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The phenomenology of axions and axion-like particles strongly depends on their couplings to
Standard Model particles. The focus of this paper is the phenomenology of the unique dimension six
operator respecting the shift symmetry: the axion-Higgs portal. We compare constraints from Higgs
physics, flavor violating and radiative meson decays, bounds from atomic spectroscopy searching
for fifth forces and astrophysical observables. In contrast to the QCD axion, axions interacting
through the axion-Higgs portal are stable and can provide a dark matter candidate for any axion
mass. We derive the parameter space for which freeze-out and freeze-in production as well as the
misalignment mechanism can reproduce the observed relic abundance and compare the results with
the phenomenological constraints. For comparison we also derive Higgs, flavor and spectroscopy
constraints and the parameter space for which the scalar Higgs portal without derivative interactions
can explain dark matter.

I. INTRODUCTION

Axions and axion-like particles are interesting candi-
dates for new physics, because they are a generic feature
of extensions of the Standard Model (SM) in which an
approximate global symmetry is spontaneously broken.
For the purpose of this paper we colloquially use axion to
refer to this class of particles. Interactions between SM
particles and axions are described by an effective field
theory with operators of mass dimension ≥ 5 and sup-
pressed by the scale f at which the global symmetry is
broken. For example the interaction of an axion a to
gluons is described by the operator

L5
a ⊃

a

f
Gµνa G̃aµν , (1)

where G̃µν = 1
2εµνρσG

ρσ is the dual of the QCD field
strength tensor. If such a coupling to gluons is present,
the axion can explain why QCD seems to preserve CP [1–
4]. The most general set of dimension 5 operators de-
scribing axion interactions with SM particles also in-
cludes couplings to electroweak gauge bosons and SM
fermions [5]. The mass term explicitly breaks the shift
symmetry and for sufficiently small masses, axions are
long-lived and can contribute to the observed relic abun-
dance of dark matter in the universe [6].

An interaction between the Higgs boson, the Z boson
and an axion is only present at dimension 5 if it is induced
by axion couplings to chiral fermions [7, 8]. In contrast,
the axion-Higgs portal (or derivative Higgs portal) is a
dimension six operator [9]

L6
a =

cah
f2

∂µa∂
µaφ†φ , (2)

where φ denotes the Higgs doublet. Importantly, the
operator (2) is the leading operator in the 1/f expan-
sion that is bilinear in the axion fields and invariant un-
der the Z2 transformation a → −a. In this paper we

consider this Z2 symmetry as a consequence of the UV
completion which remains unbroken at the level of the
effective theory. Such an axion has several interesting
features. It can be a dark matter candidate indepen-
dent of its mass. Interactions with light SM particles
are strongly suppressed by Higgs couplings as well as by
the momentum suppression due to the two derivatives
in (2). As a consequence it is particularly challenging
to discover an axion that interacts with the SM through
the operator (2) and observables based on very precise
measurements at low energies can be less sensitive com-
pared to high-energy probes. Here we will discuss the
phenomenology of an axion with a Z2 symmetry and a
softly broken shift-symmetry. We compare constraints
from spectroscopy experiments, flavor violating and fla-
vor conserving meson decays, invisible Higgs decays and
astrophysics. We further calculate the parameter space
for which such an axion can contribute to the observed
relic abundance of dark matter in the Universe, compar-
ing misalignment, freeze-in and freeze-out mechanisms.
The results are compared with the renormalizable Higgs
portal model in which a scalar field is invariant under
a Z2 transformation, but not under a shift symmetry.
Throughout the paper we compare these results with the
corresponding parameter space for a scalar Higgs portal

L 3 cshs2φ†φ, (3)

which is not protected by a shift symmetry, but invari-
ant under a Z2 transformation s → −s. Therefore –in
contrast to the axion– the mass of the scalar s is not
protected against quadratically divergent radiative cor-
rections.

II. THE AXION-HIGGS PORTAL AT
DIFFERENT SCALES

Below the scale µ = f the theory of the axion-Higgs
portal is defined by an extension of the SM with a real
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spin-0 field a and an effective Lagrangian

L(µ < f) =
1

2
∂µa∂

µa− 1

2
m2
aa

2 +
cah
f2

∂µa∂
µaφ†φ+ LSM ,

(4)

where LSM denotes the SM Lagrangian. For a vanish-
ing axion mass ma, this Lagrangian is invariant under a
shift symmetry a → a + c, where c is a constant, and a
Z2 symmetry a → −a. The Z2 symmetry implies that
the effects of the axion do not introduce any additional
parity violation, independent of it being a scalar or a
pseudoscalar particle. The discussion in this paper does
not depend on the specific UV completion of (4), but we
introduce a particularly simple UV completion of the SM
with only one complex scalar field in Appendix A. Below
the electroweak scale µ < v we integrate out the W± and
Z gauge bosons as well as the Higgs scalar and the top
quark, so that we can write the effective Lagrangian as

L(µ < v) =
cahcγ
f2m2

h

(∂µa)2FρσF
ρσ +

cahcG
f2m2

h

(∂µa)2GaρσG
ρσ
a

−
∑
i,j

cahcij
f2m2

h

(∂µa)2ψ̄i
(
miPL +mjPR

)
ψj+h.c. (5)

The field strength tensors for photons and gluons are
denoted by Fρσ and Gaρσ, respectively. Chiral projec-
tors are defined as PL/R = 1/2(1 ∓ γ5), mi and mj

are the masses of the fermions ψi and ψj and the sum
over i, j = e, µ, τ, νe, νµ, ντ , d, s, b, u, c extends over lep-
tons and quarks apart from the top quark. The dimen-
sionless Wilson coefficients are obtained to leading order
in m2

h/(2mt)
2 and m2

h/(2mW )2. In this limit the cou-
plings between the axion and gauge bosons read [10]

cγ = − α

4π

47

18
, cG =

αs
4π

1

3
, (6)

and the couplings of the axion to SM fermions are given
by

cii =
1

2
, (7)

in the case of flavor diagonal couplings. Flavor-violating
axion couplings are induced through the Higgs pen-
guin [11–13] and are only relevant for external down-type
quarks. For example the axion-coupling to d and s quarks
is given by

cds = − 3

16π2

m2
t

v2
V ∗tdVts . (8)

The Wilson coefficients for the flavor changing transitions
b→ d and b→ s can be obtained by replacing the CKM
elements in (8). Flavor changing axion couplings to up-
type quarks are suppressed by m2

b/v
2 at the amplitude

level and charged lepton flavor-changing couplings are
suppressed by neutrino masses.

