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We explore a Kim-Shifman-Vainshtein-Zakharov-like extension of the Standard Model with a Dirac
fermion and three right-handed neutrinos. Peccei-Quinn (PQ) symmetry allows the Dirac mass for neutrinos
and prevents the Majorana mass. A Z2 symmetry guarantees the stability of Dirac fermion dark matter. The
breakdown of PQ symmetry generates the QCD axion at a high scale. The fermion dark matter relic
abundance arises from the UV-freeze-in mechanism through the axion portal. We determine the fermion dark
matter (DM) relic by solving the coupled Boltzmann equations and finding the allowed parameter space using
the relic density constraints. Having determined the allowed parameter space for fermion DM, we also look
for nonthermal axion production schemes to seek the two DM possibility. We find that feebly interacting
massive particles alone is a suitable dark matter that is not excluded while considering several current bounds
and future sensitivities on axions and dark matter. Our study highlights the interlinking of dark matter, axions,
and neutrinos while addressing the strong CP problem and small neutrino masses.
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I. INTRODUCTION

The number of independent astrophysical observations
has confirmed the existence of dark matter (DM) [1–7].
DM does not interact with light which makes it invisible;
however it plays a significant role in the large-scale
structure formation of our Universe. The sole observable
here is the relic density bound in Eq. (1.1) from the Planck
satellite data [7],

ΩDMh2 ¼ 0.12� 0.001: ð1:1Þ

DM abundance is nearly five times the normal matter,
yet its particle composition and interactions are mostly
unknown. The standard model (SM) cannot explain DM;
therefore, several well-motivated beyond standard model
(BSM) scenarios suggest a suitable candidate for DM
[8–11]. Weakly interacting massive particles (WIMPs)
[9,12] have been a popular candidate for DM as they
naturally explain the observed dark matter density through
the process called a freeze-out mechanism [13]. However,
WIMPs are not detected in any experimental searches such
as direct detection [14–18], indirect detection [19,20],
and collider, e.g., Large Hadron Collider [21,22], etc.
Feebly interacting massive particles (FIMPs) [23–25] are

an interesting alternative to the popular WIMP candidate.
FIMPs interact with SM or dark sector particles through a
very small coupling (≲Oð10−12–10−10Þ). Consequently, a
FIMP never achieves thermal equilibrium with the bath
particles in the early Universe. However, it produces non-
thermally through the decay or annihilation of the mother
particles. As time progresses, the initially negligible num-
ber density of FIMP increases and eventually stabilizes due
to Boltzmann suppression, leading to the correct DM
abundance. This production process is called the freeze-
in mechanism. The freeze-in scenario is broadly classified
into two categories: 1. Infrared (IR) freeze-in is significant
at lower temperatures, and 2. Ultraviolet (UV) freeze-in
occurs at higher temperatures, such as the reheating
temperature of the Universe.
The small mass of neutrinos highlights another short-

coming of SM, as confirmed by neutrino oscillation
experiments [26–28]. These oscillation data also indicate
that at least two of the three neutrinos are massive, while
they are assumed to be massless in SM. To generate mass
for neutrinos, one can simply add three right-handed
neutrinos (RHNs) that can mix with active neutrinos
through the Yukawa coupling similar to other SM fermions,
resulting in the Dirac mass.
Now taking a slight digression, the presence of a non-

vanishing CP violating θ parameter in the quantum
chromodynamics (QCD) sector implies the strong CP
problem [29–33]. The effective θ parameter can range
from 0 to 2π; however, jθj≲ 10−10, from the measurement
of neutron electric dipole moment. The dynamical solution
to the strong CP problem is by Peccei-Quinn (PQ) [34–36],
which requires a pseudo-Nambu-Goldstone boson, the
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axion, which relaxes the θ term. Axions acquire a nonzero
mass from QCD dynamics, which is inversely proportional
to the axion decay constant fa. In the Peccei-Quinn-
Weinberg-Wilczek model, the decay constant is related
to the SM Higgs vacuum expectation values (VEVs) [34];
thus, it tightly constrains the solution. In invisible axion
models, e.g., Kim-Shifman-Vainshtein-Zakharov (KSVZ)
[37,38], Dine-Fischler-Srednicki-Zhitnitsky [39], etc. the
axion scale fa is at a significantly higher scale. In
particular, the KSVZ model includes a complex singlet
scalar and two colored quarks, all charged under a new
global PQ symmetry. Spontaneous breaking of the global
symmetry addresses the strong CP problem and results in a
new particle, the axion. We take inspiration from KSVZ-
type models for constructing our model.
Several BSM models address these above-mentioned

