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The phenomenology of axions and axionlike 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.
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I. INTRODUCTION

Axions and axionlike particles are interesting candidates
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

£55 ;G’;”Gﬁy, (1)
where GW = %e#ngf"’ 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-five operators
describing axion interactions with SM particles also
includes couplings to electroweak gauge bosons and SM
fermions [5]. The mass term explicitly breaks the shift
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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 [6-8].

An interaction between the Higgs boson, the Z boson,
and an axion is only present at dimension five if it is
induced by axion couplings to chiral fermions [9,10]. In
contrast, the axion-Higgs portal (or derivative Higgs portal)
is a dimension-six operator [11],

L8 = jfzh 0,a0"ad’ . (2)

where ¢ denotes the Higgs doublet. Importantly, operator
(2) is the leading operator in the 1/f expansion that is
bilinear in the axion fields and invariant under the Z,
transformation @ — —a. In this paper we consider this Z,
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 independent 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 compared to high-energy probes. Here we
discuss the phenomenology of an axion with a Z,
symmetry and a softly broken shift symmetry. We
compare constraints from spectroscopy experiments,
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flavor-violating and flavor-conserving meson decays, invis-
ible 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, comparing misalignment, freeze-in and freeze-out
mechanisms. The results are compared with the renorma-
lizable Higgs portal model in which a scalar field is
invariant under a Z, 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> Cshs2¢+¢’ (3)

which is not protected by a shift symmetry but invariant
under a Z, transformation s — —s. Therefore—in contrast
to the axion—the mass of the scalar s is not protected
against quadratically divergent radiative corrections.

II. AXION-HIGGS PORTAL AT
DIFFERENT SCALES

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

1 1 a .
(3 ad’a — Emza2 + f—zhdﬂad”aqﬁ'qﬁ + Lsm,
(4)

where Lgy; denotes the SM Lagrangian. For a vanishing
axion mass m,, this Lagrangian is invariant under a shift
symmetry a — a + ¢, where ¢ is a constant, and a Z,
symmetry a — —a. The Z, 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 < 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

Lp<f)=

CanC 0o CanC a %
Lp<v)= o 1(8,0)2F ,, F*° + f;mg (0,0)*G%, G,
h

Cahclj
Z f2 2

a)*w;(m;Py, +m;Pg)y;+ H.c.

(5)

The field strength tensors for photons and gluons are
denoted by F,, and Gj,, respectively. Chiral projectors
are defined as Py g = 1/2(1 F ys), m; and m; are the
masses of the fermions y; and y;, and the sum over i, j =

e,y,r,ye,yﬂ,uwd,s,b,u,c extends over leptons and

quarks apart from the top quark. The dimensionless
Wilson coefficients are obtained to leading order in
m3/(2m,)? and m3/(2my)?. In this limit the couplings
between the axion and gauge bosons read [12]

a 47 a, 1

— T 75 :iiv 6
T Tar13 6T 4r3 (6)

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

1
Cii = bR (7)
in the case of flavor diagonal couplings. Flavor-violating
axion couplings are induced through the Higgs penguin
[13-15] and are only relevant for external down-type
quarks. For example, the axion coupling to d and s quarks
is given by
3 m?
Cas = — @Té ViaVis- (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 m,% /v?* at the amplitude level, and
charged lepton flavor-changing couplings are suppressed
by neutrino masses.

In contrast to the QCD axion or, more generally, axions
that interact linearly with quarks or gluons [16], the axion-
Higgs portal does not induce mixing between the neutral
pion or other pseudoscalar mesons with the axion as long as
the Z, symmetry remains unbroken. At energies below the
QCD scale Agcp, the relevant degrees of freedom are
nucleons, leptons, and photons. The effective Lagrangian
for interactions induced by the axion-Higgs portal then read

lllc
L(u < Agep) = ;’ZY (9, a)2NN+f .

my nmy,
CanC -
+ 2_111; (a )ZF/JO'F/) (9)
h

( 0,a)*¢¢

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

ZfN‘i‘ fre (10)
q=u.d,s

with the matrix elements defined by

(Nlmyqq|N) 8z (N|G5,Ga’IN)