In contrast to the QCD axion or more generally ax-
ions that interact linearly with quarks or gluons [14], the

axion-Higgs portal does not induce mixing between the
neutral pion or other pseudoscalar mesons with the axion
as long as the Z2 symmetry remains unbroken. At ener-
gies below the QCD scale ΛQCD, the relevant degrees of
freedom are nucleons, leptons and photons. The effective
Lagrangian for interactions induced by the axion-Higgs
portal read then

L(µ < ΛQCD) =
cahcN
f2m2

h

mN (∂µa)2N̄N +
cahm`

f2m2
h

(∂µa)2 ¯̀̀

+
cahcγ
f2m2

h

(∂µa)2FρσF
ρσ , (9)

where the nucleons are protons and neutrons N = p, n
with mass mN and the leptons can be electrons or muons
` = e, µ with mass m`. The coupling to nucleons can be
written as

cN =
∑

q=u,d,s

fNq +
6

27
fTG , (10)

with the matrix elements defined by

fNq ≡
〈N |mq q̄q|N〉

mN
,

8π

9αs
fTG = −

〈N |GaρσGρσa |N〉
mN

,

(11)

that can be determined from pion-nucleon scattering [15–
17]. Using the results from [18], we find the numerical
values

cp ≈ cn ≈ 0.30 . (12)

We will neglect the mass difference between the proton
and the neutron.

III. PHENOMENOLOGICAL CONSTRAINTS
ON THE AXION-HIGGS PORTAL

After the preparations in the last section, we are now
ready to calculate the predictions of the axion-Higgs por-
tal and compare to experimental data. The phenomenol-
ogy of the axion-Higgs portal is different from the QCD
axion and other linearly coupled axion-like particles. Ax-
ions and ALPs are constrained by searches for the direct
production at colliders [8, 19, 20] and indirect effects in
lab based experiments such as light-shining through the
wall experiments [21, 22] or cavity resonance searches [23]
and astrophysical observables [24]. Many of these exper-
iments are only sensitive to axial interactions or axions
decaying into SM final states, which are both absent in
the case of the axion-Higgs portal. In the following we
present existing bounds on the ratio cah/f

2 and discuss
the best experimental strategy to discover a sterile axion.

A. Higgs decays

The study of Higgs decays is the most direct way to
probe the axion-Higgs portal. The corresponding dia-
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FIG. 1. Diagrams for different processes induced by the axion-
Higgs portal: (a) the Higgs decay into two axions, (b) a con-
tribution to the flavor changing transition s → daa, (c) a
contribution to the vector meson annihilation V → γaa, and
(d) a contribution to the potential between electrons and nu-
clei generated by the exchange of axion pairs..

experiment B(h→ inv) cah/f
2[GeV−2] ref

LHC (today) 1.45× 10−1 7.1× 10−7 [25]
HL-LHC 2× 10−2 2.6× 10−7 [26]
ILC 250 GeV 4.4× 10−3 1.2× 10−7 [27]
FCC-hh 2.5× 10−4 3× 10−8 [28]

TABLE I. Current limits and projections for experimental
bounds on the branching ratio of Higgs bosons to invisible
final states.

gram is shown in Figure 1 (a) and the decay rate reads

Γ(h→ aa) =
v2m3

h

32π

c2ah
f4

(
1− 2m2

a

m2
h

)2
√

1− 4m2
a

m2
h

. (13)

In absence of linear interactions the axion is stable, lead-
ing to invisible Higgs decays. Bounds on the branch-
ing ratio are set by searches for invisible decays of Higgs
bosons produced in vector-boson fusion B(h → inv) ≤
0.145 at ATLAS [25] and B(h→ inv) ≤ 0.18 at CMS [29]
at 95% CL. Global fits result in slightly stronger bounds
of B(h → inv) ≤ 0.13 at ATLAS [30] and B(h → inv) ≤
0.16 at CMS [31]. The reach of the high luminosity LHC
and potential future colliders is given in Table I.

B. Flavor-violating meson decays

Some of the most sensitive probes of axions or ALPs
in the mass range ma = 1 − 100 MeV are meson decays
like K+ → π+a [5, 32, 33]. These decays are forbidden
for the axion-Higgs portal because they violate the Z2

symmetry. Instead, axions interacting through the axion-

Decay width upper bound cah/f
2[GeV−2] ref

B(K+ → π+ + inv) 4.8× 10−11 11.5 [34, 35]
B(B+ → K+ + inv) 1.6× 10−5 6.0× 10−2 [36]
B(B+ → π+ + inv) 1.4× 10−5 2.3× 10−1 [37]
B(B0 → inv) 2.4× 10−5 2.0× 10−1 [38]
R(Υ→ γ + inv) 3.5× 10−6 1.4× 10−1 [39]

TABLE II. Experimental bounds on meson decays into final
states with invisible particles. There are dedicated searches
for K+ → π+ + inv and Υ(1S) → γaa which yield ma-
dependent upper bounds, we list their bounds for small ma

in this table.

Higgs portal are pair-produced in meson decays such as
K+ → π+aa induced by diagrams like the one shown in
Figure 1 (b). The 3-body phase space leads to a strong
suppression of the decay rate

Γ(K+ → π+aa) =
m9
K+

3 · 213π3

c2ah
f4

c2ds
m4
h

F

(
m2
a

m2
K+

,
m2
π+

m2
K+

)
,

(14)

where cds is given in (8) and the function

F (a, b) = 24(1− b)2

∫ (1−
√
b)2

4a

dx (x− 2a)2

×
√
x− 4a

√(1− b− x
2
√
x

)2

− b,
(15)

includes the phase space factor.1 Similar expressions hold
for 3-body decays of B mesons. Experimental bounds are
given in Table II.

In addition to 3-body decays, the axion-Higgs portal
predicts flavor-violating decays of neutral mesons to in-
visible final states. Similar to invisible Higgs decays it
is experimentally very challenging to constrain invisible
meson decays unless the meson recoils against SM par-
ticles. In B factories the invisible decay of B0 mesons
can be observed through e+e− → Υ → B0B̄0 with a
subsequent invisible B0 decay by tagging the second B0

meson [38]. The decay rate reads

Γ(B0 → aa) =
m7
B0

128π

c2ah
f4

c2bdf
2
B0

m4
h

(
1− 2m2

a

m2
B0

)2
√

1− 4m2
a

m2
B0

,

(16)

where fB0 = 190.5 MeV [40] is the neutral B meson decay
constant.

C. Radiative Vector meson decays

The axion-Higgs portal mediates the flavor-conserving
vector meson decays V → γaa via diagrams like the one

1 We find F (0,m2
π/m

2
K) = 0.172, F (0,m2

π/m
2
B) = 0.957,

F (0,m2
K/m2

B) = 0.722.
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FIG. 2. Constraints and projections from Higgs and flavor-violating meson decays and bounds from supernova energy loss for
the axion-Higgs portal (left) and the Higgs portal (right). The color coding is indicated in the right panel. For the parameter
space above the black solid line in the left panel the approximate shift symmetry is not a good assumption anymore, whereas
the region above the black line in the right panel violates perturbativity. Note that these bounds are also relevant for lower
values of ma for the case of the axion-Higgs portal, whereas cosmological constraints become stronger for the Higgs portal, see
also Figure 4. The supernova bound is taken from [43].

shown in Figure 1 (c). These decays are proportional to
the flavor diagonal couplings (7), which can be many or-
ders of magnitude larger compared to the flavor violating
couplings (8). In line with the Wilczek equation [41], we
use the ratio of decay widths

R(V → γaa) ≡ Γ(V → γaa)

Γ(V → e+e−)

=
1

3 · 210π3α

c2ah
f4

m8
V

m4
h

F

(
m2
a

M2
V

, 0

)[
1− 4αs

3π
aH(z)

]
,

(17)

not including contributions suppressed byO(cγ). We find
the analytic result

F (x, 0) =
√

1− 4x
(
1− 10x+ 42x2 + 12x3

)
− 24x3(2− x) log

1 +
√

1− 4x

1−
√

1− 4x
,

(18)

and use the NLO corrections aH(z) where z = 1 −
4m2

a/m
2
V as given in [56] such that aH(1) ≈ 10 forma = 0

and aH(z) ∝ z−1/2 in the limit ma → mV /2. The
strongest constraints are currently set by BESIII [42] for
J/ψ decays and Belle [39] for Υ(1S) decays. The de-
cay V → aa is forbidden, because two identical particles
cannot be in an anti-symmetric spin 1 state.

