show that the supersymmetry breaking models are tightly

constrained for the Peccei-Quinn mechanism to successfully solve the strong CP problem. In

particular, the gravity mediation turns out to be strongly disfavored.
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I. INTRODUCTION

The quantum chromodynamics (QCD) has been firmly established as the true theory

of the strong interactions by many experimental and theoretical efforts. However, it was

recognized that QCD involves a CP-violating operator,

L =
g2

s θ

64π2
ǫµνρσG

(a)µνG(a)ρσ, (1)

where G(a)
µν is the field strength of the SU(3)c gauge fields, and gs is the SU(3)c gauge

coupling. This operator contributes to the electric dipole moment of the neutron, and the

experimental measurements have severely limited the parameter θ to be extremely small,

|θ| < 10−(9−10) ≡ θ(exp) [1]. This fine-tuning of θ is one of the profound problems of the

standard model (SM) known as the strong CP problem.

The Peccei-Quinn (PQ) mechanism provides one of the most natural solutions to the

strong CP problem [2]. In the mechanism, one introduces a global U(1)PQ symmetry,

which is spontaneously broken by a vacuum expectation value (VEV) of a scalar field

Φ. The associated Nambu-Goldstone (NG) boson is an axion field a, and it appears as

Φ = fa exp(ia/
√

2fa), where fa denotes the PQ breaking scale. Since the U(1)PQ symmetry

has the QCD color anomaly, the axion couples to the gluons,

L =
g2

s

64π2

a

fa

ǫµνρσG
(a)µνG(a)ρσ. (2)

After the QCD phase transition, the axion gets stabilized due to the QCD instanton effect,

satisfying (θ + a/fa) = 0. Thus, the strong CP problem is dynamically solved.

The PQ mechanism can be implemented in a theory with supersymmetry (SUSY). One

introduces an anomalous U(1)PQ symmetry, which is spontaneously broken by the VEV

of a chiral supermultiplet S = fa exp(A/fa)
a. Here the axion field is extended to a chiral

supermultiplet A, whose imaginary part of the lowest component is identified with the axion,

a ≡ Im
√

2A|θ=θ̄=0. More generally, one can consider a model with a shift symmetry,

A → A + iα (α : real constant) (3)

which realizes the PQ symmetry non-linearly. In fact, such a model is obtained by expanding

S with respect to A in models with the linearly realized U(1)PQ symmetry.

a Throughout this letter, we assume that the PQ symmetry is spontaneously broken by the Higgs mecha-

nism, which does not involve any strong dynamics [3].
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Throughout this letter, we assume dynamical SUSY breaking (DSB) scenarios [4], in

which SUSY is broken by strong dynamics of hidden gauge interactions. As we will point

out in the next section, the axion supermultiplet is coupled to the hidden gauge fields by

anomalies in the supergravity (SUGRA). Then, the axion potential receives corrections from

the instanton in the hidden sector, which can spoil the PQ mechanism. Indeed, since the

axion mass from the QCD instanton is extremely small, the PQ mechanism is susceptible to

even tiny perturbations to the axion potential. We will show that SUSY breaking models are

tightly constrained in order to avoid too large corrections to the axion mass. In particular,

the gravity mediation turns out to be strongly disfavored.

Let us here comment on a difference of the present letter from the works in the past,

which discussed SUGRA effects (or physics at the Planck scale) on the PQ mechanism [5].

In those literatures, they considered possible interactions which violate the PQ symmetry

at the tree level. On the other hand, we will show the presence of a new difficulty of the PQ

mechanism, even if the PQ symmetry is exact at the tree level. In this sense, we may say

that the problem pointed out in this letter is more fundamental and prevails among the PQ

mechanism in SUGRA.

II. ANOMALY-INDUCED AXION COUPLINGS

In this section, we show that the QCD axion couples to the hidden gauge fields through

the anomalies in SUGRA (cf. [6] and [7]). We assume that the Lagrangian respects the

shift symmetry of A at the classical level, and it contains all the interactions allowed by

the symmetries. Then, the Kähler potential is represented in terms of A + A†, and the

superpotential is independent of A:

K = K(A + A†), WA ≡ ∂W

∂A = 0. (4)

Such a Kähler potential generally contains a linear term of A and higher dimensional cou-

plings to matter fields in the hidden sector. As we will show below, both terms lead to the

axion couplings to the hidden gauge fields.

