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We show that the axion coupling to photons can be enhanced in simple models with a single Peccei–
Quinn field, if the gauge coupling unification is realized by a large kinetic mixing χ = O(0.1) between 
hypercharge and unbroken hidden U(1)H . The key observation is that the U(1)H gauge coupling should 
be rather strong to induce such large kinetic mixing, leading to enhanced contributions of hidden matter 
fields to the electromagnetic anomaly. We find that the axion–photon coupling is enhanced by about a 
factor of 10–100 with respect to the GUT-axion models with E/N = 8/3.
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1. Introduction

The axion, a, is a pseudo-Nambu–Goldstone boson associated 
with the spontaneous breakdown of a global U(1)PQ symmetry in 
the Peccei–Quinn (PQ) mechanism [1–4]. Not only does the axion 
solve the strong CP problem, but it can also explain dark matter 
[5–7], which makes it one of the well-motivated physics beyond 
the standard model.

The axion or axion-like particles have been searched for by nu-
merous experiments (see e.g. Refs. [8,9] for recent reviews). Many 
of the on-going and planned experiments exploit the axion cou-
pling to photons,

L = gaγ γ

4
aFμν F̃ μν, (1)

where Fμν is the photon field strength, and F̃ μν denotes its dual. 
Therefore, the expected region of the axion–photon coupling gaγ γ

for a given decay constant fa or axion mass ma is a very important 
input for such experiments.

The axion–photon coupling is induced by one-loop diagrams 
where those particles running in the loop have both electric and 
U(1)PQ charges. In fact, the coupling depends on the detailed struc-
ture of the PQ sector [10]. As an extreme example, one can con-
sider a clockwork (or aligned) QCD axion model [11–13], which 
include multiple PQ fields with a clockwork structure [14–18]. In 
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this case, the axion can have a coupling to photons [19] or hid-
den photons [12], which is exponentially larger than gluons. See 
also Ref. [20] for related topics. However, in simple models with a 
single PQ field, there is a preferred range of gaγ γ for a given fa

[21–23] (see black dash-dotted lines in Fig. 2). In this paper we 
limit ourselves to such simple models with a single PQ scalar 
whose expectation value is equal to the decay constant (up to the 
domain wall number, NDW ).

Another important motivation for physics beyond the standard 
model is grand unified theories (GUTs). In a non-supersymmetric 
GUT, however, the unification scale tends to be too low to satisfy 
the proton decay constraint, and moreover, the gauge couplings 
seem to fail unify at a single scale. One of the remedies for the 
gauge coupling unification is to add a massless hidden photon with 
a large kinetic mixing with hypercharge, U(1)Y [24]. According to 
the recent analysis using the two-loop renormalization group (RG) 
equations [25], the unification scale is shown to be at 1016.5 GeV 
and the required kinetic mixing is χ(mZ ) ≈ 0.37. Interestingly, the 
unification with a hidden photon is rather robust against adding 
visible or hidden matters [25,28]. This finding enables us to incor-
porate the axion into the framework in a consistent manner.

In this paper, we study the axion coupling to photons in a GUT 
scenario where a massless hidden photon has a large kinetic mix-
ing with hypercharge.1 Since the kinetic mixing between U(1)Y

and U(1)H is induced by one-loop diagrams with bi-charged par-
ticles running in the loop, it requires either many such particles 

1 See Refs. [26,27] for axion models in other GUT scenarios.
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and/or rather strong hidden U(1)H gauge coupling [25,28]. As we 
shall see, the large kinetic mixing and strong U(1)H gauge coupling 
enhance the electromagnetic anomaly, and the axion coupling to 
photons can be enhanced even in a simple model with a single 
PQ field. Such enhancement is advantageous for the axion search 
experiments utilizing the axion–photon coupling.

The rest of this paper is organized as follows. In Sec. 2, we esti-
mate the axion–photon coupling in the presence of hidden photons 
with large kinetic mixing and hidden matter fields charged under 
U(1)P Q . In Sec. 3, we show that the axion–photon coupling can be 
indeed enhanced in the GUT scenario with U(1)H . Finally, the last 
section is devoted to discussion and conclusions.