D. Constraints from atomic spectroscopy

The exchange of pairs of axions as shown in Fig-
ure 1 (d) induces a fifth force. This interaction through
the axion-Higgs portal is strongly suppressed by two ef-
fective vertices proportional to the inverse Higgs mass
squared as well as to the small Higgs Yukawa couplings
to stable SM particles.

The energy level shift in atoms due to this new in-
teraction can be obtained by calculating the expectation
value of the corresponding potential with respect to an
electron in a given state

∆En` = 〈ψn`|V (r)|ψn`〉 ≡
∫

d3r |ψn`(r)|2V (r) (19)

where ψn`(r) is the wavefunction for the (n`) state. For a
radially symmetric potential, only the radial component
of the wavefunction will enter the calculation and there-
fore the energy shifts for this potential will not depend on
m. The potential can be obtained by taking the disconti-
nuities in the scattering amplitude in the non-relativistic
limit and perform the Fourier transform as a complex
integration [44, 45],

V (r) = −c
2
ah

f4

cpmpme

8π3m4
h

[(
m5
a

r2
+

15m3
a

r4

)
K1(2mar)

+

(
6m4

a

r3
+

30m2
a

r5

)
K2(2mar)

]
, (20)

where Kν(2mr) are modified Bessel functions of the sec-
ond kind. At short ranges (or low axion masses) they
scale like a power law, meaning the potential is domi-
nated by an r−7 term, whereas they decay exponentially
in the long range limit or large axion mass limit. This
is a crucial difference between the Higgs portal and the
exchange of two axion with linear interactions to SM
fermions. In this case there are additional diagrams be-
yond Figure 1 (d) with internal fermion lines and the
potential scales as r−5 at short distances [46].

Uncertainties can be minimised by taking the ratio
of two different hydrogen transition, and currently the
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FIG. 3. Bounds on the axion coupling and scale obtained from spectroscopic data for the axion-Higgs (left) and scalar Higgs
(right) portals. The red bound is obtained from low-` hydrogen states with a cutoff rC = rp; the dashed lines show the
dependence of this bound on the chosen cutoff. In blue are the cutoff-independent bounds obtained from ` = 3 hydrogen
f-states.

strongest constraint reads [47],

E2s1/2 − E8d5/2

E1s1/2 − E3s1/2

∣∣∣∣∣
exp - SM

< (−0.5± 3.1)× 10−12, (21)

where the experimental result and theory predictions are
taken from [48] and [50], respectively. The energy shift
induced by the axion in hydrogen atoms is divergent for
s-, p- and d-states due to the wavefunction decaying too
slowly to compensate the r−7 behavior of the potential
at short ranges. We choose to regulate this divergence
by introducing a cutoff scale rC . Using a reference cutoff
scale to be the proton radius rp = 0.84 fm [48], (21)
translates into a bound on the axion coupling at 1σ

cah
f2

< 5× 106
(rC

fm

)2

GeV−2 , (22)

for ma � 1/rp ≈ 0.2 GeV with a sharp drop in the con-
straint at higher masses. Note that this result strongly
depends on the cutoff scale chosen and is therefore only
to be taken as an estimate.

States with a higher-` quantum number do not suffer
from this divergence and we also consider the 4f, 5f, and
6f states of hydrogen, comparing measurements found
in [49] to SM values obtained using [50–52] to obtain
the bound shown in blue in Figure 3. For the 6f state
of hydrogen no measurement exists and we assume an
agreement between experiment and the SM similar to
that obtained for 4f and 5f states measurements for the
estimate shown in Figure 3.

Molecular spectroscopy can yield stronger constraints
at short distances in particular for systems in which
an electron is replaced by a muon whose wavefunction
has a larger overlap with the nucleus. It can also offer
measurements precise enough to derive bounds on the
model. Various systems are considered in [45, 53] with
the strongest bound resulting from the binding energy of

the (ν = 1, J = 0) state of the muonic molecular deu-
terium ion ddµ+ giving

cah
f2

< 4.4× 108
( rC

2.1fm

)2

GeV−2 , (23)

for a cutoff set at the deuterium radius rd = 2.1 fm [48]
and assuming cd ≈ cp for the deuterium-Higgs coupling.
This result is however also strongly dependent on the cut-
off scale chosen as the full integral is divergent for this
system [45]. We contrast these constraints with the cor-
responding results for the Higgs portal scalar, the inter-
action term with scalar couplings gives rise to a different
form for the potential

V (r) = − 1

8π3
cshcpmpme

ms

r2
K1(2msr) . (24)

This potential scales as r−3 in the short range limit yield-
ing an approximately logarithmic dependence on the cut-
off scale rC . The results are shown in Figure 3. The
main difference between the two models is that for in-
teractions induced by the axion-Higgs portal the bounds
obtained from high-` transitions are considerably weaker
compared to transitions at low `, whereas the difference
is not as extreme in the case of the scalar Higgs portal.
This is due to the different scaling of the potentials (20)
and (24) with r. We also include the strongest molecular
spectroscopy bounds from [45, 53] from the antiprotonic
helium molecular ion p̄He+

csh < 8.4× 104 , (25)

for ms < 104 eV, and from the ddµ+ ion with

csh < 2.2× 105 , (26)

for ms < 105 eV. Note that the bounds on cah/f
2 in Fig-

ure 3 are so weak that for some values ofma contributions
from the shift-symmetry breaking operator m2

a/f
2a2φ†φ
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would generate the potential (24) for the axion-Higgs por-
tal model with csh = m2

a/f
2. In this case stronger con-

straints on f can be extracted from the right panel of
Figure 3.

