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Axionlike dark matter from the type-II seesaw mechanism
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Although axionlike particles (ALPs) are popular dark matter candidates, their mass generation mechanisms
as well as cosmic thermal evolutions are unclear. In this paper, we propose a new mass generation mechanism
of an ALP during the electroweak phase transition in the presence of the type-II seesaw mechanism. In this
scenario, the ALP gets mass uniquely at the electroweak scale, so there is a cutoff scale on the ALP oscillation
temperature that is irrelevant to the specific mass of the ALP, serving as a distinctive feature of this scenario.
Interactions of the ALP have been systematically studied, which shows that the ALP does not couple to
diphotons. Instead, it couples to active neutrinos as well as the electron. Therefore, it can be boosted by
cosmic rays and can be tested in proposed direct detection experiments with various condensed matter

materials as targets.
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I. INTRODUCTION

Various cosmological observations have confirmed the
existence of cold dark matter (DM), which accounts for
about 26.8% [1] of the cosmic energy budget. However,
the particle nature of DM still eludes us. Axions [2-5] are
one of the most popular DM candidates motivated by
addressing the strong CP problem, with its mass induced
by the QCD instanton and its relic abundance arising from
the misalignment mechanism [6—11], which drives the
coherent oscillation of the axion field around the minimum
of the effective potential. Couplings of the axion to the
standard model (SM) particles are model dependent and
there are three general types of QCD axion models,
Peccei-Quinn-Weinberg-Wilczek (PQWW) [2,3], Kim-
Shifman-Vainshtein-Zakharov [12,13], and Dine-Fischler-
Srednicki-Zhitnitsky [14,15] models, of which the
PQWW axion is already excluded by the beam-dump
experiments [16-18] and other axion models can be
detected via their couplings to diphotons or SM fermions.

“chaowei @bnu.edu.cn
'jinmj507 @ gmail.com
“lihaijun @itp.ac.cn
§yqpenghep@majl.bnu.edu.cn
”wang_yue_222@ 163.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/109(11)/115027(7)

115027-1

To relax property constraints to the QCD axions,
more general classes of axionlike particle (ALP) DM
models [19-35] were proposed, with the mass ranging
from 10722 eV to O(1) GeV [9,31], where the lower bound
is from the fuzzy DM [36] and the upper bound is from the
LHC limits. The mass generation mechanism as well as the
relic abundance of axionlike DM are blurred and indistinct
since scientists usually pay more attention to signals of
ALPs in various experiments via detecting its coupling to
photons [37-48] or SM fermions. However, it should
be mentioned that the mass generation mechanism of the
ALP is highly correlated with its interactions with the SM
particles. So one cannot simply ignore these facts and
directly apply the strategy of searching for QCD axions to
the detection of the ALP. This issue has been concerned
recently and several novel approaches have been proposed
to address the relic abundance of the light scalar DM, such
as the kinetic misalignment mechanism and the thermal
misalignment mechanism [49,50], which supposes a feeble
coupling between the DM and thermal fermions. These
attempts provide novel insights to the origin of ALPs in the
early Universe.

In this paper, we propose a new mechanism of generating
the ALP mass during the electroweak phase transition with
the help of a Higgs triplet A, which is the seesaw particle
in the type-II seesaw mechanism [51-56]. Active neutrinos
get Majorana mass as A develops a tiny but nonzero
vacuum expectation value (VEV). We explicitly show that
an ALP, which is the Goldstone boson arising from the
spontaneous breaking of the global U(1), symmetry and is
usually called a Majoron, can get tiny mass through the
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quartic coupling with the Higgs triplet and the SM Higgs
doublet @ whenever the global lepton number is explicitly
broken by the term u®” i, AT® + H.c. In such a scenario,
symmetries break sequentially: the U(1), first breaks at a
high energy scale resulting in a massless ALP serving as
dark energy, then electroweak symmetry is spontaneously
broken leading to the mass generation of the ALP and
active neutrinos. Once the mass becomes comparable to the
Hubble parameter, the ALP begins to oscillate. We derive
the relic density of the ALP by investing its thermal
evolution and solving its equation of motion (EOM)
analytically. To further investigate its signal, we explicitly
derive couplings between the ALP and all the SM particles.
Although there is no aF }wF"” interaction, we expect that
the ALP-electron interaction can be probed by the absorp-
tion of ALP DM in proposed direct detection experiments
with condensed matter materials as targets.

