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1 Introduction

Topological couplings provide a unique opportunity to connect the far UV and IR dynamics
of theories. In general, even if the UV theory is simple, the IR dynamics can be very
complicated, as exemplified by the rich structure of nuclear physics that arises from the
relatively simple QCD Lagrangian. Topological couplings, however, are unaffected by
such dynamics and are invariant under renormalisation group flow. If the UV theory is
simple then this provides restrictive constraints on the topological interactions in the IR
with direct experimental consequences. The axion-photon coupling is extremely important
for experimental searches (see [1–4] for a review) and gets a UV contribution from a
quantised anomaly coefficient which is a topological quantity [5]. There are additional
mixing contributions to the coupling that come from working in a canonical basis of mass
eigenstates, but this mixing is calculable in the IR given a mass generation mechanism for
the axion [6, 7]. In this paper we study the restrictions on axion-photon couplings in Grand
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Unified Theories (GUTs). The axion-photon coupling is particularly relevant as the majority
of experimental searches for axions aim to detect axions through this coupling [8–21].

Axions are compact bosons with a discrete gauged shift symmetry. In this context it is
very useful to interpret axions as “0-form” gauge fields, and the shift symmetry as a large
gauge transformation. This language highlights the topological nature of axions. The axion
couplings to gauge fields are Chern-Simons like couplings which are topological quantities,
and we show in section 2 that these couplings are quantised. Axions are compelling new
physics candidates, motivated from the bottom-up perspective by their role in solving
the strong CP problem [6, 7, 22–26] and dark matter [27–29], as well as from top-down
constructions in string theory where they are ubiquitously present [30–32].

The QCD axion [6, 7] is a particularly well-motivated axion, which couples anomalously
to QCD. If QCD instantons dominate over the other contributions to the axion potential,
then by the Vafa-Witten theorem [33] the axion potential is minimised when the CP violating
phase θ̄ is set to zero, dynamically solving the strong CP problem. This also leads to a
relationship between the mass of the QCD axion and its coupling to gauge bosons. In
particular the coupling of the QCD axion to photons is [34]

gaγγ
ma

= αem
2π

√
z + 1√

z

mπfπ

(
E

N
− 1.92

)
, z = (mu/md) . (1.1)

The rational number E/N which represents the ratio of the anomaly coefficients to photons
and gluons. This line in gaγγ–ma space is known as the QCD line. For the purposes of
experiments which search for the axions via the anomalous photon coupling, the QCD axion
is effectively a one parameter model.

In addition to the QCD axion there could be other (ultra)light axions that can couple to
photons, referred to as axion-like particles (ALPs). ALPs generally do not have low-energy
instanton contributions as in the case of QCD axion, and the dominant contribution to
their mass arises from the breaking of their continuous shift symmetry by UV effects [35].
Such effects are thought to be unavoidable in theories of quantum gravity [36], but they
can be exponentially small [37]. ALPs may therefore have much smaller masses than the
QCD axion and have a coupling to photons which is independent of their mass. This has
motivated a broad search for ALPs with photon coupling and mass off the QCD line [38],
often in the low-mass region of parameter space. We show that if the Standard Model (SM)
is unified in the UV, however, the ALPs coupling to photons is generated by mechanisms
that are correlated with the mass for the axion and points to a preferred region of ALP
parameter space where gaγγ/ma is smaller than the QCD axion expectation.

Grand Unification remains one of the most compelling UV completions that explains
some of the features of the SM by embedding the SM gauge fields in a simple group at some
high energy scale [39, 40]. This framework provides an explanation for the SM quantum
numbers and the relative size of the gauge couplings in the IR. As we will show in this
paper, it also has strong implications for axion phenomenology. The underlying reason for
this is that the couplings of axions to gauge bosons are determined by anomaly coefficients,
which are necessarily quantised and dictated by gauge quantum numbers in the UV.
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The requirement that all of the SM gauge groups unify in the UV requires that the
axion must couple anomalously to all gauge bosons or none at all. In the limit where
mass mixing between axions can be ignored there is a single axion — the QCD axion —
which couples to photons as well as gluons, and all other ALPs are fully decoupled (barring
derivative couplings to fermions, as we discuss below). The QCD axion anomalously coupled
to the GUT gauge group follows equation (1.1) with the ratio E/N fixed by the structure
of the GUT gauge group.1 We discuss the GUT prediction for the phenomenology of the
QCD axion in section 3.

Any axion with mass and coupling not on the QCD line we refer to as an ALP. Once
effects of mass mixing are considered an ALP can inherit a coupling to the photon through
the ‘QCD axion portal’. In this case, in the absence of tuning, a light ALP b will have
couplings to gauge bosons which are suppressed by m2

b/m
2
QCD. Thus we see that through a

completely different mechanism, an ALP in these theories still has a correlation between
its mass and photon coupling. If an ALP does not couple through mixing with the QCD
axion, it can pick up a coupling to the photon if it is itself charged under the GUT gauge
group (but neutral under the surviving SM group), as is the case in composite axion
models [42–45]. In this case it will pick up a perturbative mass from GUT interactions,
analogous to the electromagnetic contribution to the charged pion masses. In section 4 we
determine the photon coupling of ALPs generated through each of these two effects as well
as the implications of additional dark photons mixing with the SM photon. We show that
the coupling of ALPs to photons is necessarily weaker than that of the QCD axion for the
same mass, in the parameter space to the right of the QCD line.

ALP-fermion couplings are not quantised and are therefore not suppressed in GUTs,
implying that experiments that search for ALPs through their fermion couplings [46, 47]
may be promising methods to search for ALPs in the context of GUTs, which are discussed
in section 5. Assuming flavour-conserving couplings, the ALP coupling to electrons in
astrophysical systems turns out to give the most stringent bounds on the ALP parameter
space. Flavour-violating couplings, if present, can also place strong constraints on the ALP
decay constant in laboratory experiments [48–50]. We show that, remarkably, while axion-
mediated forces are unsuppressed for the QCD axion, for light ALPs the monopole-dipole or
the monopole-monopole interaction is strongly suppressed. The experimentally interesting
monopole-dipole forces can distinguish between the QCD axion and ALPs in GUTs.

The main result our work highlights is that the phenomenology of the QCD axion
and additional ALPs is strongly constrained in GUT theories. Axions therefore give us a
low-energy handle to probe grand unification in table-top experiments [47, 51, 52] and in
the sky [31, 53]. The traditional experimental strategy to look for GUTs is to search for
the decay of protons into mesons and anti-leptons. The current limit on the life-time of the
proton: τ > 2.4× 1034 yr [54] constrains the GUT scale to be MGUT & 2× 1016 GeV. The
bound on the life-time is expected to be improved by a factor of around 10 at Hyper-K [55],
which results in only a factor of ∼ 2 in the reach for MGUT. Our results imply that a

1The minimal GUT prediction E/N = 8/3 was noted long ago [41]. The anomaly ratio can take more
general values in GUT theories where the SM is non-trivially embedded. See appendix A.
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discovery of a light ALP with gaγγ/ma larger than the QCD prediction can potentially
determine if the SM gauge groups are unified in the UV. ALP searches can then give us a
novel experimental handle on GUTs.

In the literature the term GUT applies more widely to theories which only partially
unify the SM gauge groups. We discuss these theories in section 6 and find that the
possibility of finding a light ALP in these theories is correlated with sacrificing some of the
predictions of GUTs — namely, charge quantisation, the prediction of the weak mixing angle
and non-existence of exotic fractionally-charged states — although this is somewhat model
dependent. Another important class of related theories are GUTs in higher dimensions,
where unification and compactification of extra dimensions have interesting interplay. These
theories, known as orbifold GUTs [56–61] and related string theoretic scenarios will be
studied in more detail in upcoming work.

It is worth comparing the results in this work with previous literature on axions and
GUTs, which has focused on the dynamical aspects of unification such as β functions, matter
representations, the GUT scale and axion mass. In [62], the emphasis was on possible
representations of the SM that can lead to perturbative unification. In the models of [63–68],
the GUT scale was tied to the axion decay constant.2 Our work focuses on the topological
aspect of axion couplings, and is directly tied to charge quantisation in GUTs. Thus it is
complementary to the dynamical details of the theory such as the scale of PQ breaking or
patterns of GUT symmetry breaking.