E. Discussion

The different constraints discussed in this section are
shown in the ma − cah/f2 plane in the left panel of Fig-
ure 2. Given the hierarchy in precision between the con-
straints, one would expect that low-energy experiments
give stronger bounds for sufficiently small axion masses.
However, due to the powerful double suppression by the
axion derivative couplings and the factor m−2

h in the ef-
fective couplings, invisible Higgs boson decays result in
the strongest bound cah/f

2 . 10−6GeV2 for the axion
mass range where the decay is allowed. This bound is
considerably stronger than bounds from searches for pair-
produced axions in flavor violating or flavor conserving
meson decays as well as the bound from supernova en-
ergy loss discussed in [43]. The constraints from atomic
spectroscopy are so weak that they do not show up in
Figure 2. A dedicated plot is shown in Figure 3. Note
that for some of the values for cah/f

2 in Figure 2 and
Figure 3 the bounds shown are only qualitative because
the effective theory approach is not justified there. The
parameter space shown in gray in the left panel of Fig-
ure 2 is excluded because the axion mass is larger than
the decay constant and the assumption of an approxi-
mate shift symmetry is not justified. Axions with masses
ma ≥ mh/2 can only be produced in off-shell, invisible
decays of the Higgs boson, which provide a significantly
weaker bound [57, 58]. For comparison we show the con-
straints on a scalar Higgs portal with a stable scalar in
the right panel of Figure 2 and Figure 3, respectively. We
derive the corresponding decay widths in Appendix D.
Here the strongest constraint for masses ms & 50 MeV
is set by the bound on invisible Higgs decays, but for
smaller scalar masses the constraint from supernova en-
ergy loss is stronger. Bounds from flavor constraints are
stronger relative to the constraint from invisible Higgs
decays if compared with the case of axion portal, be-
cause the scalar Higgs portal is renormalizable. These
results are in stark contrast to axions with an approx-
imate shift symmetry and linear couplings to Standard
Model particles, for which flavor constraints are substan-
tially stronger than the constraint from invisible Higgs
decays [32].

IV. DARK MATTER THROUGH THE
AXION-HIGGS PORTAL

Linearly coupled axions such as the QCD axion can
always decay into SM particles and need to be suffi-
ciently long-lived to contribute to the observed dark mat-
ter abundance. In contrast, axions interacting with the

SM through the axion-Higgs portal are stable indepen-
dent of the axion mass and therefore provide a natural
dark matter candidate. Depending on the axion-Higgs
portal coupling strength and the axion mass, the axions
role in cosmology can be described by different simplify-
ing assumptions, and the relic abundance of dark matter
axions can be calculated using either freeze-out, freeze-in
or vacuum misalignment mechanisms.

A. Freeze-out production

In the freeze-out scenario, axions are in equilibrium
with the SM thermal bath until the equilibrium is lost
due to the expansion of the universe. The dominant inter-
action for freeze-out production of dark matter through
the axion-Higgs portal depends sensitively on the axion
mass. It will turn out that freeze-out production is only
possible for couplings so large that they violate the con-
sistency requirement ma � f . We therefore only give
a qualitative estimate, neglecting effects from the Higgs
boson pole and particle thresholds.

If freeze-out happens between big bang nucleosyn-
thesis and the QCD phase transition 1 MeV . T .
100 MeV, the dominant process is photon-photon annihi-
lation γγ ↔ aa and the relic abundance is given by

Ωh2

0.12
= 30

sh2

0.12ρc

f4m4
h

c2ahc
2
γm

6
amPl

≈ 3.10
( ma

100 MeV

)−6( cah/f
2

106GeV−2

)−2

,

(27)

where s is the entropy density today and ρc is the crit-
ical energy density of the universe, mPl is the Planck
scale and h is the reduced Hubble constant. The cor-
responding range of axion masses is 17 MeV . ma .
2.2 GeV and freeze-out happens at xFO = ma/TFO ≈
1.1 log(ma/100 MeV) + 18.7. If freeze-out happens at
temperatures above the bottom quark threshold T & mb,
the dominant process is bb̄↔ aa annihilation and we ob-
tain for the correct relic abundance in this parameter
space

Ωh2

0.12
= 6
√

10
sh2

0.12ρc

f4m4
h

c2ahm
2
bm

4
amPl

≈ 0.28
( ma

102GeV

)−4( cah/f
2

10−4GeV−2

)−2

.

(28)

The corresponding axion mass range is 95 GeV . ma .
2.2 TeV and freeze-out happens at xFO = ma/TFO ≈
1.1 log(ma/100 GeV) + 23.7. For intermediate axion
masses, the dominant interaction for freeze-out produc-
tion changes at the different fermion mass thresholds.

B. Freeze-in production

Freeze-in production occurs if the interaction strength
between axions and SM particles is so small that equilib-
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FIG. 4. On the left, we show the required couplings for the axion-Higgs portal to explain the observed value for the energy
density of dark matter Ωh2 = 0.12 [60] for various mechanisms. On the right, we show the corresponding situation for the Higgs
portal, the supernova and Eot-Wash bounds are taken from [43]. The orange lines for freeze-out production are an estimate for
a smooth intersection between the regimes that are dominated by bb̄↔ aa and γγ ↔ aa. For the case of freeze-in production,
we show several lines to visualize the dependence on the cutoff temperature TR. The blue regions visualize where freeze-in
production is possible.

rium is never reached [54]. Instead, axions are produced
in the decays and scattering processes of SM particles
until the SM particles go out of equilibrium. The relic
abundance from freeze-in production does in general de-
pend on a cutoff temperature TR, where the standard
prescription of cosmology becomes invalid. This cutoff
temperature is often interpreted as the reheating tem-
perature, but we consider it the scale where our effective
model becomes invalid. The earliest probe of cosmology
comes from big bang nucleosynthesis, translating into a
strong lower bound TR & 10 MeV [55]. A cutoff temper-
ature around the electroweak scale would strongly con-
strain standard cosmology, but can not be ruled out from
the current perspective. Regarding high values of TR, the
only strong upper bound in our model is TR . f , because
the prescription of the axion-Higgs portal as an effective
field theory breaks down at that scale. Requiring that
the axion-Higgs portal produces the observed amount of
dark matter, this translates into TR . 8 × 1015 GeV for
ma = 0 and even higher values for non-vanishing axion
masses. For large axion masses there is another strong
bound TR < 2ma from the requirement that thermal
production of axions is kinematically allowed. Finally,
the dependence on the cutoff temperature disappears in
the limit of large TR and renormalizable couplings and is
therefore unphysical. It turns out that this dependence is
crucial for the phenomenology of the axion-Higgs portal.

Depending on the cutoff temperature TR, the dominant
dark matter production mechanism for the axion-Higgs
portal is either γγ → aa, bb̄ → aa or hh → aa, the
transitions being at the scales TR ∼ mb and TR ∼ mh,
see Figure 5. In the large-TR limit, the process hh →
aa dominates and an analytic calculation for the relic
density is possible. For the relic density of axions which

are heavy enough to be non-relativistic today, we find

Ωh2

0.12
=

2160

π

√
10

g∗g2
s∗

sh2

0.12 ρc
mPlma

(cah
f2

)2

T 3
R

≈ 1.24
( ma

1 eV

)( cah/f
2

10−14 GeV−2

)2( TR
1 TeV

)3

,

(29)

The dependence of the result on the effective number of
degrees of freedom contributing to the energy density g∗
and the entropy density gs∗ is marginal, and therefore we
evaluate them above the electroweak scale for all cases.
On the other hand, if the axion is sufficiently light i.e.
ma . T0 with T0 = 2.3 ·10−4 eV the present temperature
of the universe, we find instead

Ωh2

0.12
=

72π3

ζ3

√
10

g∗g2
s∗

sh2

0.12ρc
mPlT0

(cah
f2

)2

T 3
R

≈ 1.97
( cah/f

2

5 · 10−13 GeV−2

)2( TR
1 TeV

)3

.