II. FRAMEWORK

We assume that the U(1), is spontaneously broken at
high temperature by a Higgs mechanism when S, which is a
complex scalar singlet carrying two units of the lepton
number, gets a VEV. Additionally, the type-II seesaw
mechanism is required for the origin of active neutrino
masses, and S couples to the Higgs triplet A and the SM
Higgs doublet @ via the quartic interaction. The most
general scalar potential is

V(S,®,A) = V(D,A) — p2(STS) + 16(S7S)?
+ A7(STS)(@TD) + A5(STS)Tr(ATA)
+u®Tic, AT® + 1S®Tic,AT® + H.c., (1)

where V(®, A) is the most general potential for the type-II
seesaw mechanism given in the section 1 of the
Supplemental Material [57]. The quartic couplings 4;g
are relevant for the thermal mass of S. It is obvious that
S may get nonzero VEV in the early Universe by assuming
small quartic couplings, which is consistent with exper-
imental observations [58—61], leaving the CP-odd compo-
nent of S as the ALP. This ALP is massless at the early time
until the temperature drops down to the electroweak scale.
After the electroweak symmetry breaking (EWSB), when
both ® and A get nonzero VEVs, the ALP acquires a tiny
mass double suppressed by the VEV of the Higgs triplet and
the tiny parameter u, which should be naturally small
according to the naturalness principle of ‘t Hooft [62].

To analytically derive the mass of the ALP, the ®@, A, and
S can be parametrized as

¢r AL A+ s
V2 vy +S+ia
P=urprin |- A= o s |0 S:T’ @)
V2 A V2

where A = (v, + & + i&)//2 is the neutral component of
the Higgs triplet, and v, v, and v are the VEVs of @, A,
and S, respectively. After the electroweak symmetry break-
ing, the remaining physical scalars are as follows: two
charged scalar pairs H** and H*, two CP-odd scalars A
and a, and three CP-even scalars s, H, and s, whose masses
may be obtained by the diagonalization of their squared
mass matrices. The detailed procedures of diagonalizations
of all the scalar mass matrices are given in the
Supplemental Material [57]. Then the ALP mass in the
CP-odd sector can be written as

2
a

\/E/HJ{Q/)UA(U[Z/) +403)
20 (v + v3) + 8vivy

(3)

In the limits »3/vj <1 and v3/v; <1, one has
mg = g,/ (v/20?), which is double suppressed by the
parameters v, and u in the type-1I seesaw mechanism and
is thus naturally small.

Alternatively, the ALP mass can be derived from the
ALP potential, whose expression can be obtained from the
following phase transformations: S — €S, A - A,
O, — eiifL, and Ep — eiiER, where 7; and Ej
are the left-handed lepton doublets and right-handed
lepton singlets, respectively. Then the only term relevant
to the ALP potential is e ~u®’ic,At® + H.c. After
EWSB, this term results in a cosinelike potential for
the ALP,

» V3
pe @ ic, AT® +H.c. D p ¢\/§A cos (vi) + -, (4)
N

which involves a shift symmetry a — a + 2zNwv, (N is an
integer), similar to the QCD axion case. In the limit of
a/v, < 1, one has cos(a/vy) ~ 1 —a®/2v2, and the ALP
mass can be written as mJ = uvjva/(vV203), which is
consistent with the approximate expression in Eq. (3)
derived by diagonalizing the squared mass matrix.