2 Quantisation of axion couplings

The central idea underlying our analysis is the fact that axion couplings to gauge bosons are
quantised, and can be anomaly matched between the UV and the IR [72, 73]. In this section
we review the arguments that show that the couplings of an axion to a gauge boson are
quantised.3 The effects of possible kinetic and mass mixing will be studied in subsequent
sections and form the bulk of our analysis which shows that the coupling and mass for
ALPs are correlated in unified theories.

The axion is defined as a compact scalar a, or equivalently a pseudoscalar field with a
discrete gauge symmetry a ' a+ 2πFa. In many examples, the compactness of the axion
follows from its role as the Goldstone boson when a compact global Peccei-Quinn symmetry
U(1)PQ is spontaneously broken. In other cases it arises from dimensional reduction of a
gauge theory with a compact gauge group. It is useful to think of the discrete shift of the
axion as a large gauge transformation for a 0-form gauge field. The quantisation of axion
couplings then follows similar logic to the quantisation of U(1) gauge charges.

Anticipating our discussion of GUTs, we start with an example of a single axion
coupled to a gauge field G associated with a simple group G, and review the quantisation
of axion couplings to gauge groups. The axion-photon coupling is intimately related to

2See also [69–71] for connections of PQ symmetry to GUTs in a different context.
3In [74] the question of quantisation of axion couplings with photons is revisited, however the coupling

to non-Abelian gauge bosons is still assumed to be quantised. We will not have anything to add to the
discussion in this paper.
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the Wess-Zumino-Witten term in the chiral Lagrangian, or the Chern-Simons couplings of
gauge bosons in odd-dimensions. The Lagrangian describing an axion anomalously coupled
to the gauge group G is

L = −1
4G

a
µνGµν,a + 1

2∂µa∂
µa+A a

Fa

αGUT
8π G

a
µν G̃µν,a (2.1)

where G̃µν = 1
2ε
µναβGαβ . The parameters α and Fa are not topological and are sensitive to

geometry and dynamical effects such as RG running. The anomaly coefficient, A, however,
is quantised and by the usual arguments of anomaly matching transmits information from
the UV to the IR unpolluted by intervening physics.4 In this section we review one general
argument that shows this quantisation of the axion-photon coupling.

A concise way to see the quantisation of the axion photon coupling is by analogy
with Chern-Simons theory in odd dimensions. If we put the 4D theory in Euclidean space
on S4 by adding a point at infinity to R4, on a constant axion background the action is
proportional to the winding number of the gauge field configuration∫

S4

αGUT
8π G

a
µν G̃µν,a = n ∈ Z. (2.2)

The hallmark of a Chern-Simons action is that it is not gauge-invariant (in this case under
the discrete gauge symmetry of the axion, a→ a+ 2πFa),

I[a+ 2πFa] = I[a] + 2πnA . (2.3)

However, it is gauge invariant modulo 2π, and hence can be used as a quantum action,
exp(iI) in the path integral for A ∈ Z.

The discussion above can easily be generalised to include multiple massless axions. If
there is a set of global U(1) symmetries anomalous5 under G that are realized non-linearly by
axions, the U(1) symmetries can always be redefined so that only one of them is anomalous
under G. We will call this symmetry U(1)PQ. This sort of redefinition is very similar to the
case of the baryon and lepton numbers in the SM. The U(1)B and U(1)L symmetries are
each anomalous with respect to SU(2)ew, but can be redefined into U(1)B−L and U(1)B+L
symmetries, of which only U(1)B+L is anomalous. In a similar way, we can choose a linear
combination of the U(1) symmetries such that only U(1)PQ will be anomalous under G.
When U(1)PQ is spontaneously broken the corresponding axion will saturate the anomaly
and other axions will remain decoupled from gauge fields. This is consistent with our
discussion above of quantisation of couplings — only one axion a couples to G with a
non-zero integer A ∈ Z, and all other axions bi couple with the integer Abi

= 0.
This is a rather strong statement, so it is worth emphasizing the assumptions under

which this is true.
4Equation (2.1) is defined in a basis where the determinant of the fermion mass matrix is real. It can be

defined in more physical terms using the axion to photon decay amplitude, see discussion in [75].
5Technically these global symmetries are broken since the associated current has an ABJ anomaly with

a dynamical gauge field. We will continue to use the term anomalous for such symmetries, since we are
interested in matching the anomalies in weakly coupled regimes for the SM gauge fields. Similarly, breaking
of the global U(1) symmetries by quantum gravitational effects will be negligible for the cases of interest.
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• We have not included the effects of axion mass terms or kinetic mixing, which can
generate mixing between axions. When these effects are included an ALP b with
vanishing anomaly coefficient may couple to GG̃ through mixing with the state a.

• The axion is assumed to be neutral under the full GUT gauge group G. If an axion is
charged under G there may be multiple axions coupled to photons. The GUT charge
however implies that the axion picks up a perturbative mass from GUT dynamics.

• In our analysis in this paper, we assume a simple unified gauge group G. We study
the implications of relaxing this assumption in section 6 within 4D field theories. The
interplay of axions and grand unification in higher dimensional GUTs will be studied
in a follow-up paper.

In each of these cases, we find that the ALP mass and coupling to photons are correlated,
and in specific cases lead to concrete targets in the ma–gaγγ plane. In particular, we
find that

gbγγ
mb
� αem

2π
1

mπfπ
(2.4)

is not possible in 4D GUT theories unless there is very finely tuned cancellation in contri-
butions to the axion mass.

3 GUT predictions for the QCD axion

In this section we review the predictions for the couplings of the axion a anomalously
coupled to a simple GUT group G in the UV which contains the SM. This corresponds
to the well-known case of the QCD axion which solves the strong CP problem. After
spontaneous symmetry breaking (SSB) of G and SU(2)ew the axion will have couplings to
gauge bosons given by:

AαGUT
8π

a

Fa
Gµν G̃µν →

a

Fa

[
αem
8π E Fem,µνF̃

µν
em + αs

8πN GaQCD,µνG̃
a,µν
QCD

]
. (3.1)

The anomaly coefficients E and N are rational numbers that set the axion coupling to
photons and gluons respectively and are fixed by the embedding of the SM into G. In the
low-energy theory the Lagrangian is parameterised as

L = a

fa

αs
8πG

a
QCD,µνG̃

a,µν
QCD + 1

4gaγγaFem,µνF̃
µν
em , (3.2)

where

gaγγ = αem
2πfa

(
E

N
− 1.92

)
. (3.3)

For the simplest embedding — where the SM gauge group is contained in an SU(5) subgroup
of G — the ratio is fixed to be E/N = 8/3 (see appendix A for the more general case).
Thus simple GUTs make a sharp prediction for the relative couplings of the QCD axion
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to photons and gluons. The axion-gluon coupling produces a mass for the axion through
QCD effects

mQCD = t , z = (mu/md). (3.4)

Requiring a solution to the strong CP problem implies that this dominates the mass of the
axion, giving a one-to-one relationship between the axion-photon coupling and the axion
mass, defining the QCD line for the GUT axion.

The coupling in equation (3.3) is a combination of an anomaly coefficient and a
calculable component from mixing of the axion with mesons and is independent of whether
the PQ spontaneous symmetry breaking scale is above or below the GUT scale. The U(1)PQ
current divergence above the scale of PQ and GUT breaking is

∂µJPQ
µ = AαGUT

8π Gµν G̃
µν= A 1

8π
(
α3k3GG̃+ α2k2WW̃ + α1k1BB̃ + . . .

)
, (3.5)

where in the last step we have isolated the SM gauge boson contributions using the broken
phase notation above the GUT scale. The coefficients ki stand for the index of embedding
of the i-th group. In the spontaneously broken phase, the anomalous variation of the
effective action under the PQ symmetry arises from the shift of the axion in the terms in
equation (3.1). This is analogous to the WZW term in the QCD chiral Lagrangian that
matches the EM anomaly of the neutral component of the chiral current. Note that the
running of the coupling constants, αi, does not affect the quantized coefficients ki. Thus,
it is unavoidable that the GUT singlet axion — that is, an axion coming from a U(1)PQ
commuting with G — couples to both photons and gluons in either case, MGUT > fa
or MGUT < fa.