(30)

Searches for invisible Higgs decays therefore probe
freeze-in dark matter through the axion-Higgs portal for
low values of TR. The window of cutoff temperatures for
which the axion-Higgs portal can reproduce the observed
relic density through freeze-in and that is probed by LHC
searches is

300 MeV . TR . 2 GeV. (31)

This window will shift to higher values of TR with im-
proving precision on cah/f

2, as can be seen in Figure 5.

C. Misalignment production

For extremely small axion couplings, the observed relic
abundance of DM cannot be obtained through either
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FIG. 5. We visualize the effects of the dependence of freeze-in production on the cutoff temperature TR. The left panel is
complementary to the left panel of Figure 4, where we now vary TR for some fixed values of ma. The right panel shows the
various contributions to the relic abundance in dependence of TR.

freeze-out or freeze-in production. If the axion is pro-
duced in a configuration away from its potential mini-
mum in the early universe, it oscillates around the mini-
mum at late times. The relic DM density is determined
at the point ma = 3H where the oscillations of the axion
field begin, and then diluted by cosmic expansion. We
assume that the mechanism of spontaneous symmetry
breaking generating the axion field happens after infla-
tion, meaning that we have to average over the misalign-
ment angle θ0 and find2

Ωh2

0.12
=

π4

30
√

10

h2

0.12ρc

√
gs∗T

3
0 f

2

√
ma

m3
Pl

≈ 0.37
( ma

10−3eV

)1/2( f

1013GeV

)2

.

(32)

Here gs∗ is the effective number of degrees of freedom
contributing to the entropy density at the temperature
when the axion field begins to oscillate.3 Note that this
result does not depend on the coupling cah, but only on
the axion mass and the properties of the phase transition.
There is no strict upper bound for the mass of axions
which are produced through this mechanism. However,
the coupling that is required to explain the observed DM
relic density increases with the axion mass and at some
point the working assumption of negligible thermal in-
teractions will break down. We refrain from showing the
parameter space for which the misalignment mechanism
can reproduce the dark matter relic abundance in Fig-
ure 4 because it is independent of the coefficient cah.

2 We assume that the axion mass remains constant throughout the
evolution of the universe. This is not valid in the case when the
axion mass is generated by non-perturbative QCD effects, i.e.
the QCD axion.

3 Due to the mild dependence of Ωh2 on gs∗, we again evaluate
gs∗ at the electroweak scale.

For values of cah large enough to allow for freeze-in pro-
duction the initial assumptions for misalignment are not
fulfilled.

D. Discussion

The parameter space for which the observed relic DM
abundance can be produced through the axion-Higgs por-
tal is shown together with the strongest constraint from
invisible Higgs decays in the left panel of Figure 4. For
comparison the corresponding constraints on scalar Higgs
portal dark matter is shown in the right panel of Figure 4.

We find that the region where freeze-out production
explains the observed amount of dark matter is always
excluded for axions by the requirement ma � f and only
allowed for ms > mh/2 for scalar dark matter. The pa-
rameter space for which freeze-in production is allowed
is shaded blue in Figure 4. For larger axion masses, the
temperature falls below the pair production threshold.
For very low couplings, the effective theory becomes in-
valid for axions and the freeze-in production becomes
independent of TR for scalars. Freeze-in production is
possible for axions or scalars with masses ma & 1 eV or
ms & 1 eV, below which dark matter is relativistic at the
time of recombination independent of the temperature
TR.

The sensitivity required for observing this type of dark
matter increases with increasing axion mass and cutoff
temperature. Currently, searches for invisible Higgs de-
cays exclude values of TR ≈ 0.3 − 2 GeV. Any further
improvement in invisible Higgs searches will probe dark
matter production through the axion-Higgs portal for
higher cutoff temperatures. In the left panel of Figure 5
we show the contours of the correct relic abundance for
different axion masses together with the constraint from
invisible Higgs decays and the lower bound TR & 10 MeV
set by BBN constraints. The blue shaded envelope indi-
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cates the range of cutoff temperatures TR that can be ex-
cluded for a given bound on invisible Higgs decays. The
couplings necessary for DM production through the vac-
uum misalignment mechanism are so small that any con-
firmation of this scenario through dark matter produc-
tion is not feasible. For the scalar Higgs portal the bound
from supernova energy loss excludes values of the scalar
Higgs coupling two orders of magnitude larger than the
constraint from invisible Higgs decays. Light scalar dark
matter is also constrained by bounds from Eot-Wash ex-
periments sensitive to long-range forces induced by scalar
exchange [44].4

V. CONCLUSIONS

The axion-Higgs portal is the leading effective operator
describing interactions between SM particles and axions
or axion-like particles respecting the shift symmetry as
well as a Z2 symmetry. In the absence of any additional
interaction the axion is stable and can only be produced
in pairs. As a result, we find that very precise measure-
ments such as searches for fifth forces do not result in
relevant bounds, because the potential induced by the
exchange of axion pairs scales as V (r) ∝ r−7 as a conse-
quence of the derivative axion interaction in the axion-
Higgs portal. Similarly, we show that the production of
axions in the decays of pseudoscalar mesons K → πaa,
B → aa and vector mesons V → γaa are suppressed by
powers of the meson mass over the UV scale f . Bounds
on the UV scale from atomic spectroscopy and meson
decays are therefore substantially weaker compared to
the bounds from searches for invisible Higgs decays. In-
visible Higgs decays provide the strongest constraint on
the axion-Higgs portal independent of the axion mass
including astrophysical constraints from supernova cool-
ing. An axion interacting through the axion-Higgs portal
can provide an interesting dark matter candidate. While
the production through freeze-out is excluded, searches
for invisible Higgs decays can probe production through
freeze-in for low reheating temperatures. Future h →
invisible measurements can therefore discover freeze-in
dark matter interacting through the axion-Higgs portal,
the corresponding parameter space for the scalar Higgs
portal is already excluded.
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Appendix A: Complex scalar UV completion

A very simple UV completion that induces am axion-
Higgs portal is given by introducing a complex scalar
singlet [9]

S =
s+ f√

2
eia/f , (A1)

with a vacuum expectation value 〈S〉 = f/
√

2 and a La-
grangian

LS =∂µS∂
µS† + µ2

sS
†S − λs(S†S)2 − λhsS†Sφ†φ

+ LSM. (A2)

This is equivalent to the assumption that no SM fields
are charged under the global U(1) associated with this
complex scalar, such that linear interactions with S are
forbidden. Upon electroweak symmetry breaking, the ra-
dial mode s mixes with the SM Higgs field. The domi-
nant contribution to the mass of the radial mode is deter-
mined by the scale f , whereas the mass ma of the pseudo
Nambu-Goldstone boson a is generated by explicit sym-
metry breaking effects. In order for (A2) to match onto
(4) we assume that the scalar s is sufficiently heavy and
can be integrated out at the energy scales that we can
access experimentally. From (A2) follows for the axion-
Higgs portal

cah =
f

v
sinα with tan 2α =

2λhsvf

m2
s −m2

h

, (A3)

where ms and mh are the masses of the radial mode
s and the SM Higgs boson h, respectively. The coeffi-
cients in (A2) are constrained by measurements of the
SM Higgs decays into SM particles. For example, a con-
servative estimate using bounds on the signal strength
from LHC Higgs analyses leads to | sinα| < 0.2 for masses
ms > mh/2 [61–63]. Further constraints on the param-
eters in (A2) arise from perturbativity, requiring a sta-
ble minimum of the potential and measurements of elec-
troweak precision observables [64].