N adTl = Upota 1/ 11
fq my ’ 9(1sz0 my ’ ( )

which can be determined from pion-nucleon scattering
[17-19]. Using the results from [20], we find the numerical
values
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¢, ~c, ~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 portal
and compare to experimental data. The phenomenology of
the axion-Higgs portal is different from the QCD axion and
other linearly coupled axionlike particles. Axions and
ALPs are constrained by searches for the direct production
at colliders [10,21,22] and indirect effects in lab-based
experiments such as light shining through the wall experi-
ments [23,24] or cavity resonance searches [25] and
astrophysical observables [26]. Many of these experiments
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 c,,/f> and discuss the best exper-
imental 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 diagram
is shown in Fig. 1(a), and the decay rate reads

v’m3 2m2\ 2 4m?
F(h—)aa):32ﬂ7<l—m%l> l—m%. (13)

h | s —_— d
|
"l“\ LY
a a a"‘ ‘\‘a
(a) (b)
6_\‘\./'/ .
a a
. P .
(c) (d

FIG. 1. Diagrams for different processes induced by the axion-
Higgs portal. (a) Higgs decay into two axions. (b) Contribution to
the flavor changing transition s — daa. (c) Contribution to the
vector meson annihilation V — yaa. (d) Contribution to the
potential between electrons and nuclei generated by the exchange
of axion pairs.

TABLE 1. Current limits and projections for experimental
bounds on the branching ratio of Higgs bosons to invisible final
states.

Experiment B(h —inv) ¢, /f*(GeV™2)  References
LHC (today) 1.45 x 107! 7.1 x 1077 [27]
HL-LHC 2x 1072 2.6 x 1077 [31]
ILC 250 GeV 4.4 %1073 1.2 x 1077 [32]
FCC-hh 2.5%x 107 3x 1078 [33]

In the absence of linear interactions, the axion is stable,
leading to invisible Higgs decays. Bounds on the branching
ratio are set by searches for invisible decays of Higgs
bosons produced in vector-boson fusion B(h — inv) <
0.145 at ATLAS [27] and B(h — inv) <0.18 at CMS
[28] at 95% confidence level (CL). Global fits result in
slightly stronger bounds of B(h — inv) < 0.13 at ATLAS
[29] and B(h — inv) < 0.16 at CMS [30]. The reach of the
high luminosity LHC and potential future colliders is given
in Table 1.

B. Flavor-violating meson decays

Some of the most sensitive probes of axions or ALPs in
the mass range m, = 1-100 MeV are meson decays like
K* = na [5,34,35]. These decays are forbidden for the
axion-Higgs portal because they violate the Z, symmetry.
Instead, axions interacting through the axion-Higgs portal
are pair produced in meson decays such as K™ — n7aa
induced by diagrams like the one shown in Fig. 1(b).
The 3-body phase space leads to a strong suppression of the
decay rate,

9 2 2 2 2
Mg+ Can Cas F my Mo (14)
3258 ot 2w, )
h K+ K+

where cg4, is given in (8) and the function

(K" - ntaa) =

(1-vb)?
F(a,b) =24(1 - b)z/ dx(x —2a)?

4a

2

includes the phase space factor." 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
invisible final states. Similar to invisible Higgs decays it
is experimentally very challenging to constrain invisible

'We find F(0,m2/m%) =0.172, F(0,m2/m}) = 0.957,
F(0,m%/m%) = 0.722.
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TABLE II. Experimental bounds on meson decays into final
states with invisible particles. There are dedicated searches for
K" - 7" 4+ inv and Y(1S) — yaa which yield m,-dependent
upper bounds; we list their bounds for small m, in this table.

Decay width Upper bound c¢,;,/f?(GeV™2) References

B(K* >a* +inv) 48x 101! 1.5 36,37]
B(B* - K*+inv) 1.6x 1075 6.0 x 1072 (38]
B(B* =z +inv) 1.4 x107° 2.3 x 107! [39]
B(B® — inv) 2.4 %107 2.0x 107! [40]
R(Y > y+inv)  35x107° 1.4 x 107! [41]

meson decays unless the meson recoils against SM par-
ticles. In B factories the invisible decay of B mesons can
be observed through eTe™ — T — BB with a subsequent
invisible B® decay by tagging the second B’ meson [40].
The decay rate reads

F(BO — aa) = 287 f4 m2

7 2 2 2 2 2
My ¢2) Chal po <1 _2ma)2 1_4ma

2
mBO

where fpo = 190.5 MeV [42] is the neutral B meson decay
constant.