The prediction of a one-to-one correspondence between the axion mass and photon
coupling described by equation (3.3) can in general be altered by introducing new sources
of U(1)PQ symmetry breaking. However these same terms will generically spoil the solution
to the strong CP problem. QCD generates a potential for the axion of the form

VQCD(a) ' f2
πm

2
π

(
1− cos

(
a

fa
+ θ̄

))
. (3.6)

This potential explicitly breaks the shift symmetry of the axion and dynamically sets the
effective θ-angle, defined as

θeff ≡
〈a〉
fa

+ θ̄ , (3.7)

to zero. If there are additional terms which break the U(1)PQ symmetry they will generically
lead to θeff 6= 0, and therefore must be strongly suppressed relative to the QCD contribution
to the potential in order to satisfy the severe constraints from experimental searches of
neutron EDMs [76]:

θeff . 10−10 . (3.8)

For the axion solution to the strong CP problem to be retained, any U(1)PQ breaking
contributions to the potential must either be strongly subdominant to the QCD contribution

– 7 –



J
H
E
P
1
0
(
2
0
2
2
)
1
4
1

or aligned with the QCD vacuum. In subsections 3.1 and 3.2 we discuss possible sources of
additional U(1)PQ breaking but ultimately argue that these terms must be negligible. For
this reason we neglect such terms in the remainder of this work.

3.1 Additional instantons

One way additional sources of PQ breaking can arise is if there are additional confining
gauge groups G′ embedded in G. The QCD axion will couple to the G′ gauge group through
the term

L ⊃ Nh
a

Fa
G′G̃′ , (3.9)

where Nh is an anomaly coefficient. After confinement, G′ instantons will generate a
potential for the axion of the form which will generically be offset by an angle δ from the
QCD vacuum:6

∆V (a) = N

Nh
Λ′4

(
1− cos

(
Nh

a

Fa
+ θh

))
,

δ = N

Nh
θh − θ̄ ,

(3.10)

where the factors of N,Nh in the potential and definition of δ are included for convenience.
The bounds on θeff require that

Λ′4 sin(δ′)
m2
πf

2
π + Nh

N Λ′4 cos(δ′)
. 10−10, (3.11)

where δ′ = Nhδ/N , requiring any contributions to the axion potential that are not aligned
with the QCD vacuum to be exceptionally small relative to the QCD terms. Assuming
a misalignment angle δ ∼ O(1) the quality problem can be restated in terms of the
contributions to the axion mass as:

m′2

m2
QCD

. 10−10 . (3.12)

If δ is sufficiently small then these additional contributions can be consistent with θeff ' 0
while giving a large mass to the QCD axion. This has the effect of moving the QCD axion
off the QCD line towards the right while preserving the ratio of couplings to gluons and
photons. The misalignment angle δ vanishes above the GUT scale due to the unification of
the SM with G′, but can run and become O(1) at low energies depending on the matter
content of the model.

3.2 Perturbative contributions

One can also consider the effect of explicit PQ-breaking operators [78]

∆Vn(a) ∼ cn
Fna
Mn−4
P

eia/Fa + h.c. . (3.13)

6Similar potentials are also generated if G′ is spontaneously broken at a high scale [77] with a possible
chiral and exponential suppression due to a weak gauge coupling.
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These operators generate a mass for the axion of order

m′
2 ∼ cn

Fn−2
a

Mn−4
P

. (3.14)

If the potential terms (3.13) have a minimum which is misaligned with respect to the QCD
vacuum by an angle δ ∼ 1 then the mass generated by these operators must satisfy the
bound (3.12), meaning these contributions must be forbidden up until large n. One way
to forbid the lower n operators is to impose a ZN symmetry under which Φ is charged
non-trivially [78, 79]. This forbids all operators (3.13) for n ≤ N and therefore improves
the ‘quality’ of the global PQ symmetry. In any case, we again retain the prediction of the
ratio of gluon-photon couplings.

PQ-violating operators may also alter the predictions above by shifting the ratio E/N .
At dimension 6 there is an operator of the form:

c

Λ2 ΦTr[ΣGG̃] + h.c. (3.15)

where the scalar Σ is an adjoint field taking a non-zero VEV in the hypercharge direction,
and Φ is the complex scalar, the phase of which is the axion. We expect that these operators
are suppressed by Λ at the Planck scale or perhaps below if the fundamental scale lies
between MGUT and the MP (see for example [80]). As a concrete example, for SU(5) the
adjoint VEV reads

〈Σ〉 ∝ diag(−1/3,−1/3,−1/3, 1/2, 1/2) . (3.16)

This operator induces a shift to the previously obtained predictions by inducing an axion
coupling to photons of size gaγγ ∼ cαem

〈Σ〉
Λ2 . For axions that do not couple to GUT bosons

through an anomaly, this could lead to an observable photon coupling. However, this
operator necessarily breaks the axion shift-symmetry and induces a perturbative mass for
the axion which can be estimated as:

m2 ∼ cα2
GUTΛ3/Fa . (3.17)

where we have assumed the cutoff of the theory at Λ. Different UV completions can affect
this estimate, but not change the overall conclusion that the ALP gets a large perturbative
mass contribution. For the ALP to be light c must be very small, severely suppressing the
contribution to the axion-photon coupling. This could happen naturally if the operator in
equation (3.15) is generated by non-perturbative effects and comes with an exponential
suppression factor.

3.3 Discrete symmetries, mirror worlds and clockwork

The strong-CP problem may also be solved using discrete symmetries. The simplest example
of this is the Nelson-Barr mechanism [81, 82] using P and CP discrete symmetries. In
this case, the axion can be heavy and decoupled without affecting the solution to the
strong-CP problem.

In cases where the axion and a discrete symmetry together solve the strong-CP problem,
the axion mass may be larger or smaller than that predicted by QCD. In [83, 84] a ZN
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symmetry relating different copies of the SM (mirror worlds) was shown to lead to a light
QCD axion. In these models the axion mass scales as ma

mQCD
∼ 1

2N/2 , with N the number of
SM copies or GUT-like sectors. The gauge group in these models is

G1 × . . .×GN (3.18)

where the SM is embedded into one G factor. A QCD axion which is much lighter than
mQCD then requires a large number of SM copies and these copies must not be unified
with the SM.7 The contribution to the axion potential from new, UV instantons of the
mirror world can also be aligned respect to QCD by using discrete symmetries. This has
led to different models [85–88] where the axion is substantially heavier than usual while
still solving the strong CP problem.

A different mechanism that has been proposed to increase the QCD axion coupling
to photons, mimicking an ALP, is the clockwork mechanism [72, 89–91]. This mechanism
works by introducing n+ 1 complex scalars φi and n+ 1 U(1) symmetries, with scalar φi
charged under the symmetries (U(1)i,U(1)i+1) with charge (1, q). The scalars at either
end of the chain, φ0 and φn, couple to fermions charged under different gauge groups,
e.g. QCD and EM respectively. The U(1) symmetries are broken to a diagonal U(1)PQ
symmetry under which the nth scalar has PQ charge qn. Since the fermions which generate
the electromagnetic anomaly couple only to φn and the fermions which generate the QCD
anomaly couple to φ1 then the ratio of anomalies scales like

E

N
∝ qn , (3.19)

leading to an exponential hierarchy in the anomaly coefficients. This enhancement clearly
relies on coupling the fermions that generate the electromagnetic and color anomalies to
different scalars, which is not possible if the SM is unified and the fermions form complete
GUT multiplets.

We see that while the examples provided in this subsection increase the ratio gaγγ/ma

without breaking PQ symmetry, none of them is compatible with a simple gauge group in
the UV.

3.4 Measuring the QCD axion couplings

A measurement of gaγγ for the QCD axion will tell us the value of the ratio E/N , so
can provide an indirect probe of grand unification. As above, for a level one embedding
GUT theories predict E/N = 8/3. Extracting this ratio will be the most immediate target
following any discovery. Measuring this ratio precisely is experimentally challenging, but a
measured value far from the GUT prediction will be strongly at odds with unification, even
with a large experimental uncertainty.

