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1 Introduction

A prime candidate for a solution of the Strong CP problem is to postulate a global chiral

U(1) symmetry called the Peccei-Quinn (PQ) symmetry, U(1)PQ [1, 2]. The PQ symmetry

is exact at the classical level but anomalous with respect to the color gauge symmetry

SU(3)c. The main prediction of the PQ mechanism is the existence of the so-called ax-

ion which is a pseudo Nambu-Goldstone (NG) boson from the spontaneous breaking of

U(1)PQ [3, 4]. Ongoing and future experiments shall look for the signal of the axion (see

e.g. refs. [5–9]).

Despite the success of the PQ mechanism, there remain two long-standing puzzles. One

problem is the so-called the axion quality problem. It is believed that all global symmetries

should be broken by quantum gravity effects [10–15]. Then, the explicit breaking of the PQ

symmetry must be suppressed to an extraordinary degree, otherwise the PQ mechanism

cannot explain the small QCD vacuum angle. The other issue is the origin of the PQ

symmetry. The PQ symmetry may be realized as an accidental symmetry owing to some

gauge symmetries like the baryon and lepton symmetries in the Standard Model (SM).

In this paper, we show that an accidental PQ symmetry can be realized by a simple

extension of a model based on the B − L gauge symmetry. The B − L gauge symmetry

leads to the emergence of the PQ symmetry at the classical level. To solve the quality

problem, the model is also extended by the supersymmetry (SUSY), where the gauged dis-

crete R-symmetry plays a role for enough suppression of explicit PQ breaking operators.

One unique prediction of the model is the gravitino with small mass, i.e. m3/2 � 100 GeV.
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In particular, a gravitino mass range of m3/2 < O(1) eV is consistent with a high reheat-

ing temperature, allowing many baryogenesis scenarios typified by the thermal leptogen-

esis [16] without suffering from neither astrophysical nor cosmological problems [17–19].

This mass range of the gravitino mass may be searched by future observations of 21cm line

fluctuation [20].

The organization of the paper is as follows. In section 2, we propose an B−L extension

of the minimal supersymmetric standard model. In section 3, we show the existence of the

accidental PQ symmetry. In section 4, we discuss the axion quality problem and several

constraints on the model. The final section is devoted to our conclusions.

2 The B-L gauge symmetry in a SUSY standard model

In this section, we discuss a B − L extension of the minimal supersymmetric standard

model (MSSM). In the following, we use the SU(5) notation for presentational simplicity.

But, we do not consider a full SU(5) theory and do not introduce colored Higgs multiplets

as seen below.

The B − L gauge symmetry U(1)B−L is the most plausible extension to the SM. In

the SM, the B − L symmetry is realized as an accidental global symmetry. Gauging this

symmetry requires additional B − L charged fields from the gauge anomaly cancellation.

Promising candidates are the three families of right-handed neutrinos. With this set-up, the

smallness of the neutrino masses can be explained by the see-saw mechanism [21–23] and

the baryon asymmetry can be generated via the leptogenesis [16] by the out-of-equilibrium

decay of the right-handed neutrinos.

Motivated by the above facts, we consider a model based on the B − L extension of

the supersymmetric standard model.1 For notational convenience, we use the so-called

fiveness, 5(B − L) − 4Y for the MSSM fields instead of B − L. The fiveness symmetry is

realized as a linear combination of the B − L gauge symmetry and U(1)Y . The fiveness

symmetry is intrinsically equivalent to the B − L symmetry, and thus we call the fiveness

B − L from here on. The B − L charges of the chiral superfields in the MSSM and three

right-handed neutrinos are

10SM(+1), 5̄SM(−3), N̄R(+5) , (2.1)

where the MSSM matter fields are denoted by 10SM and 5̄SM in the SU(5) notation, N̄R

are the right handed neutrinos, and (q) denote the B − L charges. Henceforth, we omit

the flavor indices for simplicity. The two Higgs doublet supermultiplets Hu and Hd have

−2 and +2 charges of B − L (fiveness), respectively.

The majorana masses of the right handed neutrinos are provided when one introduces

the SM gauge singlet chiral superfields,

Φ(−10), Φ̄(10) , (2.2)

1In section 4, we will see that the supersymmetry is also motivated to protect the PQ symmetry from

quantum gravity effect.
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which couple to the right-handed neutrinos in the superpotential,

W = yNΦ(−10)N̄R(+5)N̄R(+5) . (2.3)

Here, yN denotes dimensionless coupling.2 The vacuum expectation values (VEVs) of Φ

and Φ̄ are obtained by the superpotential

W = X(2ΦΦ̄− v2) , (2.4)

where X is a SM and B − L gauge singlet chiral superfield, v denotes a parameter with a

mass dimension, and we are assuming the existence of the R-symmetry. X has R-charge +2.

Φ and Φ̄ have zero R-charges. We will discuss more details about the R-symmetry soon.