C. Radiative vector meson decays

The axion-Higgs portal mediates the flavor-conserving
vector meson decays V — yaa via diagrams like the one
shown in Fig. 1(c). These decays are proportional to the
flavor diagonal couplings (7), which can be many orders of
magnitude larger compared to the flavor-violating cou-
plings (8). In line with the Wilczek equation [43], we use
the ratio of decay widths

I'(V - yaa)
[(V—oete)

:¥C_ihm_8vF(m5 0)
320583 f mi T \M2

x [1 —‘;‘: aH(z)}, (17)

R(V - yaa) =

not including contributions suppressed by O(c,). We find
the analytic result

F(x,0) = V1 —4x(1 — 10x + 42x% + 12x3)
I ++V1—-4x
1-V1-4x’
and use the NLO corrections ay(z) where z = 1-4m2/m3,

as given in [44] such that ay(1)~ 10 for m, =0 and
ay(z) «z7'/? in the limit m, — my/2. The strongest

—24x3(2 — x) log (18)

constraints are currently set by BESIII [45] for J/y decays
and Belle [41] for Y(1S) decays. The decay V — aa is
forbidden because two identical particles cannot be in an
antisymmetric spin-1 state.

D. Constraints from atomic spectroscopy

The exchange of pairs of axions as shown in Fig. 1(d)
induces a fifth force. This interaction through the axion-
Higgs portal is strongly suppressed by two effective
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
interaction can be obtained by calculating the expectation
value of the corresponding potential with respect to an
electron in a given state,

B,y = (e[ V(O)lyng) = / Srly, (OPV(E).  (19)

where y,,,(r) is the wave function for the (n¢) state. For a
radially symmetric potential, only the radial component of
the wave function will enter the calculation, and therefore
the energy shifts for this potential will not depend on m.
The potential can be obtained by taking the discontinuities
in the scattering amplitude in the nonrelativistic limit and
performing the Fourier transform as a complex integration
[46,47],

2 5 15 3
V(r) = - San oM K’"—+ ’"a)mzmar)

£t 8a’my r r
6m%  30m?
(%2 2085 e mr . (20)

where K,(2mr) are modified Bessel functions of the
second kind. At short ranges (or low axion masses) they
scale like a power law, meaning the potential is dominated
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 axions with linear interactions to SM fermions. In this
case there are additional diagrams beyond Fig. 1(d) with
internal fermion lines, and the potential scales as r— at
short distances [48].

Uncertainties can be minimized by taking the ratio of
two different hydrogen transitions, and currently, the
strongest constraint reads [49]

< (-05+3.1)x 10712, (21)

where the experimental result and theory predictions are
taken from [50,51], respectively. The energy shift induced
by the axion in hydrogen atoms is divergent for s-, p-, and
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d-states due to the wave function decaying too slowly to
compensate the =/ behavior of the potential at short
ranges. We choose to regulate this divergence by intro-
ducing a cutoff scale r.. Using a reference cutoff scale to be
the proton radius r, = 0.84 fm [50], Eq. (21) translates
into a bound on the axion coupling at 1o,

2
% <5x10° (fr—c> GeV-2, (22)
m

for m, < 1/r,~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-Z quantum number do not suffer
from this divergence, and we also consider the 4f, 5f, and 6f
states of hydrogen, comparing measurements found in [52]
to SM values obtained using [51,53,54] to obtain the bound
shown in blue in Fig. 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
measurements of 4f and 5f states for the estimate shown
in Fig. 3.