The measurement of this coupling is an interesting experimental question. If the axion
decay constant is fa ' 1012 GeV, then the axion lies in the band of currently operating

7Further unification of the different Gi factors in (3.18) into a simple group reveals the fact that an
axion transforming non-trivially under the ZN necessarily carries GUT charge. Such possibility leads to a
(potentially large) perturbative mass for the axion, as will be shown in section 4.2.
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cavity resonance haloscopes [92–94]. The sensitivity of axion haloscopes is set by the limited
time that the resonant cavity is tuned to a specific mass. Upon discovery, a large amount
of data at the axion mass can be gathered, which can measure the rate of axion-photon
conversion to a high precision. The rate is proportional to,

Pa→γ ∝ ρag
2
aγγ , (3.20)

where ρa is the local axion density [9, 10]. The narrow bandwidth of the cavity means
that the resonance condition corresponds to a precise measurement of the axion mass.
Thus, haloscopes are in a position to measure the ratio gaγγ/ma to test equation (1.1).
Unfortunately the quantity ρa is difficult to estimate even if we assume the axion makes up
all of dark matter (DM), as the local DM density is not known precisely [95–102]. This
presents a challenge to using QCD axion couplings in this way as a precision test of GUTs.
It will be interesting to consider the possibility of identifying a sub-component of DM with
a more accurate local density prediction, such as axions trapped within the Earth’s or Sun’s
gravitational basin [103, 104]. Even if it is a subdominant component, it is possible that it
can be differentiated from the halo dark matter through velocity measurements [105], and
that the haloscope sensitivity may be enough to extract a measurement of gaγγ .

Another class of proposed haloscope experiments look for axion DM through its coupling
to gluons to measure a time-dependent oscillating electric dipole moment (EDM). These
experiments are a way to measure the axion abundance, but are limited by theoretical
uncertainties on nuclear matrix elements which are only known to about 30% [106]. Another
potential challenge, depending on the value of fa, is that the EDM experiments and the
photon experiments may not both be sensitive to the QCD axion however a region of overlap
does exist. If the axion exists in this overlap region more precise calculations of the matrix
elements can break the degeneracy between the couplings and the local DM density. Other
observables which use derivative axion couplings do not help since these couplings are not
quantized and undergo renormalization.

We see that GUTs provide a very precise target for the QCD axion, but utilizing the
relation between the photon and gluon coupling to test aspects of unification is experimentally
challenging. It will be interesting to develop other strategies that can measure and test the
quantized couplings after an initial discovery.

4 GUT prediction for axion-like particles

In this section we consider the possibilities for generating an axion-photon coupling for
axions which have vanishing anomaly with G. This can occur through mass or kinetic
mixing of axions, axions charged under G or mixing between GUT gauge bosons and a
hidden gauge sector. For the case of axion mixing we find that while it is possible to
have a light ALP, the ALP coupling to photons is suppressed proportional to the squared
ALP mass in the low-mass limit. Charged ALPs receive contributions to their mass from
integrating out heavy gauge bosons or additional instantons and generically must be heavier
than m & 1 GeV to satisfy current experimental constraints. Kinetic mixing of gauge
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bosons generates an ALP-photon coupling which is proportional to the (small) mixing
parameter ε2 . 10−8.

Unification of the SM in the UV therefore rules out the possibility of very light ALPs
with experimentally accessible couplings to photons in the absence of tuning. This points
to a preferred region of parameter space at masses greater than the QCD axion expectation
for ALP searches which rely on the photon-coupling. ALP couplings to fermions are
unsuppressed, however, so experiments [46, 47] which probe ALP couplings to SM fermions
offer a promising avenue to search for light ALPs in GUT theories. In this way, GUT
theories can naturally lead to an ALP phenomenology similar to the case of the photophobic
ALP [107, 108].

4.1 ALPs through the QCD axion portal

If the U(1)PQ symmetry8 mixes with other global U(1) symmetries then it is possible for
some axions to couple to photons without obeying equation (1.1). This manifests itself as
mass mixing in the axion potential, which for N axions ai is given by

V (ai) =
(

N∑
i=1

ai
fi

)
GG̃ + 1

2M
2
ijaiaj . (4.1)

The axions may also mix kinetically, but after redefining fields to move to a basis where
the axion kinetic terms are canonical the effects of kinetic mixing are included in the
potential (4.1) if we allow arbitrarily large decay constants [73, 109]. In order to not
introduce a quality problem there must be a U(1) subgroup of U(1)PQ ×

∏
i U(1)i that

remains unbroken except due to QCD effects, which is true if the M2 matrix has a
zero eigenvalue.

An illustrative example is the case of two mixed axions with potential

V (a1, a2) =
(
a1
f1

+ a2
f2

)
GG̃ + 1

2m
2
2a

2
2 . (4.2)

After QCD confines the mass terms in the potential are:

Vmass = f2
πm

2
π

2

(
a1
f1

+ a2
f2

)2
+ 1

2m
2
2a

2
2 , (4.3)

and the coupling to QCD induces mass mixing between a1 and a2. In this case we find that
there is always a QCD-like axion a with a mass and photon coupling set by feff , where

1
f2

eff
= 1
f2

1
+ 1
f2

2
, (4.4)

and a second mass eigenstate b which may be lighter or heavier depending on the value
of m2

2.
In the limit m2 � fπmπ/max(f1, f2), the QCD axion is identified with

a

feff
' a1
f1

+ a2
f2

(4.5)

8By PQ symmetry we refer to the U(1) which is anomalous with G. In equation (4.1) the axion under
this symmetry is the combination

∑N

i=1
ai
fi
.
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and the orthogonal field b is approximately massless with negligible coupling to photons.
More precisely, in this limit the coupling of the light axion to photons is suppressed relative
to the QCD axion by a factor

gbγγ ∝
m2
b ×max

(
f2

1 , f
2
2
)

f2
πm

2
π

. (4.6)

In the opposite limit, when m2 � fπmπ/min(f1, f2), then the QCD axion is identified with
a ' a1 and the second axion b ' a2 couples to photons with a coupling of similar magnitude
but is much heavier than the QCD axion. When m2

2 ' m2
QCD both mass eigenstates have a

mass and photon coupling which falls close to the QCD line.
The photon coupling and mass of the two mass eigenstates are shown in figure 1 for

multiple combinations of the parameters f1, f2,m2. The grey points are generated by taking
randomly generated values of the parameters f1, f2 logarithmically spaced in the range
[1010, 1018] GeV and m2 logarithmically spaced in the range [10−11, 1] eV. Allowing for
larger (smaller) values of m2 simply increases the number of points away from the QCD
line to the right (bottom) of the plot.

The coloured lines in figure 1 are generated by fixing f1 and f2 and varying m2 in
the range [10−11, 1] eV. The yellow line shows points where f1 = f2 = 1012 GeV. In this
case, there is always a QCD axion with mass given by equation (3.4) with fa = feff and a
second eigenstate with the same coupling but larger mass (the horizontal line to the right
of the point on the QCD line) or with coupling suppressed by the factor m2

b/m
2
QCD (the

line approaching the QCD line from below). The other coloured lines each show various
cases for fixed f1 6= f2 with m2 scanned. In each case there is always a QCD axion with
coupling and mass set by feff .

These results clearly point to an allowed range of parameter space for ALPs at masses
heavier than the QCD axion (to the right of the QCD line). A light ALP with sizeable
coupling to photons is not generated via mass mixing. This can be understood as follows:
in order to have a sizeable coupling to photons the non-QCD axion must contain a sizeable
admixture of the combination a1

f1
+ a2

f2
, giving a contribution to m2

b of order m2
QCD.