Based on the above gauged B−L SUSY model, we may extend the model to solve the

Strong CP problem. So far there is no PQ symmetry. However, it would be interesting to

consider that a global PQ symmetry is a remnant of the B−L gauge symmetry. To establish

a model, we introduce pairs of the chiral superfields of 5 and 5̄ representations of SU(5) [24,

25] and we assume that the pairs have nontrivial B−L charges. Indeed, if the 5 and 5̄ fields

do not have B−L charges, the operator 55̄ is invariant under the B−L gauge symmetry.

Then, we do not obtain an anomalous PQ symmetry because only a vector-like symmetry

is allowed.3 Besides, even if the 5 and 5̄ fields have opposite B − L charge, the operator

55̄ is still allowed. Therefore, we consider the charge assignments where the mass terms of

5 and 5̄ with B − L charges opposite in sign are forbidden by the B − L gauge symmetry.

Assuming that a pair of 5 and 5̄ has an identical B − L charge,4 a minimal way to

cancel the gauge anomaly without opposite charges is to introduce five sets of 5 and 5̄ [27].5

One possible charge assignment is

5(−1), 5(−9), 5(−5), 5(7), 5(8), (2.5)

5̄(−1), 5̄(−9), 5̄(−5), 5̄(7), 5̄(8) . (2.6)

As shown in ref. [27], the summation of absolute values of these charge assignments

(−1,−9,−5, 7, 8) is the minimum compared to the other charge assignments when the

greatest common divisor of the absolute charges is taken as one. The relative normalization

of the charges between the above additional sector and the SM sector is not determined by

the anomaly free conditions. But, let us assume the charge assignments shown in eq. (2.5)

and eq. (2.6). Then, some of them can obtain masses by being coupled to Φ̄(10),

W = Φ̄(10) 5(−1) 5̄(−9) + Φ̄(10) 5(−9) 5̄(−1) + Φ̄(10) 5(−5) 5̄(−5) . (2.7)

Here, we omitted dimensionless couplings for notational simplicity.

2Φ̄(10) is introduced for the anomaly free B − L symmetry.
3See ref. [26] for the accidental PQ symmetry by a gauged discrete R-symmetry.
4If 5 and 5̄ are embedded in the fundamental representation of SO(10), they can obtain the same charge

although an additional U(1) gauge symmetry which commutes with SO(10) is required.
5From anomaly free conditions of U(1)3

B−L, U(1)B−L− [SM gauge]2, and U(1)B−L− [gravity]2, solutions

with two (four) pairs of 5 and 5̄ always have one (two) vector-like fermions charged under U(1)B−L, i.e.

opposite U(1)B−L charges are required. For three pairs of 5 and 5̄, there is no solution due to the Fermat’s

theorem.
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To give the other 5 and 5̄ masses, we introduce additional SM gauge singlet chiral

superfields with B − L charges ±15,

Φ′(−15), Φ̄′(+15) , (2.8)

which couple to 5 and 5̄ with +7 and +8 charges,

W = Φ′(−15)5(8)5̄(7) + Φ′(−15)5(7)5̄(8) , (2.9)

where dimensionless couplings are omitted. The singlets can obtain a VEV by the super-

potential,

W = Y (2Φ′Φ̄′ − v′2) . (2.10)

Here, Y is a gauge singlet chiral superfield and v′ is a parameter with a mass dimension.

We also assume that R-charges of Y , Φ′, and Φ̄ are +2, 0, and 0 (see the next paragraph

for more details). In table 1, we summarized the field contents and their B − L charges.

We note that two B − L breaking fields with different absolute B − L charges like Φ and

Φ′ are needed at least to give all five sets of 5 and 5̄ masses at the renormalizable level.

In addition to the B − L gauge symmetry, we also assume that a discrete subgroup

of the R-symmetry, ZNR (N > 2), is a gauge symmetry. This assumption is essential

to forbid a constant term in superpotential. However, to produce an almost vanishing

cosmological constant after the SUSY breaking, we need a constant term in superpo-

tential which should be generated by a spontaneous breaking of ZNR to Z2R. Besides

this, the µ-term (the Higgsino mass) may be also forbidden by ZNR, and then should be

generated by the spontaneous breaking of ZNR symmetry, which explains the required µ-

parameter of order of 1 TeV. See appendix A for more details. Here, the gauged discrete

Z6R is assumed with the charge assignment in table 1, where anomaly free conditions for

Z6R − SU(3)c − SU(3)c and Z6R−SU(2)L−SU(2)L are satisfied [28]. Note that the mixed

anomalies of Z6R − U(1)Y − U(1)Y and Z6R − U(1)B−L − U(1)B−L are model dependent

because of the dependence on the normalization of the heavy spectrum [28–37]. The gravi-

tational anomaly is also model dependent.6 Therefore, we do not specify the field contents

from those anomaly cancellations.

3 An emergent global Peccei-Quinn symmetry from the B-L gauge

symmetry

In regard to the model discussed in section 2, we find two accidental global symmetries

associated with individual phase rotations of Φ and Φ′ at the level of the renormalizable

Lagrangian. One linear combination of two symmetries corresponds to the B−L symmetry

which is gauged in our model. The other combination remains as a global symmetry.