2. Axion coupling to photons and kinetic mixing

In this section, we show how the axion–photon coupling is 
modified in the presence of unbroken hidden gauge symmetry, 
U(1)H , which mixes with U(1)Y . First, let us review the standard 
case without U(1)H . We assume that the global U(1)PQ symmetry 
is spontaneously broken by a single complex scalar field φ whose 
PQ charge is set to be unity. The potential of φ is given by

V = λP Q

(
|φ|2 − v2

P Q

2

)2

, (2)

with λP Q > 0, and φ contains the axion in its phase component:

φ = v P Q + ρ(x)√
2

exp

(
i

a(x)

v P Q

)
. (3)

The radial field ρ(x) has a large mass of order v P Q , and it is irrel-
evant for our discussion.

The global U(1)PQ symmetry is assumed to be explicitly bro-
ken by the QCD anomaly. To this end one introduces heavy PQ 
fermions, ψ(i)

L and ψ(i)
R , which couple to φ as∑

i

φ ψ̄
(i)
L ψ

(i)
R + h.c. (4)

Here and in what follows we assign PQ charges 1 and 0 on ψ(i)
L

and ψ
(i)
R , respectively. We assume that the PQ fermions include 

PQ quarks charged under SU(3)C . Through one-loop diagrams with 
the PQ quarks running in the loop, the axion couples to the QCD 
anomaly,

g2
s

32π2 fa
a Ga

μν G̃aμν, (5)

where Ga
μν is the gluon field strength, G̃aμν is its dual, and fa =

v P Q /NDW is the decay constant of the QCD axion. In the above 
example, NDW is equal to the number of the heavy PQ quarks. The 
axion acquires a mass due to topological fluctuations of the gluon 
fields in QCD [29,30],

ma = 5.70(7)μeV

(
1012 GeV

fa

)
, (6)

which is inversely proportional to fa .
In general, the QCD axion also couples to photons through the 

electromagnetic anomaly and mixings with neutral mesons. The 
axion–photon coupling gaγ γ in Eq. (1) is given by [30]

gaγ γ = αEM

2π fa

(
E

N
− 1.92(4)

)
, (7)

where αEM is the fine-structure constant, and E and N are the 
electromagnetic and color anomaly coefficients given by
E =
∑

i

(Q (i)
EM)2 Q (i)

PQ, (8)

Nδab =
∑

i

Trλaλb Q (i)
PQ, (9)

where Q (i)
EM is the electric charge of ψ(i) , Q (i)

PQ the PQ charge of 
ψ

(i)
L , λa the generators for the PQ quarks under SU(3). For the 

fundamental representation of SU(3)C , we have N = 1
2

∑
Q PQ. The 

ratio of the electromagnetic and color anomaly coefficients, E/N , 
is equal to 8/3 if the PQ fermions form complete multiplets under 
SU(5)GUT, and equal to 0 if the PQ fermions do not carry any elec-
tric charges. So the axion–photon coupling is determined by the 
gauge coupling constant and the anomaly coefficients.

One can see from Eqs. (8) and (9) that E/N is enhanced if ei-
ther Q E M or Q P Q is large. As we shall see shortly, a large Q E M

is induced in a GUT scenario with hidden photons. On the other 
hand, in the clockwork QCD axion models [11–13], some of heavy 
PQ fermions have exponentially large Q PQ. Then, for appropriate 
charge assignment of the PQ fermions and interactions with the 
PQ fields, the axion–photon coupling can be enhanced [10,19]. 
Note that one needs asymmetry in the color and electric charge 
assignments in this case, since otherwise the enhancement due 
to exponentially large Q P Q would be canceled in the ratio E/N . 
This necessitates introduction of GUT-incomplete multiplets. In 
this sense, the above two scenarios are complementary to each 
other.