Molecular spectroscopy can yield stronger constraints at
short distances, in particular, for systems in which an
electron is replaced by a muon whose wave function has a
larger overlap with the nucleus. It can also offer measure-
ments precise enough to derive bounds on the model.
Various systems are considered in [47,55], with the
strongest bound resulting from the binding energy of the
(v = 1,J = 0) state of the muonic molecular deuterium ion
ddu*t giving

c r 2

fizh <44x108 (21Cfm> GeV2, (23)
for a cutoff set at the deuterium radius r; = 2.1 fm [50] and
assuming ¢, ~ ¢, for the deuterium-Higgs coupling. This
result is, however, also strongly dependent on the cutoff
scale chosen as the full integral is divergent for this system
[47]. We contrast these constraints with the corresponding
results for the Higgs portal scalar; the interaction term with
scalar couplings gives rise to a different form for the
potential,

1 mg
V(r) = —chhcpmpmeﬁKl(str). (24)

This potential scales as r~> in the short range limit, yielding
an approximately logarithmic dependence on the cutoff
scale rc. The results are shown in Fig. 3. The main
difference between the two models is that for interactions
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 [47,55] from the antiprotonic helium mole-
cular ion pHe™,

con < 8.4 x 104, (25)
for m; < 10* eV, and from the ddu™ ion with
con <2.2x10°, (26)

for m, < 10° eV. Note that the bounds on c,,/f> in Fig. 3
are so weak that for some values of m,,, contributions from
the shift-symmetry-breaking operator m2/ f?a*¢" ¢ would
generate the potential (24) for the axion-Higgs portal model
with ¢, = m2/f?. In this case stronger constraints on f
can be extracted from the right panel of Fig. 3.

E. Discussion

The different constraints discussed in this section are
shown in the m, — c,;,/f* plane in the left panel of Fig. 2.
Given the hierarchy in precision between the constraints,
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;? in the
effective couplings, invisible Higgs boson decays result
in the strongest bound c,;,/f*> < 107° GeV? 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 energy
loss discussed in [56]. The constraints from atomic spec-
troscopy are so weak that they do not show up in Fig. 2.
A dedicated plot is shown in Fig. 3. Note that for some of
the values for c,;,/ f* in Figs. 2 and 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. 2 is excluded because the axion mass is
larger than the decay constant and the assumption of an
approximate shift symmetry is not justified. Axions with
masses m, > m;/2 can only be produced in off-shell,
invisible decays of the Higgs boson, which provide a
significantly weaker bound [57-59]. For comparison we
show the constraints on a scalar Higgs portal with a stable
scalar in the right panel of Figs. 2 and 3, respectively. We
derive the corresponding decay widths in Appendix D.
Here the strongest constraint for masses m,; 2 50 MeV is
set by the bound on invisible Higgs decays, but for smaller
scalar masses the constraint from supernova energy loss is
stronger. Bounds from flavor constraints are stronger
relative to the constraint from invisible Higgs decays if
compared with the case of the axion portal because the
scalar Higgs portal is renormalizable. These results are in
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< 1075 9
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m, [GeV] m;s [GeV]

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 m,, for the case of the axion-
Higgs portal, whereas cosmological constraints become stronger for the Higgs portal; see also Fig. 4. The supernova bound is taken

from [56].

104 108 108 1010

m, [eV]

102

FIG. 3.

1

ao o
1023 low £, rc=2rp
lowt, re=rp,
20 |
10 low £, re =rp/2
1017 high £
G
O 1014 4
1011
108
10° T T T T
10° 102 10* 10° 108 1010
ms [eV]

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-Z hydrogen states with a cutoff r¢ = r,; 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. The bounds shown
indicate the relative strength and cutoff dependence of the spectroscopy searches. Most of the parameter space would be excluded by
perturbativity or shift-symmetry-breaking operators with m, = f as shown in Fig. 2.

stark contrast to axions with an approximate shift symmetry
and linear couplings to Standard Model particles, for which
flavor constraints are substantially stronger than the con-
straint from invisible Higgs decays [34].