6The gravitational anomaly is easily cancelled by introducing some singlet fields under the MSSM and

the B − L gauge symmetries.
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10SM 5̄SM N̄R Hu Hd Φ Φ̄ Φ′ Φ̄′ X Y

U(1)B−L +1 −3 +5 −2 +2 −10 +10 −15 +15 0 0

Z6R +1/5 −3/5 +1 +8/5 +12/5 0 0 0 0 +2 +2

5(−1) 5(−5) 5(−9) 5(7) 5(8) 5̄(−1) 5̄(−5) 5̄(−9) 5̄(7) 5̄(8)

Z6R +1 +1 +1 +1 +1 +1 +1 +1 +1 +1

Table 1. The charge assignment of the B − L symmetry and the gauged Z6R symmetry. For

additional 5 and 5̄, corresponding B − L charges are shown in the parenthesis.

Let us show the remaining global symmetry is nothing but the PQ symmetry. The

charges of the global symmetry can be chosen so as to satisfy the following generic

conditions,

QMSSM,N̄R
= −qB−L

10
×QΦ , (3.1)

Q5(−1) +Q5̄(−9) = −QΦ̄, Q5(−9) +Q5̄(−1) = −QΦ̄ , (3.2)

Q5(−5) +Q5̄(−5) = −QΦ̄ , (3.3)

Q5(7) +Q5̄(8) = −QΦ′ , Q5(8) +Q5̄(7) = −QΦ′ , (3.4)

QΦ = −QΦ̄ (3.5)

QΦ′ = −QΦ̄′ , (3.6)

QΦ̄/QΦ′ 6= −2/3 , (3.7)

where QMSSM,N̄R
denote the PQ charges of the MSSM fields and right-handed neutrinos,

qB−L is the B − L charge, and QX denotes a PQ charge of a chiral superfield X. Charges

of the other fields are zero. The condition in eq. (3.7) makes a crucial difference between

the global symmetry and U(1)B−L. By using the B − L gauge transformation, the global

charge of QΦ can be chosen to be zero.7 Then, the above conditions reduce to

QΦ = QΦ̄ = 0 , QMSSM,N̄R
= 0 , (3.8)

Q5(−1) +Q5̄(−9) = Q5(−9) +Q5̄(−1) = 0 , Q5(−5) +Q5̄(−5) = 0 , (3.9)

Q5(7) +Q5̄(8) = −QΦ′ , Q5(8) +Q5̄(7) = −QΦ′ , (3.10)

QΦ′ = −QΦ̄′ . (3.11)

We have a lot of freedom to choose PQ charges for 5 and 5̄. However, we have additional

global U(1) symmetries. By using those U(1) rotations, we can make a choice of PQ charge

assignment given in table 2, where we took QΦ′ = −QΦ̄′ = +1, Q5(8) = Q5(7) = −1, and

the other charges zero. Now, we see that the global symmetry corresponds to the PQ

symmetry, and the extra 5 and 5̄ with qB−L = 7, 8 play a role of the KSVZ quarks [24, 25],

making the global symmetry anomalous with respect to SU(3)c.

7In other words, zero charges are gauge equivalent to the charge assignments in eq. (3.1).
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10SM 5̄SM N̄R Hu Hd Φ(−10) Φ̄(+10) Φ′(−15) Φ̄′(+15) X Y

PQ 0 0 0 0 0 0 0 +1 −1 0 0

5(−1) 5(−5) 5(−9) 5(7) 5(8) 5̄(−1) 5̄(−5) 5̄(−9) 5̄(7) 5̄(8)

PQ 0 0 0 −1 −1 0 0 0 0 0

Table 2. The charge assignment of accidental PQ symmetry.

Indeed, under the above PQ charge assignments, we can consider a transformation,

Φ′(−15)→ eiαPQ Φ′(−15) , (3.12)

5(7)→ e−iαPQ 5(7) , (3.13)

5(8)→ e−iαPQ 5(8) , (3.14)

where αPQ denotes the rotation angle. This rotation leads to the Lagrangian shifts by

δL��PQ = 2αPQ
g2
s

32π2
GaµνG̃

aµν , (3.15)

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

G̃aµν is its dual.8 Note that eq. (3.15) seems to show that there is a discrete Z2 symmetry.

But, this is not correct, i.e. no such a discrete symmetry remains. This can be seen in

figure 1, where a domain of the physical interval of the phase component of Φ′ corresponds

to αPQ = [0, π).9 For the domain, there is no degenerate vacuum, and thus there remains

no discrete symmetry. We will explain this point more in section 3.1.

The PQ symmetry is explicitly broken by the Planck suppressed operators,

Φ̄(10)3Φ′(−15)2 , Φ(−10)3Φ̄′(15)2 , (3.16)

which transform under eq. (3.12) as

Φ̄(10)3Φ′(−15)2 → ei2αPQ × Φ̄(10)3Φ′(−15)2, (3.17)

Φ(−10)3Φ̄′(15)2 → e−i2αPQ × Φ(−10)3Φ̄′(15)2 . (3.18)

The above operators are forbidden in the superpotential because of the total R-charge zero.