Next, we consider the effect of U(1)H and its kinetic mixing 
with hypercharge. In the original basis where the kinetic mixing is 
apparent, the kinetic terms of the hypercharge and hidden gauge 
bosons, A′

Yμ and A′
Hμ , are

LK = −1

4
F ′μν

Y F ′
Yμν − 1

4
F ′μν

H F ′
Hμν − χ

2
F ′μν

Y F ′
Hμν, (10)

where F ′
μν and F ′

Hμν are field strengths of U(1)Y and U(1)H , re-
spectively. Let us introduce a PQ fermion ψ(qY , qH ) charged under 
U(1)Y and U(1)H . The relevant part of the Lagrangian is

Lψ = −(kφ ψ̄LψR + h.c.)

+ ψ̄γ μ[qY g′
Y A′

Yμ + qH g′
H A′

Hμ]ψ, (11)

where g′
Y and g′

H are gauge couplings of U(1)Y and U(1)H in the 
original basis.

One can make the gauge bosons canonically normalized by the 
following transformation:

A′
Yμ = AYμ√

1 − χ2
, A′

Hμ = AHμ − χ√
1 − χ2

AYμ, (12)

LK = −1

4
F μν

Y FYμν − 1

4
F μν

H F Hμν. (13)

Then, in the canonical basis, the gauge interaction terms of ψ are 
given by

ψ̄γ μ(qY g′
Y A′

Yμ + qH g′
H A′

Hμ)ψ =
+ ψ̄γ μ[(qY − qeff)gY AYμ + qH gH AHμ]ψ, (14)

with

gY = g′
Y√

1 − χ2
, gH = g′

H ,

qeff = qH
χ√

1 − χ2

gH

gY
. (15)
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One can see that hypercharge gauge coupling gY in the canoni-
cal basis is larger than g′

Y in the original basis, while gH remains 
unchanged under the transformation. It is important to note that 
the hidden charged particle acquires an effective hypercharge qeff
in the canonical basis even if qY = 0. In this section we set qY = 0
for simplicity. (In the next section we also consider a case with 
qY �= 0.)

Due to the effective hypercharge, the hidden charged particle 
also contributes to the electromagnetic anomaly. Its contribution 
�E is

�E = q2
Hχ2

1 − χ2

g2
H

g2
Y

(16)

where the right-hand side is evaluated at the mass of ψ , mψ =
kv P Q /

√
2.2 Note that gaγ γ can be significantly enhanced for χ =

O(0.1) and qH gH = O(1). For instance, we obtain �E ≈ 23 for 
χ = 0.44, qH gH = 4.4 and gY = 0.45, where those values are mo-
tivated by the GUT scenario with mψ = 1016 GeV.

Lastly let us mention other interactions induced by the hidden 
charged PQ fermions,

gaγ γ ′

4
aFμν F̃ μν

H ,
gaγ ′γ ′

4
aF Hμν F̃ μν

H , (17)

with

gaγ γ ′ =
√

αEMαH

π fa

(
− 1

N

χ√
1 − χ2

q2
H gH

gY

)

gaγ ′γ ′ = αH

2π fa

(
1

N
q2

H

)
. (18)

Here we have defined αH = g2
H/(4π). We will briefly discuss im-

plications of the above axion–photon–hidden photon and axion-
hidden photon interactions in the last section.

3. Enhanced axion–photon coupling in GUT with U(1)H

We have shown that gaγ γ is significantly enhanced if both χ
and gH are large. In fact, such large χ and gH are essential for suc-
cessful GUT with U(1)H , as we shall see below. Here and in what 
follows we consider only complete multiplets under SU(5)GUT.

Firstly, a very large kinetic mixing is required by the gauge cou-
pling unification: the SM gauge couplings unify at around MGUT =
1016.5 GeV, if the kinetic mixing of χ(mZ ) ≈ 0.37, according to the 
analysis using the two-loop RGEs [25].3 The unification is essen-
tially determined only by χ(mZ ) and is insensitive to the size of 
gH nor the presence of visible and hidden matter fields at an in-
termediate scale [25,28].