First of all, let us consider the higher dimensional interactions between the QCD axion
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and the hidden-sector fields: b

δK =
ciH
MP

fa

MP
(A + A†)|Qi

H |2, (5)

where Qi
H is the i-th matter field in the hidden sector, and MP = 2.4 × 1018 GeV the

reduced Planck scale. The operator obviously preserves the shift symmetry (3), and the

numerical coefficient ciH is expected to be O(1). In the models with the linearly realized

U(1)PQ symmetry, the interaction (5) is obtained from δK = ciH |S|2|Qi
H |2/M2

P .

We assume that the hidden matter fields Qi
H are charged under the hidden gauge sym-

metry. Then, the axion couples to the hidden gauge fields through a triangle diagram of

those matter fields,

L = ciHT (Ri)
g2

H

64π2

a

f
(eff)
a

ǫµνρσF (a)µν
H F (a)ρσ

H , (6)

where F (a)
H µν is the canonically-normalized field strength of the hidden gauge fields, gH the

gauge coupling constant, and T (Ri) the Dynkin index of the i-th matter normalized as

T (Ri) = 1/2 for the fundamental representation of SU(N) gauge group. Here, we have

defined the effective decay constant as f (eff)
a ≡ M2

P/(
√

2fa). Although the anomaly (6) is

often referred to as the sigma-model anomaly in the framework of SUGRA [6], the coupling

itself is present even in the global SUSY (cf. [8]).

In the framework of SUGRA, the linear term generically forces the axion to interact with

the hidden instanton. The linear term is represented as

δK = cℓ fa(A + A†). (7)

In the model with the linearly realized U(1)PQ symmetry, the term is obtained by expanding

K = |S|2 with respect to A. Moreover, such a linear term receives radiative corrections.

Specifically, the coupling of the axion to the gluons generates the term.

The linear term is actually correlated with higher dimensional couplings of the SUSY

breaking field, as a result of minimizing the potential. The scalar potential of SUGRA is

V = eK
[

(K−1)ij∗(Wi +KiW )(Wj +KjW )∗ − 3|W |2
]

(8)

b For the coupling to be gauge-invariant, the gauge superfields must be properly inserted if QH is charged

under the hidden gauge interactions.
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in units of MP = 1. Then, the extremum condition with respect to A is given by

∂V

∂A ≃ eK(−KAAAK
2
A + 2KA − 3KAZZ∗)|W |2 = 0, (9)

where Z is the SUSY breaking field with a nonzero F -term, and both A and Z are set to be

canonically normalized. Here, we have also assumed the vanishing cosmological constant.

For a general Kähler potential, both KAZZ∗ and KA are non-zero at the potential minimum,

and hence 〈KA〉 is correlated with 〈KAZZ∗〉 through (9).

The linear term (7) generates the Kähler anomaly [6]. The anomaly makes the axion to

couple to the hidden gauge fields: (see also [7])

L = −1

3
cℓT (R)

g2
H

64π2

a

f
(eff)
a

ǫµνρσF (a)µν
H F (a)ρσ

H , (10)

where T (R) is a sum of T (Ri) over the chiral matters Qi
H . The result can be easily obtained

in the superconformal formulation of SUGRA [9]. The Kähler anomaly is understood as

originating from a higher dimensional operator in [−3M2
P exp(−K/3M2

P )]D = [−3M2
P +

K − K2

6M2

P

+ · · ·]D. The third term in the right hand side contains a higher dimensional

operator,
∑

i
−cℓ

3
fa

M2

P

(A + A†)|Qi
H |2. Thus, the matter-loop diagram reproduces the Kähler

anomaly [10], in a similar way that the coupling (5) generates (6).