Appendix B: Relation to the strong CP problem

In addition to the well-established violation of the
charge parity (CP) symmetry through weak interactions,
the theory of quantum chromodynamics (QCD) allows
for an additional operator violating CP symmetry

L 3 θc
αs
8π
GaµνG̃

µν
a , (B1)
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where θc denotes the QCD theta angle. This parame-
ter is experimentally found to be extremely small θc .
10−10 [65–67]. The question of why this coefficient is so
small is called the strong CP problem.

The most famous solution to the strong CP problem is
the QCD axion [1, 3, 4]. The QCD axion a is a Goldstone
boson of a spontaneously broken U(1) symmetry which
couples to the gluon field strength tensors

L 3 αs
8π

(
θc +

a

f

)
GaµνG̃

µν
a . (B2)

The coefficient of the GG̃ term is now a field which we call
the effective QCD theta angle θeff = θc+a/f . At energies
below the QCD scale, the coupling (B2) generates an
effective potential for the QCD axion which reads in the
chiral limit mu = md [68]

Va = −Λ4
QCD cos θeff. (B3)

Assuming that other contributions to the QCD axion po-
tential are negligible, one finds for the vacuum expecta-
tion value 〈θeff〉 = 0 or 〈a〉 = −fθc.

The question whether the QCD contribution to the
QCD axion potential dominates over other contributions
is rather subtle and gives rise to another problem, the so-
called QCD axion quality problem [69–72]. It is argued
that global symmetries like the U(1) of the QCD axion
should generically be explicitly broken at a high-energy
scale ΛU(1) . mPl, where mPl is the Planck scale [73,
74]. In the effective theory, symmetry-breaking effective
operators are then suppressed by powers of ΛU(1).

For the case of the axion-Higgs portal, the coupling
(B2) is forbidden by the Z2 symmetry prohibiting linear
axion couplings. This Z2 symmetry is a global symmetry
and should therefore be explicitly broken at a scale ΛZ2

that need not be related to the scale of shift symmetry
breaking ΛU(1) and should fulfill ΛZ2

� f in order to
make the axion-Higgs portal a good effective theory, so
that the equivalent to (B2) reads

L 3 αs
8π

(
θc +

a

ΛZ2

)
GaµνG̃

µν
a . (B4)

The axion couplings to Higgs bosons and gluons can
therefore be controlled by different scales, but because
the axion is periodic a = a+ 2πf , the allowed parameter
space for the effective QCD theta angle becomes

θeff = θc +
a

ΛZ2

∈
[
θc − π

f

ΛZ2

, θc + π
f

ΛZ2

)
. (B5)

Given the hierarchy f � ΛZ2
, the vacuum expectation

value 〈θeff〉 can only take values in the close vicinity of
θc. This is in contrast to the QCD axion, where the
Z2 symmetry is spontaneously broken as well, so that
ΛZ2

= f and the axion field can balance an arbitrary
value of θc. We conclude that the mechanism that solves
the strong CP problem for the QCD axion does not work
if the axion-Higgs portal is the dominant interaction be-
tween SM fields and the axion. This discussion did not

rely on the specific properties of the axion-Higgs portal,
but holds for any axion model where the coupling (B2)
is forbidden by a global symmetry and only generated
through explicit symmetry breaking.

Appendix C: Details about the freeze-in calculation

Detailed information about freeze-in production for the
axion-Higgs portal is given in Figure 5. The relevant
scales with decreasing cutoff temperature are TR ∼ mh,
where the dominant process changes from hh → aa to
bb̄→ aa, and TR ∼ mb, after which the dominant process
is γγ → aa. Due to the fact that freeze-in production in
non-renormalizable 2 → 2-processes is dominated at the
highest temperatures and only possible for axions with
masses below the cutoff temperature ma < TR/2, it is
a good approximation to neglect the axion mass in the
calculation of the yield Y .

The yield Y has to be calculated numerically in the
general case, but the result can be simplified in certain
limits [75]. In the limit of large TR, it is sufficient to
neglect all particle masses and the result is just a power
of the cutoff temperature. For the example of hh → aa,
one finds for the yield

Y =
2160

π

√
10

g∗gs∗

c2ahmPlT
3
R

f4
. (C1)

For processes with a Higgs mediator and cutoff tempera-
tures around the Higgs mass, the dominant dark matter
production comes from the pole of the Higgs boson prop-
agator. For our example bb̄ → aa, we can use mb � mh

and find

Y =
135

4

√
10

g∗g2
s∗

c2ahm
2
bm

2
hmPl

f4Γh

∫ ∞
mh/TR

dxx3K1(x),

(C2)

where Γh is the decay width of the Higgs boson and
Kn(x) is the modified Bessel function of second kind. Fi-
nally, in the limit of small cutoff temperatures TR � mh,
one can work with an effective theory where the Higgs
boson is integrated out. For the process γγ → aa, we
find

Y =
49766400

7π

√
10

g∗g2
s∗

c2ahc
2
γmPlT

7
R

f4m4
h

. (C3)

The relic density Ωh2 can be obtained from these results
for the yield by using

Ωh2 =
sh2

ρc

ρ

n
Y =

sh2

ρc
Y ×

{
ma , ma � T0

π4

30ζ3
T0 , ma � T0

. (C4)

Combining these analytical results, one can reconstruct
the dominant contribution in the numeric solution shown
on the right panel of Figure 5 in most regions.
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FIG. 6. Like Figure 5, but for the Higgs portal. The wiggles in the γγ → ss line at high values of TR are due to numerical
instabilities, however one can analytically show that this contribution is subleading in the limit of large cutoff temperatures.
Depending on the value of the mass of the scalar ms, stronger bounds on csh might apply, this can be seen in figure 4.

Appendix D: Results for the Higgs portal

Throughout the paper we compare the axion-Higgs
portal with the scalar Higgs portal defined in (3) and
we collect the relevant results for the scalar Higgs portal
here.