The points to the right of the QCD axion, corresponding to the points where m2 is
large, form a flat line with coupling to photons given by:

gbγγ = αem
2πf2

(
E

N
− 1.92

)
, (4.7)

and correspond to the case where a2 is heavy and a1 is identified with the QCD axion to a
good approximation. The points below the QCD line correspond to the cases where m2 is
small and form a line described by

gbγγ ' gaγγ
m2
b ×max(f2

1 , f
2
2 )

f2
πm

2
π

, (4.8)

approaching the QCD line at a point where the coupling and mass are set by max(f1, f2).
When f1 > f2 (blue and green points) it is possible that there are two axions on the QCD
line with different masses if m2 is tuned appropriately.
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Figure 1. Scatter plot showing the mass and photon coupling of the two mass eigenstates in the
model described by the potential (4.2). Shown in light grey are the points generated, the dashed
lines show the maximum and minimum masses for the QCD-like eigenstate and are set by the chosen
range of f1, f2. The thin black line shows the QCD axion line. The coloured lines show the points
generated for fixed decay constants: the red line shows the case where f1 = 1012 GeV, f2 = 1013 GeV,
the yellow line shows f1 = f2 = 1012 GeV, the green line shows f1 = 1012 GeV, f2 = 1011 GeV and
the blue shows f1 = 1013 GeV, f2 = 1012 GeV.

A similar conclusion holds for multiple axions coupling to gauge bosons through the
QCD axion portal. For the general case of N axions the mass terms in the potential can be
written as

Vmass = f2
πm

2
π

2

(
a2

0
f2

0

)
+ 1

2a
T
j M

2
ijai , (4.9)

for i, j ∈ 0, . . . N − 1, where a0 is the axion of the anomalous PQ symmetry. In this basis,
the only axion which couples to photons is a0 with coupling constant

gaγγ = αem
2πf0

(
E

N
− 1.92

)
. (4.10)

We can then rotate to the basis of mass eigenstates bi with an orthogonal matrix R:

ai = Rijbj . (4.11)

The mass and coupling to photons of the i’th eigenstate is

m2
i = f2

πm
2
π

f2
0

R2
0i +RTijM

2
jkRki , gbiγγ = αem

2πf0

(
E

N
− 1.92

)
R0i , (4.12)

where there is no sum over i in the first term. This basis makes it clear that the QCD line
provides an upper bound on the ALP parameter space in GUTs.

The results from the two-axion case continue to apply qualitatively in the general case
as well. This is evident in the a basis where we further rotate ai for i ≥ 1 to diagonalise
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the components of M2
ij with i ≥ 1, j ≥ 1, leaving only pairwise mixing between a0 and the

orthogonal states. As in the two axion case if the mixing term is large the corresponding
ALP can be integrated out and corresponds to the heavy ALPs on the horizontal lines
shown in figure 1. In the light mass regime the ALP will again have a coupling to photons
suppressed by m2

light/m
2
QCD.

4.2 GUT charged axions

The discussion of section 3 presumed that the axion was a GUT singlet and therefore
coupled to G only through the anomaly coefficient. In the low energy theory there may be
additional pseudo Nambu-Goldstone bosons (pNGBs) which are singlets under the SM but
not under G. The simplest possibility is an elementary scalar in the adjoint representation
of G. However, in this case GUT gauge boson loops will generate a perturbative mass
proportional to the UV cutoff. Supersymmetry may reduce this mass further, but scalar
masses parametrically below msusy seem to be unlikely.

A potentially interesting ALP candidate with mass below the UV cutoff can occur in
composite axion models [42–45]. Just as pions emerge as pNGBs after QCD confinement
breaks the flavour symmetry of the quark sector, the axion can emerge as the pNGB of a
broken flavour symmetry of the hidden sector. After the spontaneous breaking of the GUT
symmetry this axion gets an irreducible mass from integrating out the heavy GUT gauge
bosons. In this case the axion can couple to a different linear combination of the SM gauge
groups than the QCD axion. Its mass is protected by compositeness but there remains
an irreducible contribution to the axion mass from gauge boson loops which rules out a
light axion. It is also possible to include elementary axions in addition to the composite
axion(s), but the phenomenology of the singlet states is not changed from the discussion in
previous sections.

We now describe an example model which illustrates the physics of the composite axion.
The gauge group we consider is

G× SU(N) , (4.13)

with G a simple group containing the SM. We take all the SM matter fields to be singlets
under SU(N), with SU(N) confining at a scale ΛN < MGUT.9 The additional matter
content of the model consists of fermion fields with charges under (G, SU(N)) given by:

Ψ ∼ (�, N), Ψ̄ ∼
(
�̄, N̄

)
ψ ∼ (1, N) ψ̄ ∼

(
1, N̄

)
, (4.14)

where the � indicates the fundamental representation of G. Taking G = SU(5) as the
canonical example, there is a flavour symmetry

U(6)L ×U(6)R = SU(6)L × SU(6)R ×U(1)V ×U(1)A . (4.15)

U(1)V is exact and is the equivalent of baryon number under the hidden sector gauge
group and U(1)A is explicitly broken by SU(N) instantons. After confinement the fermions

9Note that if G and SU(N) are unified at a UV scale, then instantons of the new sector may reintroduce
the PQ quality problem (see section 3.1).
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condense and get an expectation value〈
ΨΨ̄

〉
=
〈
ψψ̄
〉

= Λ3
N , (4.16)

spontaneously breaking the flavor symmetry down to

SU(6)L × SU(6)R ×U(1)V ×U(1)A → SU(6)V ×U(1)V . (4.17)

The SU(6)V flavour symmetry is explicitly broken by the weak gauging of the GUT group.
The pNGBs arising after spontaneous breaking of the flavor symmetry transform in the
adjoint representation of SU(6)V , 35, and decompose into fields with GUT SU(5) charges:

35→ 24 + 5 + 5̄ + 1 . (4.18)

The GUT singlet remains massless perturbatively and behaves as a QCD axion, coupling
diagonally to G. The pNGBs in the fundamental, 5 + 5̄, all have SM charges and get mass
contributions from SM gauge boson loops of order:

m ∼ gsmΛN , (4.19)

where gsm is a SM coupling10 [43] (see [110] for a recent discussion).
The pNGB transforming as a GUT adjoint, 24, which we call ϕa, splits under the SM

gauge group as:

ϕa ∼ (8,1)0 + (1,3)0 + (3,2)5/6 +
(
3̄,2

)
−5/6 + (1,1)0 . (4.20)

As for the 5 + 5̄ above, those states with SM charge get a large mass induced by SM gauge
boson loops, as in equation (4.19). The SM singlet ϕ24, on the other hand, is identified as
a composite axion and appears massless at this level. However, after integrating out the
heavy GUT gauge bosons our EFT contains a 4-fermion operator:

αGUT
M2

GUT

(
ΨΨ̄

) (
ΨΨ̄

)
. (4.21)

Expanding around the vev (4.16) leads to mass terms11 for ϕ24 which scale as

mϕ24 ∼ αGUT

(
fa

1010 GeV

)2(1016 GeV
MGUT

)
10 TeV , (4.22)

where the decay constant for the composite axion is fa ∼ ΛN . This result coincides with
the estimate of [113, 114], where a similar flavor symmetry appears in a different context.

The composite axion field ϕ24 couples to a different linear combination of the SM gauge
bosons than the QCD axion. ϕ24 parametrises SU(5) transformations in the hypercharge

10The coupling, or combination of couplings, appearing in equation (4.19) depends on the charges of the
pNGB under the SM gauge group.

11One could ask if SUSY can further protect the mass of the ALP. However, in this kind of scenarios
SUSY may be dynamically broken by fermion condensates of the new confining interaction [111]. Indeed, as
shown in [112], it is generically expected that SUSY is dynamically broken unless there are flat directions
for the potential. The study of specific models is interesting by itself and will not be pursued here.
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Figure 2. Figure showing bounds on the ALP parameter space with the prediction of the composite
ALP shown as the dark red band. Note that the bound from cosmology (gray color) depends on
the emergent ALP being the dominant DM component. If its abundance is negligible, then SN
constraints are the strongest, implying mϕ24 > 0.1GeV in that case.

direction, and the couplings to GUT gauge bosons are set by the anomaly coefficients
Tr[T 24{Ta, Tb}]. In particular the coupling to photons is given by

L = ϕ24

Fa

Nαem
8π

4
9

√
3
5FµνF̃

µν , (4.23)

which comes from the anomaly coefficient with the W bosons of the SM.
The composite axion therefore gives a very different prediction for the relationship

between the axion-photon coupling and the axion mass. In particular, gaγγ ∝ m
−1/2
a , so

lighter axions couple more strongly to photons. As shown in figure 2 much of the low mass
parameter space is therefore ruled out, limiting the composite axion mass to be at least of
order ma & 1 GeV with decay constant fa & 105 TeV. Note that when the QCD axion is
mostly composite, its decay constant and that of the ϕ24 field almost coincide. In this case,
one can also indirectly constrain the mass mϕ24 from QCD axion bounds.