Purely gravitational effects also connect the axion to all the gauge fields. The axion

linearly couples to the vector and scalar auxiliary components of the gravity supermultiplet

through the linear term (7) (see [9]). Those auxiliary fields correspond to the gauge fields

of the U(1)R and conformal symmetries of the superconformal transformation. When we

consider the s-channel exchange of those gauge fields, they couple to violations of the scale

invariance, particularly to radiative corrections of the (hidden) gauge fields. Thus, the axion

inevitably couples to all the gauge bosons via the exchange of the gravitational fields. This

radiative interaction is referred to as the Super-Weyl anomaly [6]. Focusing on the SUSY

breaking sector, we obtain

L =
1

6
cℓb

g2
H

64π2

a

f
(eff)
a

ǫµνρσF (a)µν
H F (a)ρσ

H , (11)

where b is the beta function of the corresponding gauge interactions, b = 3C2(G) − T (R)

(C2(G) is the second-order Casimir for the adjoint representation).

To summarize, the axion generally couples to the hidden instanton through the Super-

Weyl, Kähler and sigma-model anomalies in SUGRA. Collecting (6), (10) and (11), we write
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the results as

L = C
g2

H

64π2

a

f
(eff)
a

ǫµνρσF (a)µν
H F (a)ρσ

H , (12)

with C = cℓb/6 − cℓT (R)/3 +
∑

i c
i
HT (Ri). As we will see in the next section, the PQ

mechanism becomes deteriorated through this interaction.

III. AXION MASS AND CONSTRAINTS

Let us estimate contributions to the axion mass from the SUSY breaking sector. We

consider the DSB scenarios, where the hidden gauge interactions become strong at an in-

termediate scale Λ. As we have seen in the previous section, the QCD axion couples to

the hidden gauge fields through the operator (12). The situation is analogous to that in

the QCD sector. We will see that the strong dynamics in the hidden sector can produce

dangerous corrections to the axion potential. The purpose of this section is to estimate the

corrections and derive constraints on the SUSY breaking models.

We first review how to estimate the QCD axion mass, ma, following the procedure of

Ref. [11]. Below the PQ scale, the axion couples with the color anomaly as given by (2).

Then, the axion acquires a potential through the QCD instanton effects. The instanton-

induced effective interaction referred to as the ’t Hooft operator is represented as [12]

L = κeiθ det(ψQψQ̄) + h.c., (13)

where κ depends on the QCD scale, ΛQCD, and ψQ(ψQ̄) represent light chiral (anti-)fermions.

The axion enters the operator (13) by extending θ to (θ + a/fa). Thus, the axion seems to

have a mass of O(ΛQCD) at a first glance.

In the presence of the light fermions, however, the axion becomes lighter than O(ΛQCD).

The light fermions possess approximate chiral symmetries, which are spontaneously broken

by the condensations of the chiral fermions. We take the u and d quarks as the light fermions.

Then, the π and η mesons would remain in the low energy as pseudo NG bosons. On the

other hand, it is seen that the ’t Hooft operator (13) is anomalous under a chiral symmetry.

Thus, the associated NG boson appears in the operator after the chiral condensations. In

fact, the η meson contributes to (13) in addition to the axion, a. Consequently, it is a linear

combination of a and η that actually obtains a mass of O(ΛQCD) by the QCD instanton
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effects. This heavy state should be regarded as the physical meson, ηphys, while the other

combination, aL, which is orthogonal to ηphys, remains light.

In the low-energy Lagrangian, we are left with the light scalar fields, aL and π. In par-

ticular, aL appears in the low-energy scale through the mixing to η (not ηphys). The mesons

π and η are the NG bosons of the corresponding chiral symmetries, and the symmetries are

explicitly broken by the quark masses, mu and md. Thus, these light scalars both acquire

masses by the quark mass terms. Diagonalizing the mass matrix, we obtain the axion mass,

ma ∼ mπ
Fπ

fa

≃ 1 × 10−3 eV

(

fa

1010 GeV

)−1

, (14)

where the numerical coefficient weakly depends on the QCD axion models.