III. ALP DM

As discussed above, the ALP gets a tiny but nonzero
mass via the type-Il seesaw mechanism during the
electroweak phase transition at the critical temperature
Tc ~ 160 GeV [63]. The radiation corrections from both
one- and two-loop diagrams are suppressed by the tiny
factor of u?. Neglecting the radiative corrections, the
temperature-dependent ALP mass can be written as

oy (T)va(T)
YT T<Tc

0, T>Tc

(5)
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where f, = v, v,(T) and v,(T) are the temperature-
dependent VEVs of the SM Higgs and Higgs triplet,
respectively. The EOM of the homogeneous ALP field a
(a =0f,) in the Friedmann-Robertson-Walker universe
can be written as [6—8]

0+ 3H(T)0 + m2(T)0 = 0, (6)

where the dot denotes the derivative with respect to time,
and H(T) = R/R is the Hubble parameter in terms of the
scale factor R. In the radiation-dominated epoch, we have
H(T) = 1/(2t) = 1.66+/g.(T)T*/m,, where g, is the
effective number of the degrees of freedom, and mp, =
1.221 x 10" GeV is the Planck mass. The initial condi-

\/ (6%.) and (1;) = 0, where the

angle brackets denote the initial misalignment angle 6(;)
averaged over [—x, ) [10]. The value of (62 ;) depends on
whether the U(1), breaking occurs before the inflation
ends or after the inflation [10,30].

In general, the ALP becomes dynamical and starts to
oscillate when m,, (Tos.) = 3H (T ) [9-11], where T is
the oscillation temperature. Before the EWSB, the ALP is
massless and the angle 0 remains a constant with the initial
value 6(t) = 6(t;). Therefore, there is an upper bound on
the oscillation temperature 7o = T, which leads to the
existence of a critical mass

tions are taken as 0(t;) =

mye = 1.079 x 107 eV. (7)

The oscillation temperature can be divided into two cases

T* 9
Tosc = TC,

where T, is derived from the condition m, = 3H(T,).
Equation (8) implies that the traditional oscillation
condition is only available to the case m, < m,c. For
m, > m,c, the oscillation temperature is always equal to
the critical temperature T'c, as shown in Fig. 1. Note that we
use the parameter 3H instead of the Hubble parameter H to
better show the critical point given by Eq. (8).

We now investigate the evolution of the ALP, which is
frozen at the initial value by the Hubble friction at early
times (3H > m,) and behaves as dark energy. As the
temperature 7 of the Universe drops to T, given by
Eq. (8), the ALP starts to oscillate with damped amplitude,
and its energy density scales as R, which is similar to
the ordinary matter [9,10], until the angle 6 oscillates
around the potential minimum of the ALP at the late time.
The evolution of @ can be described by the analytical
solution of EOM in the radiation-dominated universe when
H > Hy ~ 10728 eV [9,64], where H . is the Hubble rate at
the matter-radiation equality in ACDM. The exact analyti-
cal expression is given in Sec. B of the Supplemental

m, <m,
¢ (8)

m, > mg,c

T
... Early time i e Oscillation
b mg>mgc
""" = Mg <mMgc
2
B3]
%} — -4
2 3H(t) mg=mgc (1.079%107* eV)
&D 1
] 1
s 1
[sa) r
T
&I
m,=0 i Late time':.”\...
Time
FIG. 1. The evolution of the energy scales for ALP mass m,

(blue line) and the Hubble parameter (red line) as a function of
the time. Three cases of m, are shown for comparisons. The
green intersections represent the temperatures when the oscil-
lation begins. The vertical dashed line represents the critical
temperature (7¢).

Material [57]. Alternatively, we can also numerically solve
Eq. (6) with the given initial values. Here we consider
the postinflationary scenario and take the initial value as
0(t;) = n/ v/3[10,30]. The analytical and numerical results
are shown in Fig. 2 with the two benchmark ALP masses.
We find that the numerical results of the evolution are
consistent with the analytical ones.

The energy density of the ALP is p,(t) = 6*(1)f%/2 +
m2(T)0*(t) f%/2. Since the ratio of ALP number density to
the entropy density is conserved, the ALP energy density at
the present can be written as p,(T) = p,(Rose) (Rose/R)? =
1/2ma(Tosc)ma(T0)f§ <62,i>S(TO)/S(Tosc) [9-11], where
Ty is the cosmic microwave background temperature at
present, and s = 272g,, T3 /45 is the entropy density with

Analytical

2F ===== Numerical

0.5 5 50 500
T [GeV]