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 sufficiently
long-lived to contribute to the observed dark matter
abundance. In contrast, axions interacting with the SM
through the axion-Higgs portal are stable, independent 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 simplifying 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 interaction for
freeze-out production of dark matter through the axion-
Higgs portal depends sensitively on the axion mass. It turns
out that freeze-out production is only possible for couplings
so large that they violate the consistency requirement
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m, < 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 nucleosynthesis
and the QCD phase transition 1 MeV <7 < 100 MeV, the
dominant process is photon-photon annihilation yy <> aa,
and the relic abundance is given by

Qn? _ 130 sh? f4m2
0.12 77 0.12p. 2, c2mSmyp,

m, -6 Cah/f2 -2
~3.10 . (27
<100 MeV> <106 GeV2 @7

where s is the entropy density today and p. is the
critical energy density of the universe, mp, is the Planck
scale, and £ is the reduced Hubble constant. The corre-
sponding range of axion masses is 17 MeV <m,<
2.2 GeV, and freeze-out happens at xpg = m,/Tro &
1.1log (m,/100 MeV) + 18.7. If freeze-out happens at
temperatures above the bottom quark threshold 7" = m,,
the dominant process is bb <> aa annihilation, and for the
correct relic abundance in this parameter space, we obtain

Qn? sh? frm?
—— =6V10 k
0.12 0.12p, 2, mimimp
mg - Cah/f2 -2
~ 0.28 . 28
<102 GeV> (10-4 Gev2 (28)

The corresponding axion mass range is 95 GeV<
m, < 2.2TeV, and freeze-out happens at xpo = m,/Tro~
1.11og(m,/100 GeV) +23.7. For intermediate axion
masses, the dominant interaction for freeze-out production
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-
rium is never reached [60]. 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, depend on a
cutoff temperature T, where the standard prescription of
cosmology becomes invalid. This cutoff temperature is
often interpreted as the reheating temperature, 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
Tg 210 MeV [61]. A cutoff temperature around the
electroweak scale would strongly constrain standard cos-
mology but cannot be ruled out from the current perspec-
tive. Regarding high values of Ty, the only strong upper
bound in our model is T < 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 trans-
lates into T < 8 x 10" GeV for m, = 0 and even higher
values for nonvanishing axion masses. For large axion
masses there is another strong bound 7 < 2m, from the
requirement that thermal production of axions is kine-
matically allowed. Finally, the dependence on the cutoff
temperature disappears in the limit of large 7, and
renormalizable couplings and is therefore unphysical. It
turns out that this dependence is crucial for the pheno-
menology of the axion-Higgs portal.

Depending on the cutoff temperature 7'y, the dominant
dark matter production mechanism for the axion-Higgs
portal is either yy — aa, bb — aa, or hh — aa, the tran-
sitions being at the scales Tp ~m; and Ty ~m; (see
Fig. 5). In the large-T; 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 nonrelativistic today, we find

Qr 2160 [ 10 sh? car) s
012~ 7 \gg2012p, MM\ y2 ) R
my, Cah/f2 2 TR 3
~ 1.24 . (29
(1 eV> (10—14Gev—2) I TeV (29)

The dependence of the result on the effective number of
degrees of freedom contributing to the energy density g,
and the entropy density g,, 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., m, <
T, with Ty = 2.3 x 107 eV, the present temperature of the
universe, we find instead

Qn? 17258 10 sh? 7 (Can 2T3
= m _—
012 & \gg2012p, "N f2) K
Cah/f2 2 TR 3
~ 197 . 30
(5x10-‘3Gev-2> 1 TeV (30)

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

300 MeV < T S2 GeV. (31)

This window will shift to higher values of T with
improving precision on c,,/f?, as can be seen in Fig. 5.
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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 Q7> = 0.12 [62] for various mechanisms. On the right, we show the corresponding situation for the Higgs portal; the
supernova and Eot-Wash bounds are taken from [56]. The orange lines for freeze-out production are an estimate for a smooth
intersection between the regimes that are dominated by bb <> aa and yy <> aa. For the case of freeze-in production, we show several
lines to visualize the dependence on the cutoff temperature 7. The blue regions visualize where freeze-in production is possible.

C. Misalignment production

For extremely small axion couplings, the observed relic
abundance of DM cannot be obtained through either freeze-
out or freeze-in production. If the axion is produced in a
configuration away from its potential minimum in the early
universe, it oscillates around the minimum at late times.
The relic DM density is determined at the point m, = 3H
where the oscillations of the axion field begin, and then
diluted by cosmic expansion. We assume that the mecha-
nism of spontaneous symmetry breaking generating the
axion field happens after inflation,’ meaning that we have
to average over the misalignment angle 6, and find’

Qh? h?