Secondly, a rather large gH is required to induce such large ki-
netic mixing via loop diagrams involving bi-charged fields. To see 
this, let us introduce N f bi-charged matter fields, 
5i , which trans-
form as 5 under SU(5)GUT and has U(1)H charge of qH = −1. In 
order for 
5i to induce a large kinetic mixing at the GUT scale, 
one needs to pick up GUT-breaking effects because of the vanish-
ing sum of hypercharge in the GUT complete multiplets. After the 
GUT breaking, 
5i generically splits into SU(3)C triplet 
Di and 
SU(2)L doublet 
L̄i

, respectively;

2 In fact, �E is invariant at a scale below mψ under the RG running at the one-
loop level.

3 In the analysis using one-loop RG equations [24,28], the unification scale was 
around 1017 GeV with χ(mZ ) ≈ 0.4.
Fig. 1. The RG running of the gauge coupling constants. We take χ(mZ ) = 0.365, 
αs(mZ ) = 0.1185 and mt (pole) = 173.34 GeV. (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)

−L ⊃
N f∑
i=1

(
M5
5i 
5i + k
5i 〈�24〉
5i

)

=
N f∑
i=1

(
MD
Di 
Di + ML
L̄i


L̄i

)
, (19)

where M5 ∼ MGUT, �24 is a GUT breaking Higgs, gGUT is a coupling 
constant of SU(5)GUT, and MD and ML are masses of 
Di and 
L̄i

, 
respectively. Then, the induced kinetic mixing at one-loop level is 
estimated as

χ(MGUT) ≈ 0.12N f

( gGUT

0.53

)
×

[
gH (MGUT)

4π

][
ln(MD/ML)

ln 4

]
. (20)

We see that N f = O(1) and gH (MGUT) ∼ 4π induces the kinetic 
mixing of χ(MGUT) = O(0.1) with a slight mass splitting between 
MD and ML .4

The RG runnings of the gauge coupling constants at the two-
loop level are shown in Fig. 1. We take χ(mZ ) = 0.365 and 
αs(mZ ) = 0.1185. The black solid lines show the RG runnings of 
the SM gauge couplings, α′

1, α2 and α3 from top to bottom, where 
the normalization of U(1)Y is taken as 4πα′

1 = (5/3)g′
Y

2. We see 
that the SM gauge couplings unify at around 1016.5 GeV. The blue 
dotted and red solid lines show the running of the hidden gauge 
coupling in the following cases (i) and (ii), respectively;

Case (i) : L ⊃ −
[√

2φ(ψ5Lψ5R + ψ H LψH R) + h.c.
]
,

Case (ii) : L ⊃ −
[√

2φψ
b
5Lψ

b
5R + h.c.

]
, (22)

4 With the mass splitting, we also have threshold corrections to the gauge cou-
pling constants as

[
�α−1

3 − �α−1
2

]
MGUT

� N f

6π
ln(MD/ML),

[
�α−1

1 − �α−1
2

]
MGUT

� 2N f

15π
ln(MD/ML),

[
�α−1

3 − �α−1
1

]
MGUT

� N f

5π
ln(MD/ML). (21)

For a certain range of the parameters, the threshold corrections remain so small 
that their effect on the estimated χ is negligible, while the required χ = O(0.1) is 
realized.
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Fig. 2. The predicted axion–photon couplings as a function of the axion mass and 
experimental constraints. The sensitivity reaches of future experiments are shown 
as dashed-lines.

where ψH is a hidden matter field with a charge of qH = 1, which 
is a SM gauge singlet; ψ5(0) and ψb

5 (−1) transform as 5 under 
SU(5)GUT and their U(1)H charges are shown in the parenthe-
ses. (The superscript ‘b’ means bi-charged.) In the figure we set 
v P Q = fa = 1012 GeV, and adopted the largest possible gH avoid-
ing the Landau pole below the GUT scale in each case. Note that 
the RG runnings of the SM gauge couplings are (almost) same in 
both case (i) and case (ii).