The example above can be generalized for larger flavor symmetries including multiple
species in different representations, however, this does not qualitatively change the overall
picture. As the flavor symmetry is enlarged multiple copies of GUT-charged and GUT-
singlet pNGBs may appear. The charged states get a perturbative mass as detailed above.
The singlets couple diagonally to the full G and follow the discussion in section 4.1.

4.3 Dark photon-photon mixing

We consider now the possible effects of photon mixing with a massless dark photon where
U(1)D is not unified with G in the UV.12 Assuming that the GUT and dark sector couple

12The situation where U(1)D is ultimately embedded in the UV GUT group does not modify the result of
section 3.
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⟨Σ⟩

γ
D

Bµ

Figure 3. Loop for dark photon-photon mixing. The double wavy line indicates the non-abelian
origin of the hypercharge boson. The fermionic line stands for some representation with GUT and
dark U(1)D charge.

to different axions and neglecting axion mixing the axion couplings to gauge bosons are
described by the Lagrangian

L = αGUT
a

fa
GG̃ + αD

bD
fb
FDF̃D . (4.24)

A tree-level crossed mixing term between the dark photon and the GUT gauge bosons is
forbidden by gauge invariance. Higher dimensional operators such as:

Omix = c

MP
FDΣG , (4.25)

where Σ is a scalar field in the adjoint representation, will induce mixing between the dark
photon and hypercharge boson after GUT symmetry breaking. For example, when this
operator is generated at one loop, the dimensionless coefficient c is computed by evaluation
of the loop diagram in figure 3:

c ∼ gGUTgDyΣ
16π2 , (4.26)

and includes the appropriate gauge and Yukawa couplings. After symmetry breaking, and
redefining the photon and dark photon field so that they are canonically normalized, the
induced dark axion coupling to photons will be:

ε2

8παD
bD
fb
FemF̃em , with: ε2 =

(
gGUTgDyΣ

16π2
〈Σ〉
MPl

)2
. (4.27)

Even if we assume a large VEV for the adjoint field, 〈Σ〉 ∼MGUT, and order one couplings,
gGUT ∼ gD ∼ yΣ ∼ O(1), we see that the kinetic mixing parameter is approximately given
by ε2 . 10−8. The coupling of bD to photons is suppressed by the small parameter ε2, so
deviations from the results of section 3 are small.

Although mixing effects proportional to ε2 are tiny, it might happen that in extreme
situations we can get a light ALP to the left of the QCD line. This occurs because when
U(1)D is totally hidden from the visible sector the mass of bD is a free parameter (although
a contribution to the mass may be generated by loops of dark magnetic monopoles [115]
or other UV instantons) and the constraints on fb are weak. The requirements for a
light ALP to be generated in this way are a large hierarchy between decay constants,
fb ∼ O(1) TeV� fa, a totally hidden U(1)D and the absence of kinetic and mass mixing
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between a and bD. When the latter conditions are not satisfied the bD ALP may get
a coupling to fermions (these couplings are not topological and can be generated by
renormalisation effects). Astrophysical probes typically require decay constants fb �TeV
for ALPs with couplings to SM fermions [4]. In addition, we expect dark charged states at
the fb scale which will appear as millicharged states in the canonical basis. These states
are phenomenologically interesting for the hierarchical situation where fb ∼ TeV [116–119].

5 ALP phenomenology

The results of section 4 indicate that in GUTs the expectation is that ALPs will have
ratio gaγγ/ma smaller than the QCD prediction — falling to the right of the QCD line
in gaγγ − ma space. The lack of experimental access to this region of parameter space
highlights the need for experimental approaches which do not rely on the ALP-photon
coupling. Of particular interest in this direction are the axion couplings to fermions. As
can be seen from the operator

cij
∂µa

fa
ψ̄iγ

µγ5ψj , (5.1)

the fundamental difference with respect to the coupling to gauge bosons is that the fermion
couplings are always shift-symmetric. Derivative couplings therefore have no topological
protection and can be generated by renormalisation effects even if set to zero at a given
energy scale. The phenomenology of ALPs in GUT theories is therefore similar to the
photophobic [108] or gluophobic [107] ALP models, which also have suppressed couplings
to gauge bosons but no suppression of fermion couplings.

ALP-fermion couplings possess some model dependence as they depend on the U(1)
charge assignments for fermions, so in this section we briefly describe what the general
expectations for these couplings are in theories with several axion fields and an underlying
GUT. In field theory language, the kind of ALPs that we discuss in this section are those
where the mixed [G]2 × U(1) anomaly cancels but the U(1) symmetry still has a chiral
charge assignment. In other words, we are interested in the chiral, anomaly-free part of
the group

U(1)PQ ×ΠiU(1)i . (5.2)

For the sake of concreteness, let us consider a simple toy example. We assume a standard
SO(10) GUT with SM fermions in 3 copies of the 16 spinor. In addition to the anomalous
U(1)PQ symmetry giving us the QCD axion, one can consider a U(1) symmetry with charges
+1, 0, -1 for each spinor. One trivially sees that this ALP will not couple to photons or
gluons (as the [SO(10)]2 × U(1) anomaly cancels) but still couples at tree-level to fermions.
This model has no special features but gives an example of how O(1) ALP-fermion couplings
can appear.

A generic ALP coupled to fermions through (5.1) has flavor conserving and flavor
violating couplings at tree-level. In the case of flavor conserving couplings the strongest
constraints come from astrophysical probes which, for example, can place restrictive bounds
to the axion-electron coupling, cee/fa . O(10−9)GeV−1 (see [4] for a review). Recently
the XENON1T collaboration [120] has reported an excess on electron recoils that can be
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accommodated with a non-anomalous PQ symmetry [121]. If confirmed it would provide
an interesting signal of physics beyond the SM, possibly connected to the flavor structure
of the SM [122, 123].

On the other hand, flavor violating couplings offer stringent constraints for the cases
with off-diagonal coefficients, cij 6= 0 [48]. To cite some examples, the exotic decays µ→ ea

and K → πa provide the bounds:
ceµ
fa
. 1.2× 10−9 GeV−1 ,

csd
fa
. 1.2× 10−12 GeV−1 . (5.3)

We refer the reader to [49, 50] for a comprehensive analysis.
Light bosons may also mediate long-range forces which can produce observable effects

in macroscopic objects. This is the case for scalar bosons mediating monopole-monopole
(in the sense of multipole expansion) interactions between fermions, and pseudoscalar fields
which lead to dipole-dipole spin-dependent forces between fermions. Axions mediate a
new type of interaction which has a monopole-dipole nature [124]. This has lead to new
experimental ideas to look for axions in the laboratory [47, 51, 52]. Being P and CP
violating this axion-mediated monopole-dipole interaction is necessarily proportional to the
topological phase θeff and therefore involves axion-gauge boson couplings.

In the GUT framework we considered in previous sections only the QCD axion and
ALPs with comparable (or larger) masses will lead to sizeable monopole-dipole interactions.
Additional light ALPs (mb � mQCD) will give monopole-dipole, or monopole-monopole
interactions which are generated by mixing with the QCD axion and are subsequently
suppressed by m2

b/m
2
QCD, m4

b/m
4
QCD respectively. For example, the scalar and dipole

coupling constants that characterize the monopole-dipole interaction between nucleons for
a light ALP b with mass mb are roughly given by:

gNs g
N
p ∼ θeff

m2
q

f2
a

m2
b

m2
QCD

, (5.4)

with mq a light quark mass. In the same way the axion couplings to gauge bosons are
highly suppressed for light axions, long-range forces other than dipole-dipole interactions
are strongly screened for axions with large wavelength. Figure 4 shows the limits and
projections for experiments looking for monopole-dipole interactions of nucleons. The QCD
axion prediction is shown in green (taking θeff to lie in the range 10−20 < θeff < 10−10) and
sets an upper bound for the possible magnitude of the force for a given ALP mass in GUTs.
A discovery of a force mediated by an axion above the QCD band is inconsistent with
unification into a simple group in the UV. Experiments looking for long range monopole-
dipole forces [47, 125] can therefore probe GUTs in a very similar way to experiments which
aim to measure the axion-photon coupling.