_ n* JIT3f? Mg
012~ 30v/100.12p, V9 0T\,

m 12 ¥ 2
~3.68 = . 32
<10‘3 eV) (1013 GeV> (32)

Here g,, is the effective number of degrees of freedom
contributing to the entropy density at the temperature when
the axion field begins to oscillate.” Note that this result does
not depend on the coupling c,;, but only on the axion mass
and the properties of the phase transition. For large axion
masses, the temperature at which the oscillations of the

2Spontaneous symmetry breaking that happens before infla-
tion introduces a dependence on the initial misalignment angle
6y. However, this does not change the fact that misalignment
production is strongly suppressed.

“We assume that the axion mass remains constant throughout
the evolution of the universe. This is not valid in the case where
the axion mass is generated by nonperturbative QCD effects, i.e.,
the QCD axion.

Due to the mild dependence of QA on g, , we again evaluate
g, at the electroweak scale.

axion field start increases and eventually approaches the
scale f where the effective prescription breaks down. It then
becomes impossible to generate the observed relic density,
translating into an upper bound on the axion mass of m, <
1 GeV for models with misalignment production. How-
ever, 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
interactions will break down. We refrain from showing the
parameter space for which the misalignment mechanism
can reproduce the dark matter relic abundance in Fig. 4
because it is independent of the coefficient c,,. For values
of ¢, large enough to allow for freeze-in production, 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 portal
is shown together with the strongest constraint from
invisible Higgs decays in the left panel of Fig. 4. For
comparison, the corresponding constraints on scalar Higgs
portal dark matter are shown in the right panel of Fig. 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 m, < f and only
allowed for m; > m,; /2 for scalar dark matter. The para-
meter space for which freeze-in production is allowed is
shaded blue in Fig. 4. For larger axion masses, the
temperature falls below the pair production threshold.
For very low couplings, the effective theory becomes
invalid for axions, and the freeze-in production becomes
independent of 7', for scalars. Freeze-in production is
possible for axions or scalars with masses m, 2 1 eV or
my, 2 1 eV, below which dark matter is relativistic at the
time of recombination, independent of the temperature 7.
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We visualize the effects of the dependence of freeze-in production on the cutoff temperature T». The left panel is

complementary to the left panel of Fig. 4, where we now vary Ty for some fixed values of m,. The right panel shows the various

contributions to the relic abundance in dependence of T'.

The sensitivity required for observing this type of dark
matter increases with increasing axion mass and cutoff
temperature. Currently, searches for invisible Higgs decays
exclude values of T ~ 0.3—2 GeV. Any further improve-
ment in invisible Higgs searches will probe dark matter
production through the axion-Higgs portal for higher cutoff
temperatures. In the left panel of Fig. 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 Tk = 10 MeV set by BBN
constraints. The blue shaded envelope indicates the range
of cutoff temperatures T that can be excluded for a given
bound on invisible Higgs decays. The couplings necessary
for DM production through the vacuum misalignment
mechanism are so small that any confirmation of this
scenario through dark matter production is not feasible. For
the scalar Higgs portal the bound from supernova energy
loss excludes values of the scalar-Higgs coupling 2 orders
of magnitude larger than the constraint from invisible Higgs
decays. Light scalar dark matter is also constrained by
bounds from Eot-Wash experiments sensitive to long-range
forces induced by scalar exchange [46].°

V. CONCLUSIONS

The axion-Higgs portal is the leading effective operator
describing interactions between SM particles and axions or
axionlike particles respecting the shift symmetry as well as
a Z, 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 measurements such as
searches for fifth forces do not result in relevant bounds
because the potential induced by the exchange of axion

*We do not show the even stronger big bang nucleosynthesis
bound from [56] in Fig. 4 because it only applies to wavelike dark
matter, which in turn could only be produced by vacuum
misalignment.

pairs scales as V(r) o« r~’ as a consequence 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 — waa, B — aa and
vector mesons V — yaa 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. Invisible Higgs decays provide
the strongest constraint on the axion-Higgs portal, inde-
pendent of the axion mass, including astrophysical con-
straints from supernova cooling. 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 an axion-
Higgs portal is given by introducing a complex scalar
singlet [11]

_ ST s,

SV

(A1)
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with a vacuum expectation value (S) = f/v/2 and a
Lagrangian