Given the fact that the constant term in the superpotential, W0, has the R-charge 2,10 we

obtain the superpotential,

W ∼ κ W0

M3
PL

Φ′(−15)2Φ̄(+10)3

M2
PL

+ κ
W0

M3
PL

Φ̄′(+15)2Φ(−10)3

M2
PL

+W0 , (3.19)

where κ is a dimensionless coupling.11 The constant term W0 gives the gravitino mass

m3/2 = W0/M
2
PL. Then, the above superpotential terms lead to the scalar potential,

V ∼ κ
|m3/2|2

MPL

φ′(−15)2φ̄(+10)3

M2
PL

+ κ
|m3/2|2

MPL

φ̄′(+15)2φ(−10)3

M2
PL

+ c.c. , (3.20)

8G̃aµν ≡ 1
2
εµνρσGaρσ.

9Two points αPQ = 0 and π are equivalent up to the B − L gauge transformation.
10The constant W0 can be generated by a VEV of a singlet field. See the appendix A for more details.
11We took the same coupling κ for the first two terms in eq. (3.19) for simplicity.
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where φ, φ̄, φ′, and φ̄′ are the scalar components of the chiral superfields of Φ, Φ̄, Φ′, and

Φ̄′, respectively.12 In the next section, we will see a parameter space where these explicit

breaking terms do not spoil the PQ mechanism.

3.1 Axion and global PQ

Before going to the next section, let us decompose the axion and the would-be Nambu

Goldstone (NG) boson13 in the supersymmetric manner.14 After Φ, Φ′ (Φ̄, Φ̄′) obtain the

VEVs, the Goldstone superfields A1, A2 are given as15

Φ =
1√
2
v eA1/v , Φ̄ =

1√
2
v e−A1/v , (3.21)

Φ′ =
1√
2
v′ eA2/v′ , Φ̄′ =

1√
2
v′ e−A2/v′ . (3.22)

One linear combination of A1 and A2 corresponds to the would-be NG boson supermulti-

plet, and the other combination becomes the axion superfield. To see this decomposition,

let us consider the Kähler potential,

K = Φ†e−2×(−10)×gV Φ + Φ̄†e−2×(+10)×gV Φ̄ + Φ′
†
e−2×(−15)×gV Φ′ + Φ̄′†e−2×(+15)×gV Φ̄′

(3.23)

where V and g denote the B − L gauge supermultiplet and its gauge coupling constant.

As a result of substituting eq. (3.21) and eq. (3.22) into eq. (3.23), the Kähler potential

becomes

K = v2 cosh

(
2× (−10)gV − A1 +A†1

v

)
+ v′2 cosh

(
2× (−15)gV − A2 +A†2

v′

)
. (3.24)

Then, the axion and would-be NG boson superfields A and G are defined as(
A(†)

G(†)

)
=

1√
(10)2v2 + (15)2v′2

(
15v′ −10v

10v 15v′

)(
A

(†)
1

A
(†)
2

)
, (3.25)

and then the Kähler potential can be rewritten as

K = v2 cosh

(
2×(10)gṼ +g

2×15

mV

v′

v
(A+A†)

)
+v′2 cosh

(
2×(15)gṼ −g2×10

mV

v

v′
(A+A†)

)
.

(3.26)

12The scalar potential is also obtained from the Kähler potential,

K ∼ ZZ†

M2
PL

φ′(−15)2φ̄(+10)3

M2
PL

+
ZZ†

M2
PL

φ̄′(15)2φ(−10)3

M2
PL

+ h.c. ,

where Z is the SUSY breaking field.
13The NG boson is eaten by the B − L gauge boson.
14See ref. [38] for more detail discussion about the decomposition in the supersymmetric manner.
15For simplicity, we assume the soft masses of Φ and Φ̄ (Φ′ and Φ̄′) are the same.
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Figure 1. (Left) A gauge orbit in the domain of (a1, a2) for |q| = 10, |q′| = 15. (Right) The

unwound gauge orbits.

Here,

Ṽ ≡ V +
1

mV
(G+G†) , (3.27)

mV ≡ 2g
√

(10)2v2 + (15)2v′2 . (3.28)

Note that the axion A is invariant under the B − L gauge transformation.

Let us discuss the domain and the effective decay constant of the axion. The domains

of the phases of Φ and Φ′ are given as

a1

f1
≡ Im[Ã1]

v
= [0, 2π) , (3.29)

a2

f2
≡ Im[Ã2]

v′
= [0, 2π) . (3.30)

Here, f1 =
√

2v, f2 =
√

2v′, Ãi denotes the scalar component of Ai, and ai =
√

2Im[Ãi].