Whether the axions and NG mesons become massive or not is simply determined by

numbers of degrees of freedom and symmetry violating operators. In the case above, there

are three “light” degrees of freedom, a, π and η. On the other hand, there are three violating

operators, namely the ’t Hooft operator (13), and the u and d quark mass terms. Therefore,

it is clear why the axion becomes massive in the end: the number of the violating operators

is not less than that of (light) degrees of freedom.

Let us now consider contributions to the axion mass from the instanton in the DSB sec-

tor c. To be explicit, let us adopt the Izawa-Yanagida-Intriligator-Thomas (IYIT) model [14].

The model consists of an SU(2) gauge theory with four chiral superfields Qi (i = 1 − 4) in

the SU(2) fundamental representation. The following tree-level superpotential is introduced

in order to break an SU(4)F flavor symmetry to SP (2)F :

W5 = λ′Za(QQ)a, (15)

where λ′ is a coupling constant of order unity, Za (a = 1 − 5) gauge singlets, and (QQ)a

a flavor 5-plet of the SP (2)F . The effective superpotential is induced by the strong SU(2)

gauge interactions as

Wdyn = X
[

Pf(QiQj) − Λ4
]

, (16)

where X is a Lagrange multiplier. The superpotential Wdyn together with W5 leads to a

condensation of the SP (2)F singlet (QQ),

〈QQ〉 = Λ2. (17)

c Note that the procedure to estimate an ultra-light axion mass from the SU(2)L instanton [13] is different

from that described here, since SU(2)L does not involve the strong dynamics.
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Let us introduce a singlet Z with the superpotential,

Wtree = λZ(QQ). (18)

This provides a SUSY breaking due to the non-zero F -term, 〈F ∗
Z〉 = −λΛ2. As long as λ is

small enough, the expression (17) remains valid.

Let us consider the low-energy effective superpotential, W = Wtree + Wdyn. Since the

singlets Za and the 5-plet (QQ)a have large masses and vanishing VEVs, they are integrated

out. Then, the low-energy superpotential consists of Z and a singlet (QQ). It is found that

Wtree possesses the following U(1) symmetries;

Z (QQ)

U(1)R 2 0

U(1)χ 1 −1

(19)

We notice that U(1)R is a non-anomalous R-symmetry, while U(1)χ is an anomalous chiral

symmetry. In particular, since (QQ) forms a condensate below the dynamical scale Λ, U(1)χ

is spontaneously broken. Thus, there exists an NG boson, ϕχ, in the low-energy scale.

Turning on the axion interaction with the hidden gauge fields, (12), the axion acquires

a potential due to the hidden instanton effects. The NG boson associated the anomalous

chiral symmetry as well as the axion appears in the instanton-induced effective operators,

which is similar to the case in QCD. In fact, expanding (16) around the VEVs, we obtain

an operator including ϕχ and a as

W = X

(

〈(QQ)〉2 exp

[

−2i
ϕχ

fχ

]

− Λ4 exp

[

i
C

f
(eff)
a

a

])

, (20)

where fχ(∼ Λ) denotes the breaking scale of U(1)χ. It is noted that a is taken into account

by the extension, Λ4 → Λ4 exp(iCa/f (eff)
a ). Let us define ϕphys

χ and aphys as







ϕphys
χ

aphys





 ≃







1 ǫ

−ǫ 1













ϕχ

a





 with ǫ ≡ Cfχ

2f
(eff)
a

, (21)

where we have used an approximation, ǫ ≪ 1. From (20), we find that ϕphys
χ acquires a

mass of O(Λ), while aphys remains light. Note that although the ’t Hooft operators contain

instanton-induced terms other than (20), they do not change this result qualitatively. This is

because the structure of the mass matrix of ϕphys
χ and aphys is determined by the symmetries,
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and all those terms have the same structure. In fact, they are related to each others by the

gaugino-scalar-fermion vertices, which preserve both the gauge and global symmetries.