Es = @S@“St +M§STS - /IS(STS)2 - ﬂhSSTSQ&T(]s + 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 § are forbidden.
Upon electroweak symmetry breaking, the radial mode s
mixes with the SM Higgs field. The dominant contribution
to the mass of the radial mode is determined by the scale f,
whereas the mass m, of the pseudo-Nambu-Goldstone
boson a is generated by explicit symmetry-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
energy scales that we can access experimentally. From (A2)
it follows that

2
Cap = ]—Csina with  tan2a = hisvf (A3)
v - m,2

for the axion-Higgs portal, where m and m,, are the masses
of the radial mode s and the SM Higgs boson #,
respectively. The coefficients in (A2) are constrained by
measurements of the SM Higgs decays into SM particles.
For example, a conservative estimate using bounds on the
signal strength from LHC Higgs analyses leads to | sina| <
0.2 for masses m; > m;,/2 [63-65]. Further constraints on
the parameters in (A2) arise from perturbativity, requiring a
stable minimum of the potential and measurements of
electroweak precision observables [66].

APPENDIX B: RELATION TO THE
STRONG CP PROBLEM

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

L>0
3087r

(BI)
where 6. denotes the QCD theta angle. This parameter is
experimentally found to be extremely small, §, < 10710
[67—69]. 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

Ay a Y
— - 1Gi,Ga . B2
L> o (HC +f> GG (B2)

The coefficient of the GG term is now a field which we call
the effective QCD theta angle 0. = 6. + 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 m, = m, [70],

V= =NAoep €08 Oy (B3)
Assuming that other contributions to the QCD axion
potential are negligible, one finds, for the vacuum expect-
ation value, (6) = 0 or (a) = —f0..

The question of 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 [71-74]. It is argued that
global symmetries like the U(1) of the QCD axion should
generically be explicitly broken at a high-energy scale
Ay) < mpj, where mp is the Planck scale [75,76]. In the
effective theory, symmetry-breaking effective operators are
then suppressed by powers of Ayy).

For the case of the axion-Higgs portal, the coupling (B2)
is forbidden by Z, symmetry prohibiting linear axion
couplings. This Z, symmetry is a global symmetry and
should therefore be explicitly broken at a scale A, that
need not be related to the scale of shift symmetry breaking
Ayq); it should fulfill Az, > f in order to make the axion-
Higgs portal a good effective theory, so the equivalent to
(B2) reads

a a ~
= (6. +—|G,GY. B4
L> Sz < .+ A22> uv ( )

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

ec—ni,ecwzi]. (B5)

a
Opp =0, +—€
eff C+ AZ A22

Az

2 2

Given the hierarchy f <Ay, the vacuum expectation
value () can only take values in the close vicinity of
0.. This is in contrast to the QCD axion, where the Z,
symmetry is spontaneously broken as well, so that A, = f
and the axion field can balance an arbitrary value of 6,.. 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 between SM fields
and the axion. This discussion does 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.
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APPENDIX C: DETAILS ABOUT
THE FREEZE-IN CALCULATION

Detailed information about freeze-in production for the
axion-Higgs portal is given in Fig. 5. The relevant scales
with decreasing cutoff temperature are Tp ~ m,,, where the
dominant process changes from hi — aa to bb — aa, and
Ty ~ my, after which the dominant process is yy — aa.
Due to the fact that freeze-in production in nonrenormaliz-
able 2 — 2 processes is dominated at the highest temper-
atures and only possible for axions with masses below the
cutoff temperature m, < T/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 [77]. In the limit of large T, it is sufficient to neglect
all particle masses, and the result is just a power of the
cutoff temperature. For the example of 44 — aa, one finds

for the yield
y_ 2160 | 10 2, mp T ‘
7 \g9e [

For processes with a Higgs mediator and cutoff temper-
atures around the Higgs mass, the dominant dark matter
production comes from the pole of the Higgs boson
propagator. For our example bb — aa, we can use m, <
my, and find

:g 10 C"hmbmhmm/ dxx’ K, (x),
4 g*g%* f Fh my,/Tr

where I', is the decay width of the Higgs boson and K, (x)
is the modified Bessel function of the second kind. Finally,
in the limit of small cutoff temperatures 7 < m,,, one can
work with an effective theory where the Higgs boson is
integrated out. For the process yy — aa, we find

_ 49766400 | 10 c2,c2mp T
Tn 995 ftmy

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

h? h? ma
=Py My
Pec N Pe 30;

(C1)

(C2)

(C3)

m, > T()

(C4)

TO m, < To.