FIG. 2. The analytical (solid red) and numerical (dashed blue)
evolution of @ as a function of T for two benchmark ALP masses
my <mye (m, =2x1078eV) and m, > m,c (m, =2x10"*eV).
The vertical dashed lines correspond to the oscillation
temperatures.
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g, as the relativistic degrees of freedom of the entropy.
The ALP mass is almost temperature independent, which
indicates m,(Tos) = m,(Ty) = m,, so the ALP energy
density at present is

pu(To) = A mEf30: >9(”(T> ©)

g*S (TOSC) TOSC

The relic density of ALP at present is defined as Q,h* =
(Pa(T0)/peo)h® 19,101, where p.o=3m’Hg/(87) is the
critical energy density, Ty = 2.4 x 107 eV, and g,,(T,) =
3.94 [65]. Combining these parameters with Eq. (9), the
relic density of ALP can be estimated as

0.056(¢2,) (-39 )(

_fu )2 me
101 GeV 107 e

2 m 2
00078<93J> (101J66V> (10’2a6V> ’
mg > mgc

,m, < mgyc,

Q2 (10)

Since the initial misalignment angle (62 ;)!/2 ~ O(1), the
relic density is almost determined by the decay constant f,
and its mass m,. In Fig. 3, we show the relic density Q,h?
as a function of m, with the four benchmark values of
fa~O(10'°-10"%) GeV. The vertical black dotted line
represents the critical mass m ¢, on two sides of which the
ALP density evolves differently. We find that there exists
the allowed parameter space that may address the observed
DM relic abundance, QA% ~0.12 [1,65].

Case I: mgAm, ¢

S ol LT =012
fo=1.0x10" GeV
f2=3.0x10"? GeV
£,=1.0x10"> GeV
fu=2.5x10"" GeV

-2 ! A A L i A ul A ! A
107°107%1077107°10° 10741031072 0.1 1 10 10?
mg [eV]
FIG. 3. The relic density Q,h* as a function of m, for various

fa- The vertical dotted line represents the critical mass (m,c).

The initial misalignment angle is taken as 6(z;) = z/+/3. The
gray region is excluded by the overabundance of DM.

IV. ALP-SM INTERACTIONS

The ALP interacts with the SM particles via the scalar
potential as well as the Yukawa interaction. In the follow-
ing, we investigate the coupling between the ALP and
ordinary matters, including the Higgs bosons, leptons, and
electroweak gauge bosons, and show constraints on the
parameter space of the model in the m, — ;' plane from
projected direct detection experiments. At first, the ALP
couples to the SM Higgs in form 4,,,,haa with the coupling

1
Ahaa —1U11V13V23fa+§/1U21V%3fa7 (11)

where Ui, Vi (i, j =1, 2, 3) are the orthogonal matrices
diagonalizing squared scalar matrices given in the
Supplemental Material [57]. Given that the SM Higgs
decays into two ALPs (h — aa), the constraint of Higgs
invisible decay from the LHC set an upper bound on the
coupling 4,,,, < 1.536 GeV [66]. We have checked that the
coupling predicted by this model keeps this constraint.

The interactions of the ALP with leptons and electro-
weak gauge bosons arise from the chiral anomaly. As
mentioned above, both scalars and leptons undergo an
ALP-dependent transformation of the fields as S — e,
A > A, O > D, ;- e’ﬁﬁ, and Ep — e’ﬁER.
Given these transformations, the variation of the action
results in couplings of the ALP to both leptons and
electroweak gauge bosons due to the electroweak anomaly,
which can be written as follows:

m, a, -
SL = $ + WK
2f, sin®g,, "
a, -
-N = Z,F"+F, 7"
132xf, sinGWCOSHWa( k" + Fu )
a, 1 ~
—-N em ——sin%8,, \azZ, ZM, 12
I8z f,sin20,,cos20,, <2 ' W>a w (12)
where N ;(= 3) is the generation of the lepton family, a,, is

the fine-structure constant, and 6,, is the weak mixing
angle. It should be noted that the left- and right-handed
charged leptons contribute oppositely to the anomaly, so
the ALP interacts with electrons only through its mixing
with the CP-odd component of the SM Higgs,

Eaee - 2 A
¢ a

—“aeipe. (13)

The effective ALP-electron coupling is then g, =2v3m,/
(vé fa), which is suppressed with respect to the standard

case due to the small v,.