A final aspect of ALP phenomenology that deserves mention is related to collider
physics. The region of parameter space that can be probed at these facilities — that is,
masses above the MeV scale and couplings of order cij/f ∼ O(1)TeV−1 — corresponds to
the heavy axion regime and no specific prediction arises for ALP couplings in this region of
parameter space. A standard analysis (see [127, 128], and [3] for a recent review) applies
even in the presence of a simple GUT in the UV.
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Figure 4. Limits on CP-violating monopole-dipole interactions for nucleons, adapted from [126].
Purple is different LAB exclusion limits, blue is astro-lab exclusion, gray is the projected limits for
ARIADNE. The QCD axion prediction is in green color.

6 Non-simple groups

In this section we consider some well-motivated models where the SM is not embedded in a
simple gauge group in the UV but some or all of the predictions of GUT theories are retained.
These include the Pati-Salam model [129] based on the group SU(4)C × SU(2)L × SU(2)R,
Trinification [130] based on SU(3)C ×SU(3)L×SU(3)R and flipped SU(5) which is based on
the gauge group SU(5)×U(1)X [131, 132]. These scenarios also arise as intermediate steps
in the symmetry breaking chain of more fundamental GUTs based on the gauge groups
SO(10) [39, 40] and E6 [133], however, can be considered as UV complete models themselves.
If the gauge group is ultimately simple in the UV then the results of sections 3 & 4 apply.
If instead these models are not further unified in the UV then it is possible to find an axion
coupled to photons without coupling to QCD. However, as we show in this section, this
comes at the cost of losing the appealing GUT predictions of the weak mixing angle and
the absence of fractionally charged states. The only way to preserve these predictions is to
further unify the gauge groups, which reduces to the case considered above.

Flipped GUTs are well-motivated in certain string frameworks because they do not
need adjoint fields to break the gauge group down to the SM [134, 135]. Additionally, in
specific set-ups the doublet-triplet splitting can also be solved [134]. Unlike the minimal
Georgi-Glashow SU(5) model, flipped SU(5) also includes small neutrino mass generation
as a right-handed neutrino lies inside one of the representations. This particle gets a large
Majorana mass after the spontaneous gauge symmetry breaking down to the SM, giving
us the possibility of implementing the seesaw mechanism. Pati-Salam and Trinification,
being manifestly left-right symmetric, are well-suited to explain the SM hypercharges and
relate them to the SM baryon and lepton numbers. Assuming that the fermion content has
non-exotic representations (as discussed below) this provides a way to address electric charge
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quantisation in integers for isolated states. Additionally, one usually links the breaking of
the left-right symmetry at a high scale to the generation of small neutrino masses.

6.1 Flipped GUTs

A well known situation where we have a partially unified theory is the case of the flipped
SU(5) theory [131, 132], where the gauge group is given by SU(5)×U(1)X . The SM fermions
(plus right-handed neutrinos) are contained in the representations 5−3, 1̄01 and 15, with
the subscript denoting the U(1)X charge. The scalar sector also differs from the standard
SU(5) model where the initial GUT gauge symmetry is broken by a Higgs in the adjoint
representation, 24. Instead, in flipped SU(5) the breaking down to the SM is carried by a
Higgs transforming as 101.

After properly normalizing the generators the gauge couplings of SU(5) × U(1)X —
that is, α5 and αX — obey the tree-level matching condition:

α2(MGUT) = α3(MGUT) = α5(MGUT) , 25
α1(MGUT) = 1

α5(MGUT) + 24
αX(MGUT) .

(6.1)
In flipped SU(5) the weak mixing angle is given at the GUT scale by:

sin2 θw(MGUT) = αY
α2 + αY

= 3/8
1 + 3/5

(
α5
αX
− 1

) . (6.2)

When α5 = αX at the GUT scale the standard prediction sin2 θw(MGUT) = 3/8 is retained,
which occurs naturally when the theory is embedded in a higher rank GUT. In the general
case, however, the couplings are independent parameters.

If one abandons further unification of the U(1)X factor there can exist an axion coupled
to photons without receiving a QCD potential. This occurs if there are particles charged
under U(1)X generating an anomaly and can be seen in the Lagrangian:.

L = α5
a

fa
GG̃ + αX

bX
fb
FX F̃X . (6.3)

In this case a and bX can be different linear combinations, corresponding to different U(1)
symmetries each anomalous under SU(5) or U(1)X . However, in this case where U(1)X
is not unified with SU(5), the usual GUT prediction for sin2 θw is lost. This also implies
giving up the explanation of the integer quantisation of electric charges, as there may exist
fractionally charged isolated states — e.g. a fermion in the 11 representation would have an
exotic electric charge q = 1/5.

6.2 Pati-Salam and trinification

Pati-Salam [129] and Trinification [130] are both well-known (partially) unified theories
where the hypercharge comes from a diagonal generator of a non-abelian group. Both
theories are manifestly left-right symmetric and are the maximal subgroups of SO(10) and
E6, respectively. We consider the Trinification model here but similar arguments apply
for Pati-Salam.
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In Trinification the UV gauge group is SU(3)C × SU(3)L × SU(3)R and the electric
charge generator is given by:

Qem = TL3 + Y = TL3 + TR3 +
√

1
3
(
T 8
L + T 8

R

)
. (6.4)

This means that, in terms of the Dynkin indices tr and the PQ charge qPQ
r of each represen-

tation r, the ratio of anomaly coefficients can be written as:

E

N
= (1 + 1/3)

 ∑
r∈SU(3)L,R

tr q
PQ
r

 /
 ∑
r∈SU(3)C

tr q
PQ
r

 . (6.5)

If there is a representation without color charge that is charged under PQ we may not only
have E/N 6= 8/3, but also a light ALP coupled only to photons (N = 0).

The prediction of the weak mixing angle can be accommodated if there exists a Z3
symmetry relating different gauge groups so that αC = αL = αR in the UV. If all axions
are singlets under the Z3 symmetry then the three anomaly coefficients which contribute to
E/N must be equal. This corresponds to the results in previous sections where one axion
has E/N = 8/3 while the anomaly coefficients for other axions are zero. Another possibility
is that each SU(3) factor couples anomalously to a different axion and these three axions are
permuted under the exchange symmetry in the same way as the gauge bosons. In this case
there are three axions coupled to photons with equal SU(3) anomaly coefficients. In some
sense this resembles the GUT-charged axion scenario in section 4.2. The main difference is
that since the axions are now only charged under a discrete symmetry, there is no gauge
boson generating a perturbative mass.

The group structure of the trinification model with a Z3 is similar to the mirror matter
models discussed in section 3.3, with the gauge group heuristically appearing as GN o ZN .
The difference between the two is that in mirror matter models the SM is embedded in a
single copy of the gauge group while in trinification the different SM gauge groups come
from different SU(3) factors. This allows the possibility of an ALP coupled only to photons
in trinification but not in the mirror world scenario.

Trinification can also generically have fractionally charged states. To study the absence
of fractional charges it is useful to work with the charge [136]:

Q′ = Qem + Tcolor
3 . (6.6)

The operator Tcolor denotes the SU(3)C colour triality of a representation; confinement
implies that all isolated states are color singlets with Tcolor = 0 mod 3. Even though quarks
have a fractional Qem they have an integer Q′ charge, so that for hadrons both Q′ and Qem
are integers. The requirement of having only integer charges determines the allowed matter
representations. Together with the Z3 symmetry this turns out to be quite constraining
and the only possible set of representations that is chiral, anomaly free with integer electric
charges is: (

3, 3̄, 1
)

+
(
3̄, 1,3

)
+
(
1,3, 3̄

)
, (6.7)
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plus other representations obtained by taking tensor products of this set. For example,
additional representations of the form (3, 1, 1) + (1,3, 1) + (1, 1,3) will lead to fractionally
charged hadrons or leptons. If particles in these representations exist at all they must be well
above any explored energy scale in order to satisfy collider and cosmological bounds [137].