The domain of the axion is obtained as the interval of the gauge orbit [39] and we find the

domain from figure 1,

a ≡
√

2 Im[Ã] = [0, 2π Fa) , (3.31)

where Ã denotes the scalar component of A, a =
√

2Im[Ã] denotes the axion, and Fa is

given by

Fa =

√
2vv′√

4v2 + 9v′2
, (3.32)

as an effective axion decay constant. We note that eq. (3.32) is valid under the assumption

of 〈Φ〉 = 〈Φ̄〉 and 〈Φ′〉 = 〈Φ̄′〉. If this assumption about the VEVs does not hold, the

kinetic term of the axion is not canonically normalized, and thus the replacement of v (v′)

into
√
〈Φ〉2 + 〈Φ̄〉2 (

√
〈Φ′〉2 + 〈Φ̄′〉2) is needed in eq. (3.32).

– 8 –
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After extra fields of 5 and 5̄ are integrated out, the axion has a coupling [39],

L =
a

Fa

g2
s

32π2
GaµνG̃

aµν . (3.33)

This shows that there remains no discrete symmetry, i.e. the domain wall number is one

(Ndw = 1).

3.2 Domain wall problem

It should be remarked that the model may suffer from the domain wall problem [38, 40]. For

example, let us consider a case where the phase transition of ΦΦ̄ 6= 0 occurs before/during

inflation while the transition of Φ′Φ̄′ 6= 0 takes place after the inflation ends.16 In the first

transition of ΦΦ̄ 6= 0, U(1)B−L symmetry is spontaneously broken, and thus cosmic strings

are formed while they are inflated away. In the second transition of Φ′Φ̄′ 6= 0, U(1)PQ

symmetry is spontaneously broken, and the comic strings are formed. Let us call this

string Φ′-string. Around the Φ′-string with the winding number one, the phase of a2/f2

changes from 0 to 2π because the gauge freedom is effectively frozen, since the local strings

are inflated away. In this domain, the axion potential gives rise to the energy contrast and

the axion distribution crosses the potential minimum two times (see also figure 1). This

shows the Φ′-string is attached by two domain walls. Therefore, this case corresponds to

the domain wall number two scenario effectively. Similarly, when Φ′Φ̄′ 6= 0 takes place

during the inflation while ΦΦ̄ 6= 0 does after the inflation ends, the comic strings attached

by three domain walls will be formed (Φ-string). In the case where both phase transitions

occur after inflation, the cosmic string network will become much more complicated due

to the coexistence of Φ and Φ′-strings. We need detailed numerical analysis in this case,

which is beyond the scope of this paper.

Therefore, in this paper, we focus on the case where both phase transitions take place

before/during inflation. Then, every defect is inflated away and domain wall problem can

be avoided.17

4 A consistent axion model with quantum gravity effects and its low

energy phenomenology

In the presence of the explicit PQ breaking terms in eq. (3.20), the QCD vacuum angle is

shifted as

∆θ'κ
m2

3/2〈φ(−10)〉3〈φ̄′(+15)〉2

M3
PLm

2
aF

2
a

' 10−9κ
(m3/2

1eV

)2
(

〈φ〉
1012 GeV

)3( 〈φ′〉
1012 GeV

)2

, (4.1)

where ma denotes the axion mass, and 〈φ〉 ' 〈φ̄〉 and 〈φ′〉 ' 〈φ̄′〉 are assumed. This small

shift should satisfy the condition

∆θ . 10−10 (4.2)

16For simplicity, we assume Φ ' Φ̄ and Φ′ ' Φ̄′ after the phase transitions.
17Even if both phase transitions take place before/during inflation, the domain wall problem may not

be avoided when the field values are large for example Φ ∼ Φ̄′ ∼ MPL during inflation because the axion

fluctuations are produced by the parametric resonance after inflation [41].
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to be consistent with the experimental bound on the θ angle [42]. We note that we have

not found any explicit PQ breaking terms which have a smaller Planck mass suppression

and lead to a larger shift of the angle compared to eq. (4.1).

Another constraint on the model is derived from the domain wall problem. As we have

already mentioned in the previous section, the model suffers from the domain wall problem

because it is expected that there appear strings with the domain wall number larger than

one on B−L and PQ symmetry breaking [38]. To avoid this problem, we consider the case

where Φ (Φ′) obtains a non-zero field value during inflation. We also assume a similar size of

positive Hubble induced masses for Φ and Φ̄ (Φ′ and Φ̄′), and then they obtain a field value

around v (v′) during inflation.18 Once the PQ symmetry is broken during inflation, the

axion develops fluctuations because the axion is almost massless at the moment. After the

reheating, below the temperature of the QCD scale, the axion acquires its mass and starts

coherent oscillation. Then, the axion field fluctuations turn into the isocurvature density

fluctuations of the axion and the power spectrum thereof PISO is given by (see e.g. ref. [44])

PISO ' 6.8

(
Hinf

2π Fa

)2( Fa
1012 GeV

)1.19(Ωah
2

0.12

)
. (4.3)

Here, Ωah
2 denotes the axion abundance,

Ωah
2 ' 0.18θ2

a

(
Fa

1012 GeV

)1.19

, (4.4)

where θa is an initial misalignment angle [45]. From CMB observations, the isocurvature

perturbations at the pivot scale k∗ ' 0.05Mpc−1 are constrained to be [46]

PISO

Pζ + PISO
≤ 0.038 , (4.5)

where Pζ(' 2.2× 10−9) [47] is the power spectrum of the curvature perturbations. Then,

we obtain

Hinf . 1.8× 107 GeV

(
Fa

1012 GeV

)−0.19

(4.6)

where the initial misalignment angle is taken as O(1).