The axion mass depends on the SUSY breaking models. In fact, the axion acquires a

potential through mixing to ϕχ, in a similar way that the axion has its mass through the

mixing to η in QCD. In the low-energy scale, ϕχ appears in the operators which break the

U(1)χ symmetry, and the structure of the breaking operators depend on the SUSY breaking

models. Let us first consider the gravity mediation. The mediation always involves the

following operator to generate masses for the SM gauginos:

L =
∫

d2θ h
Z

MP

WiWi, (22)

where h is a coupling constant of order unity, and we take h real for simplicity. Here, Wi

is the supersymmetric field strength of the SM gauge fields, and i = 1, 2, 3 denotes the SM

gauge group U(1)Y × SU(2)L × SU(3)c, respectively. It should be noted that the operator

(22) explicitly violates a linear combination of the U(1)R and U(1)χ symmetries. From the

gaugino loop, we obtain the following Wilsonian effective interaction in the Kähler potential,

δK = −
∑

i

Nih
3r2

8π2

Z2Z†

MP
+ h.c., (23)

where Ni is the number of the gauginos running in the loop (Ni = 1, 3, 8 for i = 1, 2, 3), and

we have defined a ratio of the cut-off scale to the Planck scale, r ≡ Mcut/MP . We expect

that r is order unity in the gravity mediation. We also assumed that the kinetic term of the

gauge fields is L =
∫

d2θWiWi/4. The scalar potential for z (the scalar component of Z) is

then given by

V (z) =
ξz

16π2

|FZ|2
Λ2

|z|2 +

(

3h3r2

π2

|FZ |2
MP

z + h.c.

)

+

(

2
W ∗

0

M2
P

F ∗
Zz + h.c.

)

, (24)

where the first term in the right-handed side comes from the Kähler potential,

K =
−ξz
16π2

|Z|4
4Λ2

, (25)

with a real numerical coefficient ξz of order unity. The second term in (24) is from the

symmetry breaking term (23), and the third one is due to the cross term between (18) and

the constant term W0 in the superpotential. Note that W0 is necessary in the superpotential

to realize the vanishing cosmological constant.
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The scalar potential (24) explicitly depends on the NG boson, ϕχ, through the second

term in the right-handed side. We notice that U(1)R is broken due to a non-zero VEV of z.

However, it is found that this breaking is not accompanied with a light scalar field. In fact,

the VEV is induced by the explicit breaking operator, and z has a mass of O(Λ/4π)around

the VEV . After integrating out z, we are left with a potential for the axion as

V (aphys) =

∣

∣

∣

∣

∣

192h3r2

ξz

Λ2W0FZ

M3
P

∣

∣

∣

∣

∣

cos

(

C

2f
(eff)
a

aphys + θ′
)

, (26)

where θ′ is independent of θ in (1) and expected to be order unity. Note that we have

expanded the F-term around its VEV as FZ = 〈FZ〉 exp(iϕχ/fχ) and used (21). Thus, the

axion mass acquires a correction from the SUSY breaking sector as

δma ≃
√

6 r
C

f
(eff)
a

∣

∣

∣

∣

∣

m3
λΛ

2W0

ξzF 2
Z

∣

∣

∣

∣

∣

1

2

, (27)

where we have used the expression for the gaugino mass, mλ = −2hFZ/MP .

From (27), one can see that δma vanishes if either W0 or h (or equivalently mλ) is set

to be zero. This is understood as the followings. In the limit of h → 0, U(1)χ symmetry

becomes exact at the tree level. Then, aphys is free from the hidden sector. Therefore, δma

vanishes as h→ 0. On the other hand, U(1)χ is no longer exact for h 6= 0. Instead, one can

define an anomalous U(1)′R symmetry as R′(Z) = 0 and R′(QQ) = 2. This is respected by

(18) and (22). This U(1)′R symmetry is spontaneously broken by 〈QQ〉 = Λ2, and there is an

NG boson, ϕR, which mixes with the axion via the ’t Hooft operators. Then, explicit U(1)′R

violations induce δma. Thus, δma should also depend on W0, since it is the only source of

the U(1)′R breaking.