7 Conclusion

Topological interactions are unique in that they are largely unchanged from the UV to the
IR, offering a way to test the far UV dynamics of theories using low-energy experiments.
The axion-photon coupling is an example of a topological quantity that is highly relevant
for the large experimental program being conducted to search for axions. In this work we
have studied in detail the restrictions on this coupling from the requirement that the SM is
unified into a simple gauge group at a fundamental scale. This requirement means that any
axion with a coupling to photons must also couple with a comparable strength to gluons
and therefore receives a contribution to its mass from QCD instantons.

In the absence of mixing effects this implies that in a simple GUT theory there is only
one axion with an anomalous coupling to both gluons and photons and corresponds to the
well-studied case of the QCD axion. Once mixing effects are considered there may be other
ALPs which couple to photons, but the restrictions imposed by unification in the UV imply
that they have a coupling to mass ratio smaller than that of the QCD axion. If axions are
charged under the GUT gauge group, they can couple preferentially to photons, but pick
up a mass from GUT interactions. If the axions emerge as composite states their mass can
be much lower than the GUT scale due to compositeness. In this case the ALP coupling
to photons has a different dependence on the ALP mass and current experimental bounds
require that ma & 1 GeV and fa > 105 TeV.

There are also models which preserve some of the phenomenological predictions of GUT
theories without unifying the SM into a simple gauge group in the UV. These theories were
studied in section 6. Preserving the theoretical predictions of GUTs — coupling unification,
predicting the weak-mixing angle and the absence of fractionally charged states — is still
somewhat correlated with ALP phenomenology, but the details depend on the model.

These results mean that the discovery of a light ALP with an observable photon coupling
is not consistent with a simple GUT UV completion of the SM. Low-energy searches for
light ALPs through the ALP-photon coupling, cosmological signatures such as the rotation
of CMB polarisation by light axions coupled to photons [31, 138] and their associated
strings [53], and long-range monopole-dipole forces are therefore a novel way to test if the
SM is unified at a fundamental level. A recent analysis of Planck and WMAP data has
reported a hint of a non-zero cosmic birefringence angle β = 0.342◦|+0.094◦

−0.091◦ , excluding β = 0
at 3.6σ [139, 140]. This signal seems to be consistent with an ALP coupled to photons
with a mass HCMB > ma > H0. The fate of this signal will be decided in the future CMB
experiments. ALP-fermion derivative couplings are not topological quantities so are not
suppressed in the same way as the ALP-photon couplings. Searches for ALPs through these
interactions offer a promising approach to search for light ALPs in GUT theories and can
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provide the strongest constraints on these models in the regime where the ALP-photon
coupling is small.

It is intriguing that GUT theories defined in the far UV provide strong restrictions in IR
physics with experimental implications. As we have shown in this work, if axion-like particles
exist above the QCD line, ALP searches would be low-energy probe of grand unification.
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A Level of embedding

It is commonly assumed in the literature that the level of embedding of the different SM
groups are level 1. This means that the SM descends from an SU(5) subgroup of the possibly
larger, simple gauge group unifying interactions in the UV. While this is a compelling
choice it is not fully general. Indeed, when the gauge group is sufficiently large there can
be different non-trivial ways to obtain the SM at low energies, however it is very hard to
find any concrete examples with a consistent low-energy spectrum.

A simple example illustrating a higher-level embedding is where one of the non-Abelian
groups of the SM arises as a diagonal subgroup of a k-product group:

G1 × . . .×Gk → Gdiag , (A.1)

corresponding to the level of embedding of Gdiag being k. The generators of Gdiag are
given as a linear combination of the original generators, T a = ∑k

i=1 T
a
i , and the tree-level

matching condition on the gauge coupling 1
α = ∑k

i=1
1
αi

has to be satisfied at the SSB scale.
One can also obtain higher-level embeddings by using gauge groups with non simply-laced
algebras — that is, those which contain roots of different lengths [141].

In general, any possible embedding of the SM in a GUT can be labeled by 2 integers
(k2, k3) describing the level of embedding of the SU(2) and SU(3) sectors and the hypercharge
normalisation k1, which is a rational number. The regular embeddings in SU(5) [39],
SO(10) [39, 40] and E6 [133] correspond to (k2, k3; k1) = (1, 1; 5/3). Several of the GUT
predictions depend on these quantized numbers. For example, the weak mixing angle
prediction at the unification scale is in general not fixed and depends on k1, k2 as [135]

sin2 θw = k2
k1 + k2

, (A.2)
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and the ratio of anomaly coefficients for axion-photon coupling is given by

E

N
= k2 + k1

k3
. (A.3)

The value of E/N coincides with the inverse of sin2 θw at the unification scale if k2 = k3. We
see that in the well-studied GUT models with standard embedding — e.g. SU(5) with 5̄+10,
SO(10) with 16 and E6 with 27 — we get (k2, k3; k1) = (1, 1, 5/3), and E/N = 8/3. While
this appears to be not the most general possibility, we highlight below the severe model
building challenges to find a different embedding of the SM in a 4D simple gauge group.

In higher embeddings, the action of UV instantons is reduced compared to the standard
embedding [77, 142, 143].

Sk ∼
Sk=1
k
∼ 2π
αGUTk

. (A.4)

Small size gauge instantons (SSI) at the scale of symmetry breaking are not aligned with
the QCD axion potential in general, and may reintroduce the strong CP problem for a
higher level embedding for k as low as 2 [30].

Perhaps more importantly, chiral exotics and fractionally charged states are hard to
avoid for generic choices of (k2, k3; k1). As an example, let us consider the k-level embedding
of SU(N) in a diagonal subgroup as above (similar arguments apply for other groups):

SU(kN)→ [SU(N)]k → SU(N)diag . (A.5)

The fundamental of SU(kN) has the following branching rule:

kN→ (N,1, . . .) + . . .+ (1, . . . ,N)→ k ×N , (A.6)

yielding k copies of the fundamental of SU(N)diag. Any other representation — and its
branching rules — can be obtained by taking tensor products of the fundamental. This
has the important implication that given an anomaly-free, chiral (complex) set of SU(kN)
representations, any complex representation R of SU(N)diag will come in a number given by
mk, where m is an integer (in general we expect different m for different representations,
R). Since the set of representations was complex with respect to SU(kN), this means that
in general we expect to have

mk copies of R+ m̃k copies of R̄ , (A.7)

where R̄ is the complex conjugate of R.
In terms of fermions, each R̄ can pair up with a R and get a large vector-like mass.

Thus, at low energies, we expect to have a number of chiral fermions in the R representation
of SU(N)diag given by:

(m− m̃)k . (A.8)

For example, if SU(2)L is embedded at level k2, we expect at least k2 lepton doublets and
k2 quark doublets (each representation with a different SU(3) or U(1) charge is a different
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R). Since a chiral leptonic 4th family is excluded, we find the bound k2 ≤ 3. In addition, if
k2 = 2, we expect lepton doublets to come in multiples of 2, which is either too few or too
many families. The only possibilities are:

k2 = 1 , and k2 = 3 . (A.9)

We can now use anomaly cancellation — which in the SM occurs family by family — to
argue that we need the same number of lepton doublets as quark doublets. Not only that, to
avoid [SU(3)C ]3 anomalies we need the same number of triplets as anti-triplets. Therefore, in
the absence of chiral exotics, it is easy to conclude that we get only 2 consistent possibilities:

k2 = k3 = 1 , and k2 = k3 = 3 . (A.10)

The criterion of anomaly cancellation does not give any hint about what the hypercharge
normalisation is, as it is just a global factor in the anomalies that involve U(1). However,
from the definition of the electric charge operator, we find that in a situation where k1 does
not satisfy k1/k2 = 5/3, we expect isolated states with electric charge smaller than the
electron charge in the spectrum.

While this is by no means a proof that generic embeddings are not theoretically
consistent, it highlights the serious model building challenges that come with such non-
standard situations. This suggests the striking result that k2 = k3 = 1 or k2 = k3 = 3,
which taking a right value for hypercharge normalisation gives

E

N
= 8

3 . (A.11)

It will be nice to build realistic 4 dimensional GUT models where the index of embedding
is related to the replication of families.
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