In addition, to avoid the restoration of the two symmetries, we require the condition

for the maximum temperature Tmax during reheating [48, 49]

Tmax ' 0.5× T 1/2
R H

1/4
inf M

1/4
PL . min[〈Φ〉, 〈Φ′〉] (4.7)

18The axion has the coupling with the inflaton field I, K ∼ |I2|Φ3Φ̄′2

M5
PL

+ |I2|Φ̄3Φ′2

M5
PL

. This leads to the

Hubble induced mass for the axion as large as Hinf if Φ and Φ̄′ (Φ′ and Φ̄) obtain the field value around the

Planck scale during inflation. But, once the fields start to oscillate after the inflation end, the fluctuations

of the axion are produced through the parametric resonance, and then the domain wall problem may be

formed [41] as we have already mentioned. Thus, we focus on the positive Hubble induced mass case in

this paper. See also ref. [43] for more details.
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where TR denotes a reheating temperature and we take the effective massless degrees of

freedom to be about ∼ 200.19 Let us also consider the cosmology of the extra 5 and 5̄.

They will obtain masses around 〈Φ〉 or 〈Φ′〉 and they are stable because of U(1)B−L and

Z6R.20 Therefore, once they are produced in the thermal plasma, they will lead to the

overclosure of the universe. To avoid this problem, we require the condition for the heavy

particle mass and Tmax [49],

Tmax .
1

10
×min[〈Φ〉, 〈Φ′〉] . (4.8)

Let us discuss the gravitino mass bound. From eq. (4.1) and eq. (4.2), the gravitino

mass is upper-bounded for given values of the VEVs of scalars. Using the lower bound on

the axion decay constant Fa & 108 GeV21 and the requirement of ∆θ . 10−10, we obtain

the gravitino mass upper-bound,22

m3/2 .
1√
κ

1 GeV . (4.9)

We consider the gauge mediation model to obtain the light gravitino mass (see the following

discussion for more details).

For gravitino cosmology, as long as the reheating temperature TR is higher than SUSY

particle masses, a light gravitino of mass . 1 GeV is produced through scattering pro-

cesses of MSSM or messenger particles and its abundance exceeds easily the DM density

if m3/2 & 100 eV.23

Thus, we consider the gravtino mass m3/2 . 100 eV. However, this mass range is

already excluded by the observation of Ly-α forests [53] because the gravitino behaves as

warm dark matter. Besides, by the use of recent data from the observations of the CMB

lensing and the cosmic shear, the gravitino mass is upper-bounded by m3/2 . 4.7 eV [54].

This mass range is compatible with many baryogenesis scenarios of high reheating temper-

ature typified by the thermal leptogenesis. In the following discussion, we concentrate on

the parameter space with m3/2 ' O(1) eV.

In figure 2, we show the allowed parameter space from the above constraints. The gray

shaded region is constrained from three conditions in eq. (4.2), eq. (4.6), eq. (4.7), and

eq. (4.8). The darker (lighter) gray shaded region corresponds to the case of κ = 1 (0.1)

in eq. (4.1). In the figure, the gravitino mass is taken as m3/2 = 4 eV and 〈Φ〉 = 〈Φ′〉 is

assumed. We are also taking the reheating temperature TR = 109 GeV (TR = 106 GeV) for

the left (right) figure. The axion becomes the dominant dark matter component for about

Fa ' 1011 GeV assuming an initial misalignment angle around π (see e.g. ref. [44]).

19We are assuming that SUSY particles are also in the thermal bath.
20We have not found any processes which lead to the entire decays of the extra 5 and 5̄ into the MSSM

particles.
21Fa & 108 GeV is consistent with the constraint from the supernova 1981A observation [50].
22Recently, there is a debate on the supernova cooling bound [51]. Neglecting the supernova constraint

and using Fa & 107 GeV [52] open up new possibilities of m3/2 . 0.1− 1 TeV.
23The gravitino number density can be diluted if we have an enough entropy production at a later time.

However, we concentrate our discussion on the case in the absence of such a late time entropy production,

for simplicity, in this paper.
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Figure 2. (Left) Constraints on Fa − Hinf for m3/2 = 4 eV and TR = 109 GeV. (Right) Con-

straints on Fa −Hinf for m3/2 = 4 eV and TR = 106 GeV. The darker (lighter) gray shaded region

corresponds to the constraint of κ = 1 (10−1) in eq. (4.1). In the green shaded regions, the gauge

coupling constants become non-perturbative at a scale below 1016 GeV. On the black dashed line,

the current dark matter abundance is explained by the non-thermally produced saxion and axino.