For the PQ mechanism to work successfully, the correction to the axion mass, δma, must

satisfy

δma <∼ ma

(

θ(exp)
)1/2 ∼ 1 × 10−8 eV ·

(

θ(exp)

10−10

)
1

2

(

fa

1010 GeV

)−1

. (28)

Note that the PQ breaking scale fa is constrained as fa
>∼ 109 GeV by the observations of

SN1987A [15, 16]. From (27) and (28), the gaugino mass is constrained as d

mλ
<∼ 1 GeV

(

ξzλ

r2C2

) 1

3

(

θ(exp)

10−10

)
1

3

(

fa

1010 GeV

)− 4

3

. (29)

d Precisely speaking, the gaugino mass is evaluated at the Planck scale.
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where we have used the realtion |W0/MP | = |FZ |/
√

3 = (m3/2MP ), and set |FZ| = λΛ2.

Therefore, the upper bound on the gauginio mass is in conflict with the experimental

data [17]. We conclude that the gravity mediation in the IYIT model is incompatible with

the PQ mechanism unless C is suppressed sufficiently.

Let us next discuss the gauge mediation. The constraint (29) is relaxed since the cutoff

scale is much lower than the Planck scale, r ≪ 1. Nevertheless, a dangerous correction to

the axion potential is induced in the following model. One needs to introduces messenger

fields, Ψ and Ψ̄. In order to have a local SUSY breaking vacuum, the mass term must be

introduced for the messengers. Thus, the superpotential is given by

W = λZ(QQ̄) + κZΨΨ̄ +MΨΨ̄, (30)

where κ is a coupling constant. The mass term explicitly breaks both the U(1)R and U(1)χ

symmetries, and the axion mass is expected to receive finite corrections. In fact, the mes-

senger loop induces the trilinear term in the Kähler potential;

K =
−5κ3

16π2

Z2Z†

2M
+ h.c. , (31)

where we set Ψ and Ψ̄ to transform as 5 and 5̄ under SU(5)GUT. Then, the scalar potential

of z reads

V (z) =
ξz

16π2

|FZ |2
Λ2

|z|2 +

(

5κ3

16π2

|FZ|2
M

z + h.c.

)

+

(

2
W ∗

0

M2
P

F ∗
Zz + h.c.

)

. (32)

After integrating out z, we obtain the potential for the axion as

V (aphys) =

∣

∣

∣

∣

∣

20κ3

ξz

Λ2W0FZ

MM2
P

∣

∣

∣

∣

∣

cos

(

C

2f
(eff)
a

aphys + θ̃

)

, (33)

where θ̃ is expected to be order unity, and it is independent of θ in (1). Thus, the correction

to the axion mass becomes

δma =
C

f
(eff)
a

∣

∣

∣

∣

∣

20πκ2mg̃Λ
2W0

αsξzM2
P

∣

∣

∣

∣

∣

1

2

, (34)

where we have used mg̃ = (αs/4π)κFZ/M , with the SU(3)c gauge coupling, αs = g2
s/4π.

Note that δma vanishes in the limit of either κ or W0 to be zero. From (28) and (34), we

obtain a bound on the gravitino mass,

m3/2 <∼ 3 MeV ×
√
ξzλ

κC

(

θ(exp)

10−10

)
1

2
(

mg̃

1 TeV

)− 1

2

(

fa

1010 GeV

)−2

, (35)
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for the PQ mechanism to work.

The situation is quite different for the anomaly mediation. In the mechanism, the SUSY

breaking is mediated by the SUGRA effects, and one does not have to introduce interactions

other than (18) in order to mediate the SUSY breaking to the SM sector. Indeed, neither the

coupling (22) nor the messenger sector are required. Therefore, the axion does not receive

any corrections like (27) or (34) in the anomaly mediation. We conclude that in the IYIT

model, the anomaly mediation is consistent with the PQ mechanism. It should be, however,

stressed that this conclusion is because the IYIT model has the U(1)χ symmetry in addition

to U(1)R and may not hold for other DSB models.