The matching procedure outlined in Section II can be
repeated in a straightforward way with the replacements
∂µ → 1 and cah/f

2 → csh, leaving the Wilson coefficients
unchanged. For the Higgs decay width into scalars we
find

Γ(h→ ss) =
v2

8πmh
c2sh

√
1− 4

m2
s

m2
h

. (D1)

For the flavor-changing meson decays, we find

Γ(B0 → ss) =
m3
B0

32π

c2shc
2
bdf

2
B0

m4
h

√
1− 4

m2
s

m2
B0

, (D2)

Γ(K+ → π+ss) =
m5
K+

210π3

c2shc
2
ds

m4
h

K
( m2

s

m2
K+

,
m2
π+

m2
K+

)
, (D3)

where the function K(a, b) is defined as

K(a, b) = 4(1− b)2

∫ (1−
√
b)2

4a

dx
√
x− 4a

×

√(1− b− x
2
√
x

)2

− b. (D4)

Finally, for radiative quarkonia decays, we find

R(V → γss) ≡ Γ(V → γss)

Γ(V → e+e−)

=
1

27π3α

c2shm
4
V

m4
h

K
(m2

s

m2
V

, 0
)[

1− 4αs
3π

aH(z)

]
,

(D5)

with the function

K(x, 0) =
√

1− 4x(1 + 2x)

− 4(1− x)x log
1 +
√

1− 4x

1−
√

1− 4x

(D6)

For scalar Higgs portal dark matter as discussed in Sec-
tion IV we obtain for the yield from freeze-out production
after the QCD phase transition

Ωh2

0.12
= 120

sh2

0.12ρc

m4
h

c2shc
2
γm

2
amPl

≈ 0.50
( csh

5 · 104

)−2( ma

100 MeV

)−2

,

(D7)

and for freeze-out before the QCD phase transition

Ωh2

0.12
= 24

√
10

sh2

0.12ρc

m4
h

c2shm
2
bmPl

≈ 1.13
( csh

100

)−2

.

(D8)

In contrast to the case of the axion-Higgs portal, there
is still a small window for freeze-out production at large
values of the axion mass. The corresponding limits for
the dark matter mass and the relation for the freeze-out
temperature xFO = ma/TFO are both independent of the
specific process, and therefore one finds the same results
as for the axion-Higgs portal.

Freeze-in production through the scalar Higgs portal
is very different from the axion-Higgs portal, because the
former is a renormalizable operator. This means that
dark matter production won’t be most effective at the
highest temperatures, but at poles or thresholds. There-
fore, above a certain value of TR the parameter space
for which freeze-in production results in the correct relic
abundance is independent of TR. This results in a lower
bound on the coupling csh indicated by the lower limit
of the blue region on the right panel of in Figure 4.
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It turns out that the naive production processes h→ ss
and hh → ss are always subleading, whereas the domi-
nant contribution comes from γγ → ss or bb̄ → ss, de-
pending on the cutoff temperature TR. This can be seen
in the right panel of Figure 6 which contains detailed in-
formation about freeze-in production through the Higgs
portal in analogy to Figure 5 for the axion-Higgs portal.

Similar to Appendix C, we give expressions for the
yield from the leading processes in special limits. For cut-
off temperatures above the electroweak scale, the process
bb̄→ ss dominates. The corresponding yield reads

Y =
270

π

√
10

g∗g2
s∗
c2sh

m2
bmPl

m2
hΓh

∫ ∞
mh/TR

dxx3K1(x)

= 405

√
10

g∗g2
s∗
c2sh

m2
bmPl

m2
hΓh

for TR � mh.

(D9)

For cutoff temperatures sufficiently far below the Higgs
mass, the process γγ → ss can be described by an effec-
tive field theory where the Higgs boson is integrated out.
This yields

Y =
17280

π

√
10

g∗g2
s∗
c2shc

2
γ

mPlT
3
R

m4
h

. (D10)

Further, for the scalar Higgs portal bounds from super-
nova cooling and Eot-Wash experiments become domi-
nant for lower axion masses, as shown in Figure 4.
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G. Alonso-Álvarez, D. S. M. Alves, S. Bansal, M. Bauer,
J. Brod and V. Chobanova, et al. [arXiv:2201.07805 [hep-
ph]].

[34] E. Cortina Gil et al. [NA62], JHEP 06 (2021), 093
[arXiv:2103.15389 [hep-ex]].

[35] E. Cortina Gil et al. [NA62], JHEP 02 (2021), 201
[arXiv:2010.07644 [hep-ex]].

[36] J. P. Lees et al. [BaBar], Phys. Rev. D 87 (2013) no.11,
112005 [arXiv:1303.7465 [hep-ex]].

[37] J. Grygier et al. [Belle], Phys. Rev. D 96 (2017) no.9,
091101 [arXiv:1702.03224 [hep-ex]].

[38] J. P. Lees et al. [BaBar], Phys. Rev. D 86 (2012), 051105
[arXiv:1206.2543 [hep-ex]].

[39] I. S. Seong et al. [Belle], Phys. Rev. Lett. 122 (2019)

http://arxiv.org/abs/1704.08207
http://arxiv.org/abs/1708.00443
http://arxiv.org/abs/1305.1971
http://arxiv.org/abs/hep-ph/9505225
http://arxiv.org/abs/hep-ph/0309233
http://arxiv.org/abs/2003.01788
http://arxiv.org/abs/2102.13112
http://arxiv.org/abs/1110.3797
http://arxiv.org/abs/1312.4951
http://arxiv.org/abs/1506.04142
http://arxiv.org/abs/1903.03616
http://arxiv.org/abs/1509.00476
http://arxiv.org/abs/1811.05466
http://arxiv.org/abs/1011.3741
http://arxiv.org/abs/1506.08082
http://arxiv.org/abs/hep-ph/0611350
http://arxiv.org/abs/2202.07953
http://arxiv.org/abs/1902.00134
http://arxiv.org/abs/1306.6352
http://arxiv.org/abs/2201.11585
http://arxiv.org/abs/2207.00092
http://arxiv.org/abs/2207.00043
http://arxiv.org/abs/2110.10698
http://arxiv.org/abs/2201.07805
http://arxiv.org/abs/2103.15389
http://arxiv.org/abs/2010.07644
http://arxiv.org/abs/1303.7465
http://arxiv.org/abs/1702.03224
http://arxiv.org/abs/1206.2543


13

no.1, 011801 [arXiv:1809.05222 [hep-ex]].
[40] A. Bazavov et al. [TUMQCD, Fermilab Lattice and

MILC], [arXiv:1810.00250 [hep-lat]].
[41] F. Wilczek, Phys. Rev. Lett. 39 (1977), 1304
[42] K. Liu [BESIII], PoS PANIC2021 (2022), 437
[43] M. Bauer, P. Foldenauer, P. Reimitz and T. Plehn, Sci-

Post Phys. 10 (2021) no.2, 030 [arXiv:2005.13551 [hep-
ph]].

[44] S. Fichet, Phys. Rev. Lett. 120 (2018) no.13, 131801
[arXiv:1705.10331 [hep-ph]].

[45] P. Brax, S. Fichet and G. Pignol, Phys. Rev. D 97 (2018)
no.11, 115034 [arXiv:1710.00850 [hep-ph]].

[46] F. Ferrer and J. A. Grifols, Phys. Rev. D 58 (1998),
096006 [arXiv:hep-ph/9805477 [hep-ph]].