(For smaller Fa, the abundance is larger.) See more details in the main text.

The gravitino mass around 1 eV is provided by low-scale gauge mediation models (see

e.g. refs. [55–61]). In the weakly coupled low scale gauge mediation models, however, the

large gravitino mass m3/2 & 10 eV is required to explain the observed Higgs boson mass

by heavy SUSY particles with masses around O(10) TeV [62, 63]. The gravitino mass

can be as light as O(1) eV in the strongly coupled low scale gauge mediation models [59].

Indeed, the Higgs boson mass is explained by e.g. Nmess = 4, Mmess ' 105 GeV, and

F
1/2
m ' 105 GeV [61]. Here, Nmess denotes a number of pairs of the chiral superfields

(messengers) in the fundamental and anti-fundamental representations of SU(5), Mmess is

the messenger mass scale, and F
1/2
m is the mass splitting between the messenger scalars

and the fermions.

Including Nmess pairs of 5 and 5̄ as the messengers in the gauge mediation model,

Nmess + 5 pairs of extra multiplets make the renormalization group running of the gauge

coupling constants non-asymptotically free. In the green shaded region in figure 2, at

least one of the MSSM gauge coupling constants becomes larger than 4π at a scale below

1016 GeV. Here, we use the one-loop renormalization group assuming Nmess = 4, all mes-

sengers with 105 GeV mass, and all MSSM SUSY particles with 1 TeV.24 We also take the

mass of the other five pairs of 5 and 5̄ as 〈Φ〉 = 〈Φ′〉.
Let us also discuss cosmology of the saxion and the axino. Both saxion and axino can

obtain masses around m3/2 ' 1 eV and they are stable with lifetime larger than the age of

24The contributions of the messengers to the running of the MSSM gauge coupling constants can be

reduced if a hidden gauge theory of the messengers is embedded in a conformal field theory at high energies

and the anomalous dimensions of messengers are rendered positive by a large Yukawa coupling between the

messengers and some hidden matters [64].
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the Universe (see e.g. ref. [44]). These light particles are non-thermally produced by e.g.

the gluino and gluon scatterings. The abundance of saxion and axino is [65–68],

Ωnon-thh
2 ' 6× 10−3gs(TR)6

(m3/2

1 eV

)( Fa
1011 GeV

)−2( TR
109 GeV

)
, (4.10)

where gs(TR) is the SU(3)c gauge coupling at the energy scale TR. In figure 2, on the black

dashed line, the current dark matter abundance is explained by saxion and axino.25 On

the left-hand region of the dashed line, the universe is over-closed. Besides, for the saxion,

its coherent oscillation also contributes to the abundance [69–72],

Ωosch
2 ' 2× 10−3

(m3/2

1 eV

)1/2
(

Fa
1011 GeV

)2(σI
Fa

)2

, (4.11)

where σI is an initial amplitude of the oscillation. Assuming a positive Hubble induced

mass for the saxion, the amplitude will be as large as σI ' Hinf . Fa. Then, the saxion

abundance from the saxion oscillation is estimated to be much smaller than the current

dark matter abundance.

5 Conclusions

In this paper, we argue that an origin of an accidental PQ symmetry with good quality

can be provided by a simple extension of the MSSM with B − L gauge symmetry. The

model is based on the MSSM and three right-handed neutrinos. We introduced five pairs

of 5, 5̄ and some MSSM gauge singlet fields which are charged under the B − L gauge

symmetry. In section 3, we show that the model can enjoy an accidental PQ symmetry

with the help of the B − L gauge symmetry. On top of this, the non anomalous gauged

Z6R symmetry in the model helps improving the axion quality. The explicit PQ breaking

operators are suppressed by the B−L gauge symmetry and a discrete gauged R-symmetry

Z6R. We showed the axion quality problem can be solved by the small gravitino mass

m3/2 � 100 GeV. An interesting parameter range of the gravitino mass is m3/2 = O(1) eV

which is consistent with many baryogenesis scenarios enabled by the thermal leptogenesis.

In that range, we found a viable parameter space of the axion decay constant Fa ' 1011 GeV

and Hinf � 1012 GeV. Let us comment on the testability of the model. If the whole DM is

attributed to the light gravitino, its free-streaming would affect the large scale structure in

the universe as warm dark matter, and thus it is severely constrained from astrophysical

and cosmological observations as we mentioned above. Nevertheless, the presence of such

a light gravitino can be still allowed provided it contributes to the current DM abundance

only at a partial level. For this case, interestingly, the gravitino dark matter even with

m3/2 ' 1 eV may be tested by future observation of the 21 cm line fluctuations [20].

Along with the capability of the model to address the strong CP problem by having an

emergent PQ symmetry, we emphasize a natural generation of the µ-term (Higgsino mass

term) as an another virtue of the model. The axion solution to the strong CP problem de-

manding m3/2 . 1 GeV in the model (see eq. (4.9)), taking Z6R as the discrete R-symmetry

25We took gs(TR) = 0.9.
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was a rather unartificial option. As an accompanying result, the model was shown to be

able to naturally produce the µ-term of the right size around TeV scale without small

parameters, relying on the spontaneous breaking of Z6R to Z2R discussed in appendix A.