Let us here summarize a rough sketch of estimations of the axion mass. First of all, one

needs to specify ‘light’ fields, {ϕi}, some of which are often given by the NG bosons associated

with spontaneously broken symmetries. It is of particular importance to recognize which

symmetry is anomalous, or equivalently, which NG boson appears in the hidden anomaly

term. Let ϕH be a field that acquires a mass of O(Λ) due to the instanton effects in the

hidden sector. Since the axion also couples to the hidden instanton, the axion contributes to

ϕH as well as {ϕL,j} which denote the other light fields orthogonal to ϕH . The physical axion

field in the mass eigenstate should be contained in the light fields: {ϕL,j} = {ϕ′
L,j, aphys}.

The axion potential is obtained from the hidden sector after integrating out all the other

fields ϕH and {ϕ′
L,j}. It depends on how {ϕL,j} appear in the Lagrangian. If ϕL,j is an

NG boson of some symmetry, ϕL,j appears in the symmetry breaking terms. Therefore,

the axion mass sensitively depends on possible symmetry-breaking interactions in the DSB

models.

For instance, let us consider a DSB model in which all chiral symmetries but U(1)R are

broken in the Lagrangian. Namely, the model does not possess a symmetry like U(1)χ in

the IYIT model, and it has only an anomalous U(1)R symmetry. In other words, we assume

that the other chiral symmetries are so strongly broken that all the fields other than ϕR

and a have masses larger than O(Λ) and they can be integrated out. Then, if the U(1)R

symmetry is spontaneously broken at the dynamical scale Λ, the axion mixes with the NG

boson ϕR associated with U(1)R. A linear combination of a and ϕR becomes heavy due to

the hidden-instanton effects, while the other orthogonal combination remains light. Since

the U(1)R symmetry is explicitly broken at least by a constant in the superpotential, the
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axion acquires a mass:

δma
>∼

C

f
(eff)
a

(

m3/2Λ
3
) 1

2 . (36)

According to (28), the gravitino mass is constrained as

m3/2
<∼ 0.5 MeV C− 4

5

(

θ(exp)

10−10

)
2

5

(

fa

1010 GeV

)− 8

5

, (37)

which excludes the anomaly mediation as well as the gravity mediation of the SUSY breaking

effects e.

IV. DISCUSSION AND CONCLUSIONS

In this letter, we have pointed out that the Super-Weyl, Kähler and sigma-model anoma-

lies in SUGRA force the QCD axion to couple to all the gauge fields in nature. In particular,

through those anomalies, the axion inevitably interacts with the hidden gauge fields, if SUSY

is dynamically broken by the strong gauge interactions. As a result, the axion potential re-

ceives dangerous corrections from the hidden-sector instanton effects, which can easily spoil

the PQ mechanism. The SUSY breaking models are therefore tightly constrained for the

PQ mechanism to work, and in particular, the gravity mediation is strongly disfavored f.

To be explicit, we have adopted the IYIT model and analyzed the corrections to the

axion mass. The correction depends on the mediation mechanism of the SUSY breaking.

The gravity mediation is disfavored, while in the gauge-mediaiton the gravitino mass is

constrained as (35). For the anomaly-mediation, there are no constraints in the IYIT model.

One can interpret these results as follows. In the DSB sector, one can define a non-anomalous

U(1)R symmetry and an anomalous U(1)χ one. In the anomaly mediation, U(1)χ is exact at

the tree level g, and it is spontaneously broken. Thus, the associated NG boson ϕχ does not

appear in the tree-level Lagrangian and couples only with the hidden anomaly term. Then,

e We have assumed that the coupling constants h and κ are small enough to perform perturbative calcu-

lations. Therefore the results (29) and (35) are weaker than (37).
f The axion mass may receive corrections even in a non-SUSY theory, if a hidden sector with a non-Abelian

gauge group is added to SM.
g In the IYIT model, stable domain walls can be generated associated with the spontaneous breaking of

U(1)χ, if the Hubble parameter during inflation is larger than the dynamical scale, Λ. One can add a tiny

explicit violation of U(1)χ so that the domain walls decay before the big bang nucleosynthesis, without

producing too large correction to the axion mass.