Combining these analytical results, one can reconstruct the
dominant contribution in the numeric solution shown on
the right panel of Fig. 5 in most regions.

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 Sec. II can be
repeated in a straightforward way with the replacements
9, — 1 and ¢,/ % = ¢y, leaving the Wilson coefficients
unchanged. For the Higgs decay width into scalars, we find

2 2

m
I'(h = 1-4—. D1
(h=53) =gty [1=4s (1)
For the flavor-changing meson decays, we find
2, c? f
r'(B° Mip C5iCoal 30 b 1- D2
(B = 58) =50 (b2)

NS

(KT - ztss) =

5
WLKJr Csz'hczs K( m% m +>’ (D3)

103 4 2
2% my, me. ' m

al\)

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

(1-vb)?
K(a,Db) :4(1—b)2/ dxvVx —4a

4a

1-b—x\2
—FF | —b. D4
" \/ (7)) Y
Finally, for radiative quarkonia decays, we find
[(V - yss)
Vv ="
RV =7ss) = 5y 5oy
1 mb  (m? _Aay
= LGy (M “an(2)|.
2'ra my m3, 3z
(D5)
with the function
1+ +v1—4x
K(x,0) =v1—-4x(1+2x) —4(1 —x)xlog——————.
(x.0) = VI=ax(1 +20) ~4(1 ~ ¥)xlog 22
(D6)

For scalar Higgs portal dark matter as discussed in
Sec. IV, we obtain, for the yield from freeze-out production
after the QCD phase transition,
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FIG. 6. Like Fig. 5, but for the Higgs portal. The wiggles in the yy — ss line at high values of T, 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 mg, stronger bounds on ¢, might apply; this can be seen in Fig. 4.

Qn? h? 4
— 12020 T
0.12 0.12p. c5,cymamp

Csh -2 m, -2
~ 0.50 , D7
(5 X 104> <100 MeV) (D7)

and for freeze-out before the QCD phase transition,

4 i)
M 1.13(“”) . (D8)

0.12p, c?hmimpl 10°

Qn? sh?
o V10—
0.12 0

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. However, this parameter space is
severely constrained by direct detection experiments [78],
which is not the case for dark matter interacting through the
axion-Higgs portal [79,80]. The corresponding limits for
the dark matter mass and the relation for the freeze-out
temperature xpo = m,/Tro 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 will not be most effective at the highest
temperatures but at poles or thresholds. Therefore, above a
certain value of Ty, the parameter space for which freeze-in
production results in the correct relic abundance is inde-
pendent of Tx. This results in a lower bound on the
coupling ¢y, indicated by the lower limit of the blue
region on the right panel in Fig. 4.

It turns out that the naive production processes h — ss
and hh — ss are always subleading, whereas the dominant
contribution comes from yy — ss or bb — ss, depending
on the cutoff temperature 7. This can be seen in the right
panel of Fig. 6, which contains detailed information about
freeze-in production through the Higgs portal in analogy to
Fig. 5 for the axion-Higgs portal.

Similar to Appendix C, we give expressions for the yield
from the leading processes in special limits. For cutoff
temperatures above the electroweak scale, the process
bb — ss dominates. The corresponding yield reads

270 10 mZm o0
Y =" [—5c2 5" / dxx*K,(x)
T 9+ G« mhrh my, /Ty

10 mzmpl
=405, [—-c%,—52
9+« mhrh

For cutoff temperatures sufficiently far below the Higgs
mass, the process yy — ss can be described by an effective
field theory where the Higgs boson is integrated out. This
yields

for Tx > m,,. (D9)

17280 | 10 mp T
Y = 5) th ;% 4 . (D10)
T 9«Ysx« my,

Further, for the scalar Higgs portal, bounds from supernova
cooling and Eot-Wash experiments become dominant for
lower axion masses, as shown in Fig. 4.
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