Finally, let us comment that the constraint on the gravitino mass can be relaxed if

we have an extra dimension. The explicit PQ breaking operators in eq. (3.20) can be

more suppressed in an extra-dimensional setup [73, 74], where the MSSM, right-handed

neutrinos, Φ(Φ̄), and 5 and 5̄ with −1,−5,−9 charges of U(1)B−L reside on a brane while

Φ′(Φ̄′) and 5 and 5̄ with 7, 8 charges of U(1)B−L sit on a separated brane. If a distance

between two branes is larger than 70M−1
5 , we may have m3/2 > 100 TeV, where we consider

a (4+1) dimensional space time and M5 is a cutoff scale in the theory. Or we can take

the B − L breaking scale 1015 GeV keeping m3/2 = O(1) eV if the distance is larger than

30M−1
5 . If it is the case, we may have a new DM candidate found in [75] in a framework

of the B − L gauge symmetry.
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A Generating constant term in the superpotential and µ-term

To generate a constant term in the superpotential, we introduce a chiral superfield S with

R-charge +2. The superpotential is given by

W = Λ2S +
λ

MPL
S4 , (A.1)

which is allowed by Z6R. Here, Λ is a parameter with a mass dimension26 and λ is a

dimensionless coupling. S obtains the non-zero VEV,

〈S〉 =

(
Λ2MPL

4λ

)1/3

, (A.2)

satisfying the F-term condition for S. Suppose

λ = O(1), Λ ' 108 GeV , (A.3)

and then we obtain

〈S〉 ' 1011 GeV , (A.4)

26The Λ2S term can be generated by the strong dynamics of the hidden SU(2) (see the following

discussion).
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and this yields the VEV of the superpotential,

W0 ' 5.5× 1027 GeV3 ' m3/2M
2
PL , (A.5)

for m3/2 ' 1 eV. The following coupling between S and HuHd is allowed in the superpo-

tential,

W ∼ S2

MPL
HuHd , (A.6)

which can lead to the Higgsino mass around O(1) TeV (µ-term) on the spontaneous break-

ing of Z6R.

While W0 and µ-term are generated in the above setup, we meet a problem of large

explicit PQ breaking terms. Indeed, S couples to the PQ breaking operators,

W ∼ S

MPL

Φ3Φ̄′2

M2
PL

+
S

MPL

Φ̄3Φ′2

M2
PL

. (A.7)

Then, the scalar potential,

V ∼
m∗3/2〈S〉
MPL

φ′(−15)2φ̄(+10)3

M2
PL

+
m∗3/2〈S〉
MPL

φ̄′(+15)2φ(−10)3

M2
PL

+ c.c. , (A.8)

is obtained, which can make a dangerous contribution to the θ angle. To solve the quality

problem, the gravitino mass must be much smaller than 1 eV which cannot be obtained

even in low scale gauge mediation models.

The above problematic potential can be suppressed by considering an additional Z4

discrete gauge symmetry. Let us consider that Λ is a spectator field27 with the charge +1

under new Z4 symmetry28 and S also has charge +2 under Z4. The Higgs fields Hu, Hd

have zero charges of Z4, and then µ-term in eq. (A.6) is allowed. On the other hand, the

explicit PQ breaking terms are suppressed by

W ∼ Λ2S

M3
PL

Φ3Φ̄′2

M2
PL

+
Λ2S

M3
PL

Φ̄3Φ′2

M2
PL

+
S4

M4
PL

Φ3Φ̄′2

M2
PL

+
S4

M4
PL

Φ̄3Φ′2

M2
PL

. (A.9)

The order of the explicit PQ breaking is the same as eq. (3.19), and thus the suppression

is enough.

Finally, let us comment on the domain wall problem related to S. Let us first consider

the case where S obtains the positive Hubble induced mass and sits around the origin

during the inflation. After the end of the inflation, it rolls down to the potential minimum

of S = 〈S〉, and then the domain walls are formed by the discrete symmetry breaking

27We can consider that Λ is given by a strong dynamics. For example, let us consider the hidden SU(2)

gauge theory with four fundamental representation chiral superfields Qi (i = 1− 4) with +1 charge under

Z4 and zero charge under Z6R. Below the dynamical scale of Λ̃, the model is described by the composite

states of mesons. The mesons may obtain the VEV from the quantum modified constraint. Then, the term

W = Λ2S is obtained from W = λSSQQ ' λSΛ̃2S where λS is a dimensionless coupling and flavor indices

are omitted for simplicity.
28The R-charge of Λ is taken as zero.
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of Z6R into Z2R. On the other hand, for the negative Hubble induced mass, S obtains

the non-zero field value during inflation. After the inflation ends, S starts to roll down,

and S will eventually settle down at S = 〈S〉 without crossing the origin by obeying the

pseudo-scaling law [76].29 Therefore, the domain wall is not formed. We leave a further

study for future works.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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