For the ALP-neutrino coupling, in addition to the first
term in Eq. (12), the Yukawa interaction of the Higgs triplet
with lepton doublets also induces the ALP-neutrino inter-
action via the mixing of CP-odd scalars, and one has
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TABLE I. The comparison between the QCD axion and ALP.
QCD axion ALP
Shift symmetry a—a+c

. . a
Chiral transformation ¢, — e'vat,,
j—4_
ER - elzfﬂER

u-term (EWSB)

Ped_,
q—>6175270Q"q

Source of mass Chiral anomaly
(QCD instantons)
22 1= a 20

mafa[ COS(fa)] /4 T/EA COS(%)

a—a-+2rzNf,

Potential

Periodic symmetry

Lr, = —i(V23mD/2UA)aE1/L +H.ec. In  the limits
va/vy <1 and v3/fz <1, we have Vy3~0,/f, and

thus the interaction of the ALP with active neutrinos can be
written as

m m
aww 2f”a aviy’v+ LY, ~ f—:az'/iysy. (14)
Obviously, the above interaction may cause the matter
effect in neutrino oscillations. As an illustration, we discuss
the neutrino oscillation probability in a dense axion
environment. In the meanwhile, we show that the W-mass
anomaly observed by the CDF Collaboration can also be
explained by the TeV-scale type-II seesaw. The detailed
discussions are quoted in the Supplemental Material [57].

We list the correlation between the QCD axion and the
ALP in this model in Table I. As can be seen, the ALP is
very similar to the QCD axion except for the mass
generation mechanism, which is the most remarkable
feature of these kinds of ALPs.

Now we investigate the signal of the ALP in terrestrial
experiments. Considering that there is no aFF interaction,
the traditional cavity observation experiment cannot be
applied here. Instead, we can study the signal of the ALP
in projected direct detection experiments with various
condensed matter materials as the target, considering that
the kinetic energy of the axion is small. References [67,68]
have discussed the absorption of pseudoscalar DM in
semiconductors and superconductors, revealing competi-
tive constraints on the g, coupling for DM masses
ranging from meV to keV with respect to the astrophysical
bounds. In Fig. 4, we show projected constraints on the
parameter space of the ALP in the m, — f;' plane by
assuming no observation of the absorptions of the ALP in
superconducting aluminum, germanium, and silicon semi-
conducting targets with a 1 kg/yr (solid lines) and 1 ton/yr

T T T T

— Solar neutrinos
1074

XENONNT (axioelectric)

fu'1GeV ]
2

1077
1078k
Ge (1ton-yr)
1074 Si (1ton-yr)
ol ol ol ul ol il ol il ol il
107°10%10"710°10°10"*10731072 0.1 1 10 10?

g [eV]

FIG.4. Constraints in the m, — f;' plane for v, = 7 GeV. The
red, green, and blue solid (dashed) curves represent projected
constraints arising from the absorptions of ALPs by Al, Ge, and
Si with a 1 kg/yr (1 t/yr) exposure [67,68]. Other limits are
taken from the solar neutrinos [69], XENONNT (solar axion [70]
and axioelectric [71]), and red giants [72].

(dashed lines) exposures, respectively. Astrophysical con-
straints, including the measurements of all-flavor solar
neutrino flux [69], XENONnT (based on solar axion
signal [70] and axioelectric processes [71]), and the axions
emitted by red giants [72], are also presented.

V. SUMMARY

In this paper, we have proposed a new mass generation
mechanism of ALPs with the help of the type-II seesaw
mechanism that gives rise to the active neutrino Majorana
masses. The typical oscillation temperature of the ALP
shows a cutoff at the critical temperature of the EWSB,
which is the typical trapping of this kind of ALP. Because
of the ALP-electron interactions, it might be detected
through the axioelectric processes of the ALP in
XENONNT and PandaX4T and through the absorption of
the ALP in projected direct detection experiments with
various semiconducting and superconducting materials as
targets. All these observations open up a new perspective
for exploring the origin of the ALP mass and detecting the
signal of the ALP with new approaches.
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