13



a linear combination of the axion and ϕχ becomes heavy due to the hidden-instanton effects,

while the orthogonal combination remains massless. The latter state is identified with the

QCD axion. On the other hand, in the gravity and gauge mediation, U(1)χ is explicitly

broken by the operator (22) or the messenger mass term h. One can define an anomalous

U(1)R symmetry which is respected by those breaking terms. The U(1)R symmetry is

spontaneously broken, and so, the axion mixes with an NG boson of the U(1)R symmetry.

Thus, the correction to the axion mass depends on the breaking of both U(1)χ and U(1)R

symmetries, for the gravity and gauge mediation in the IYIT model.

We expect that many other SUSY breaking models can be similarly constrained for the

successful PQ mechanism. One lesson we can draw from the results of the IYIT model is

that a correction to the axion mass from the hidden-instanton effects is absent if there is an

anomalous U(1) symmetry which is exact at the tree level, in addition to a non-anomalous

U(1)R symmetry i. Whether one can find such an U(1) symmetry depends on the symmetry

structure of the SUSY breaking models j. When there is no such an U(1) symmetry, the

axion mass generically receives a correction, which depends on the explicit breaking of the

chiral symmetries in the hidden sector.

We have regarded the decay constant of the QCD axion, fa, as a free parameter in this

letter. From astrophysical and cosmological considerations, it is constrained as 109 GeV <∼
fa
<∼ 1012 GeV [15, 16, 19]. The upper bound comes from the requirement that the axion

density should not exceed the observed amount of dark matter by assuming that the initial

displacement of the axion from the nearest minimum is O(fa) [19]. In fact, the axion can be

a good candidate for dark matter for fa ∼ 1012 GeV. Then, it is noticed that the constraints

(29) and (35) become severer in this case.

The PQ scale fa can be even larger, e.g. fa = O(MGUT) ∼ 1016 GeV such as in the axion

models motivated by the string theory (see e.g. [20]), if one allows fine-tuning on the initial

displacement or late-time entropy production to dilute the axion density [21]. For such a

large decay constant, the upper bound on the gaugino mass becomes much severer for the

h There is a gauge-mediation model [18], in which one can define these two symmetries. Therefore, the

axion mass is free from the dangerous corrections.
i Here we adopt a convention that only one U(1) symmetry is anomalous.
j In the conformal sequestering scenario, presence of global and exact U(1) symmetries is problematic.

Therefore, one has to rely on another solution that all the higher dimensional couplings to the hidden

matter fields are somehow suppressed. One may (or may not) realize a solution by the conformal dynamics.
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gravity mediation in the IYIT model. Similarly, the bound on the gravitino mass becomes

as m3/2
<∼ 10−6 eV, for the gauge mediation. This constraint on the gravitino mass already

conflicts with the experimental bound, m3/2 > 0.1 eV. (The lower bound on the gravitino

mass is obtained since the SUSY breaking scale should be smaller than the messenger mass

and the sleptons have not been detected yet [17].) Thus, the constraints on the axion models

with such a large value of fa tend to be extremely severe.

Let us here mention several possible solutions to this new problem of implementing the

PQ mechanism in the framework of SUGRA. The first one is to postulate an exact anomalous

chiral symmetry which is spontaneously broken in the hidden sector. Then, the correspond-

ing NG boson ϕ couples to the hidden anomaly term, and a combination of a and ϕ becomes

massive, while an orthogonal combination remains massless and will become the physical

QCD axion. In this case, the NG boson ϕ can be a composite particle. A similar solution

is to assume that there exists another axion, aex, which appears in the hidden gauge kinetic

function, and that its potential is very flat. The additional axion may have its origin in the

underlying fundamental theory. The other solution is to suppress the higher dimensional

couplings between the axion and the hidden matters. The sigma-model anomaly then be-

comes small, and so does the linear term of A as a result of the potential minimization.

Thus, the dangerous corrections to the axion mass become suppressed. Such a solution may

be realized by the conformal dynamics in the hidden sector.
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