With the large χ and gH motivated by the GUT with U(1)H , the 
axion–photon coupling gaγ γ is significantly enhanced. In Fig. 2, we 
show the predicted gaγ γ in the cases (i) and (ii), as well as experi-
mental/astrophysical constraints. As in the previous figure, we take 
χ(mZ ) = 0.365. The hidden gauge coupling, gH , is taken as the 
largest possible value for a fixed fa , avoiding the Landau pole be-
low the GUT scale. The blue dotted (red solid) line corresponds 
to the case (i) (case (ii)), where the mass of the matter fields are 
set to be fa . Interestingly, some part of the predicted region is al-
ready excluded by the ADMX experiment [31,32], and a large frac-
tion of the region will be tested by future axion haloscopes such 
as ADMX [33], CULTASK [34], MADMAX [35], ABRACADABRA [36], 
whose sensitivity reaches are also shown in the figure. Also, a 
broader axion mass region will be covered by the next generation 
axion helioscopes; the sensitivity reach of IAXO [32,37] is shown 
as the light blue dashed line.

For comparison, the predicted gaγ γ in the usual case without 
U(1)H are also shown (E/N = 8/3 and E/N = 0). Here, E/N = 8/3
corresponds to the case with L ⊃ −√

2φ(ψ5Lψ5R + h.c.), which 
preserves the gauge coupling unification. We see that gaγ γ in 
the case (ii) is enhanced by about a factor 10–100 for fa =
1010–1016 GeV compared to the case of E/N = 8/3.

Finally, we provide the approximate fitting formula for gaγ γ in 
the case (ii);

log10(gaγ γ /GeV−1) � [−8.9954 + 0.8862x

− 0.0255x2 − 0.00285x3
]
, (23)

where x = log10(ma/eV). The fitting formula is applicable in the 
range, 5.0 × 10−10 eV ≤ ma ≤ 0.1 eV.

4. Discussion and conclusions

We have shown that the axion coupling to photons can be en-
hanced in a simple model with a single Peccei–Quinn breaking 
field, if the gauge coupling unification is realized by a large ki-
netic mixing between hypercharge and unbroken hidden U(1)H . 
The U(1)H gauge coupling should be rather strong to induce the 
large kinetic mixing (see Eq. (20)). Consequently, matter fields 
charged under U(1)H significantly contribute to the electromag-
netic anomaly: the axion–photon coupling is enhanced by about 
a factor 10–100 for fa = 1010–1016 GeV, which can be tested in 
on-going and future experiments.

The lightest hidden or PQ fermion charged under U (1)H car-
ries a large electric charge, and it is stable due to gauge invariance. 
The cosmological abundance of such exotic particles is tightly con-
strained by observations (see e.g. [38]), and therefore, we need to 
make sure that their production is sufficiently suppressed in the 
early Universe. The simplest solution is to assume that the reheat-
ing temperature is much lower than the mass of the exotic particle. 
In this case, the PQ symmetry is already broken during inflation, 
and the axion relic abundance is determined by the misalignment 
mechanism.

Let us comment on possible effects of gaγ γ ′ and gaγ ′γ ′ . For the 
kinetic mixing χ ≈ 0.37 required for the successful gauge coupling 
unification, these couplings are related to gaγ γ as |gaγ γ ′ |/gaγ γ �
5–6 and gaγ ′γ ′/gaγ γ � 8–9 for fa = 1010–1016 GeV. The coupling 
gaγ γ ′ contributes to extra stellar cooling through plasmon decay. 
This is analogous to the stellar cooling due to neutrino dipole mo-
ment [39]. The constraint is given by gaγ γ ′ �O(10−9) GeV−1 [40], 
which can be translated to gaγ γ � O(10−10) GeV−1. This limit is 
not as stringent as the CAST bound, and so, this argument does 
not affect our results. Recently, it was pointed out in Refs. [41,42]
that the other coupling, gaγ ′γ ′ , potentially suppresses the axion 
abundance via explosive production of hidden photons. According 
to the lattice calculations with fa = 1016 GeV [42], the axion abun-
dance is modified for gaγ ′γ ′ � 10/ fa and the suppression factor 
is at most of order 102 for gaγ ′γ ′ ≈ 200/ fa . Such large coupling 
to hidden photons is easily realized in the clockwork QCD axion 
models [11–13], but not in simple models with single PQ field. 
Therefore, explosive hidden photon production does not take place 
in our set-up.
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