[47] M. Endo, K. Hamaguchi and G. Mishima, Phys. Rev. D
86 (2012), 095029 [arXiv:1209.2558 [hep-ph]].

[48] E. Tiesinga, P. J. Mohr, D. B. Newell and B. N. Taylor,
Rev. Mod. Phys. 93 (2021) no.2, 025010

[49] A. Kramida, Yu. Ralchenko, J. Reader and NIST
Atomic Spectra Database Team, (2021) [Available:
https://physics.nist.gov/asd]

[50] V. A. Yerokhin, K. Pachucki and V. Patkos, An-
nalen Phys. 531 (2019) no.5, 1800324 [arXiv:1809.00462
[physics.atom-ph]].

[51] U. D. Jentschura, S. Kotochigova, E. O. LeBigot,
P. J. Mohr and B. N. Taylor, (2005) [Available:
https://physics.nist.gov/HDEL]

[52] G. W. F. Drake and R. A. Swainson, Phys. Rev. A 41
(1990), 1243-1246

[53] H. Banks and M. Mccullough, Phys. Rev. D 103 (2021)
no.7, 075018 [arXiv:2009.12399 [hep-ph]].

[54] L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West,
JHEP 03 (2010), 080 [arXiv:0911.1120 [hep-ph]].

[55] V. Domcke and J. Heisig, Phys. Rev. D 92 (2015) no.10,
103515 [arXiv:1504.00345 [astro-ph.CO]].

[56] P. Nason, Phys. Lett. B 175 (1986), 223-226
[57] M. Ruhdorfer, E. Salvioni and A. Weiler, SciPost Phys.

8 (2020), 027 [arXiv:1910.04170 [hep-ph]].
[58] S. Argyropoulos, O. Brandt and U. Haisch, Symmetry

2021, 13 [arXiv:2109.13597 [hep-ph]].
[59] S. H. Im and K. S. Jeong, Phys. Lett. B 799 (2019),

135044 [arXiv:1907.07383 [hep-ph]].

[60] N. Aghanim et al. [Planck], Astron. Astrophys. 641
(2020), A6 [erratum: Astron. Astrophys. 652 (2021), C4]
[arXiv:1807.06209 [astro-ph.CO]].

[61] S. Dawson, P. P. Giardino and S. Homiller, Phys. Rev.
D 103 (2021) no.7, 075016 [arXiv:2102.02823 [hep-ph]].

[62] G. Aad et al. [ATLAS], Phys. Rev. D 101 (2020) no.1,
012002 [arXiv:1909.02845 [hep-ex]].

[63] [CMS], CMS-PAS-HIG-19-005.
[64] M. Gonderinger, H. Lim and M. J. Ramsey-Musolf, Phys.

Rev. D 86 (2012), 043511 [arXiv:1202.1316 [hep-ph]].
[65] C. A. Baker, D. D. Doyle, P. Geltenbort, K. Green,

M. G. D. van der Grinten, P. G. Harris, P. Iaydjiev,
S. N. Ivanov, D. J. R. May and J. M. Pendlebury,
et al. Phys. Rev. Lett. 97, 131801 (2006) [arXiv:hep-
ex/0602020 [hep-ex]].

[66] J. M. Pendlebury, S. Afach, N. J. Ayres, C. A. Baker,
G. Ban, G. Bison, K. Bodek, M. Burghoff, P. Geltenbort
and K. Green, et al. Phys. Rev. D 92, no.9, 092003 (2015)
[arXiv:1509.04411 [hep-ex]].

[67] B. Graner, Y. Chen, E. G. Lindahl and B. R. Heckel,
Phys. Rev. Lett. 116, no.16, 161601 (2016) [erra-
tum: Phys. Rev. Lett. 119, no.11, 119901 (2017)]
[arXiv:1601.04339 [physics.atom-ph]].

[68] G. Grilli di Cortona, E. Hardy, J. Pardo Vega and G. Vil-
ladoro, JHEP 01, 034 (2016) [arXiv:1511.02867 [hep-ph]].

[69] S. Ghigna, M. Lusignoli and M. Roncadelli, Phys. Lett.
B 283, 278-281 (1992)

[70] M. Kamionkowski and J. March-Russell, Phys. Lett. B
282, 137-141 (1992) [arXiv:hep-th/9202003 [hep-th]].

[71] R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb,
R. Watkins and L. M. Widrow, Phys. Lett. B 282, 132-
136 (1992) [arXiv:hep-ph/9203206 [hep-ph]].

[72] S. M. Barr and D. Seckel, Phys. Rev. D 46, 539-549
(1992)

[73] R. Kallosh, A. D. Linde, D. A. Linde and L. Susskind,
Phys. Rev. D 52, 912-935 (1995) [arXiv:hep-th/9502069
[hep-th]].

[74] E. Witten, Nature Phys. 14, no.2, 116-119 (2018)
[arXiv:1710.01791 [hep-th]].

[75] M. Blennow, E. Fernandez-Martinez and B. Zaldivar,
JCAP 01 (2014), 003 [arXiv:1309.7348 [hep-ph]].

http://arxiv.org/abs/1809.05222
http://arxiv.org/abs/1810.00250
http://arxiv.org/abs/2005.13551
http://arxiv.org/abs/1705.10331
http://arxiv.org/abs/1710.00850
http://arxiv.org/abs/hep-ph/9805477
http://arxiv.org/abs/1209.2558
http://arxiv.org/abs/1809.00462
http://arxiv.org/abs/2009.12399
http://arxiv.org/abs/0911.1120
http://arxiv.org/abs/1504.00345
http://arxiv.org/abs/1910.04170
http://arxiv.org/abs/2109.13597
http://arxiv.org/abs/1907.07383
http://arxiv.org/abs/1807.06209
http://arxiv.org/abs/2102.02823
http://arxiv.org/abs/1909.02845
http://arxiv.org/abs/1202.1316
http://arxiv.org/abs/hep-ex/0602020
http://arxiv.org/abs/hep-ex/0602020
http://arxiv.org/abs/1509.04411
http://arxiv.org/abs/1601.04339
http://arxiv.org/abs/1511.02867
http://arxiv.org/abs/hep-th/9202003
http://arxiv.org/abs/hep-ph/9203206
http://arxiv.org/abs/hep-th/9502069
http://arxiv.org/abs/1710.01791
http://arxiv.org/abs/1309.7348

	The Axion-Higgs Portal
	Abstract
	I Introduction
	II The axion-Higgs portal at different scales
	III Phenomenological Constraints on the axion-Higgs Portal
	A Higgs decays
	B Flavor-violating meson decays
	C Radiative Vector meson decays
	D Constraints from atomic spectroscopy 
	E Discussion

	IV Dark matter through the axion-Higgs Portal
	A Freeze-out production
	B Freeze-in production
	C Misalignment production
	D Discussion

	V Conclusions
	VI Acknowledgements
	A Complex scalar UV completion
	B Relation to the strong CP problem
	C Details about the freeze-in calculation
	D Results for the Higgs portal
	 References