issues individually or collectively [40–53]. We revisit
dark matter, neutrino mass, and the strong CP problem
with a minimal model which interconnects these three
problems. In our model, we add a pair of quarks, a complex
scalar, a Dirac fermion, and three RHNs; all are charged
under the new global PQ symmetry. We also introduce a
new Higgs-like scalar with a nonzero PQ charge, which
enables the Yukawa coupling for neutrinos. The tree-level
Lagrangian is invariant under global symmetry except for
the anomaly in the QCD sector. The complex scalar
spontaneously breaks the PQ symmetry, which generates
mass for the heavy quarks, Dirac fermions, and Dirac
neutrinos. The imaginary parts of all scalars combine, and
one of the components is identified as the axion. The axion
couples to gluon, photon, and neutrinos due to pseudo-
scalar mixing. Lastly, the Dirac fermion is protected by an
additional Z2 symmetry; however, it may be possible that a
subgroup of PQ symmetry remains unbroken after sponta-
neous symmetry breaking, which stabilizes the Dirac
fermion. In either case, the Dirac fermion is a suitable
candidate for DM in our model. Additionally, the Dirac
fermion interacts with SM through the axion portal, with
interaction strength scaled by the axion decay constant f−1a .
Typically, fa > 108 GeV is inferred from various searches
[54–59], suggesting that the Dirac fermion interacts very
weakly with SM, a necessary condition for UV freeze-in,
which is the main focus of this work. Axions produced
from the misalignment mechanism [60] can also serve as
DM and may imply the two DM case.

The paper is organized as follows: Sec. II outlines our
model, and Sec. III describes the methodology and analysis
of dark matter, using relic density and direct detection, and
limits on axion parameter space. Additionally, we studied
axions and FIMPs as dark matter together, considering
various existing bounds and sensitivities. In Sec. IV, we
present the conclusion.

II. THE MODEL

We start by formulating the Lagrangian density for the
extended sector of the minimal model, which incorporates
the interactions among the fields based on the charge
assignments in Table I. The invariant Lagrangian density
for the Dirac fermion DM (ψ), the Yukawa interactions, and
the scalar sector, based on the charge assignments given in
Table I are as follows:

LDM ¼ ψ̄γμ∂μψ − yψðψ̄LψRΦþ H:c:Þ ð2:1Þ

Ly ¼ −yiju q̄iLH̃1u
j
R − yijd q̄

i
LH1d

j
R − yije l̄i

LH1e
j
R

− yQQ̄LΦQR − yikν l̄i
LH̃2ν

k
R þ H:c: ð2:2Þ

Ls ¼ ðDμH1Þ†ðDμH1Þ þ ðDμH2Þ†ðDμH2Þ
þ ð∂μΦÞ†ð∂μΦÞ − VðH1; H2;ΦÞ; ð2:3Þ

where H̃1;2 ¼ iσ2H�
1;2, and σ2 is the Pauli matrix and the

covariant derivative defined as Dμ ¼ ∂μ − igsTaGa
μ −

igTaWa
μ − ig1YB1

μ. The scalar potential, VðH1; H2;ΦÞ,1
is given by

VðH1; H2;ΦÞ ¼ −μ2H1
H†

1H1 − μ2H2
H†

2H2 − μ2ΦΦ†Φþ λH1
ðH†

1H1Þ2 þ λH2
ðH†

2H2Þ2 þ λΦðΦ†ΦÞ2 þ λH1ΦðH†
1H1ÞðΦ†ΦÞ

þ λH2ΦðH†
2H2ÞðΦ†ΦÞ − λaH1H2

ðH†
1H1ÞðH†

2H2Þ − λbH1H2
ðH†

1H2ÞðH†
2H1Þ − κH†

2H1Φþ H:c: ð2:4Þ

TABLE I. Particle and symmetry content of the minimal model
where kð¼ 1; 2; 3Þ represents the family index.

SUð3Þ SUð2Þ Uð1ÞY Uð1ÞPQ
QL 3 1 0 xΦ

2

QR 3 1 0 − xΦ
2

Φ 1 1 0 xΦ
H1 1 2 1

2
0

H2 1 2 1
2

xϕ
νkR 1 1 0 xϕ
ψL 1 1 0 xϕ

2

ψR 1 1 0 − xϕ
2

1The scalar potential VðH1; H2;ΦÞ given in Eq. (2.4) must be bounded from below [61], which is ensured if the following conditions
are satisfied: λH1

> 0; λH2
> 0; λΦ > 0; λH2

λΦ − λ2H2Φ > 0;DetðVquarticÞ > 0.
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We then parametrize the scalar fields as follows:

H1 ¼
1ffiffiffi
2

p
�

ϕ1 þ iϕ2

vH1
þ hþ iϕ3

�
; H2 ¼

1ffiffiffi
2

p
�

ϕ0
1 þ iϕ0

2

vH2
þ h0 þ iϕ0

3

�
; Φ ¼ 1ffiffiffi

2
p ðvΦ þ sþ iϕÞ; ð2:5Þ

where vH1
; vH2

; vΦ denote the VEVs of the Higgs doublets and the complex scalar. The symmetry breaking implies mass to

the heavy quarks, mQ ¼ yQvΦffiffi
2

p , Dirac fermion, mψ ¼ yψvΦffiffi
2

p , and, to the neutrinos, mν ¼ yikν vH2ffiffi
2

p . Additionally, in the vH2
≪

vH1
≪ vΦ limit, one linear combination from mixing of ϕ1 � iϕ2 and ϕ0

1 � iϕ0
2 is the charged Goldstone bosons that

represent the longitudinal modes of theW� bosons, while second is the charged scalar H� for which mixing matrixM2
� is

given by

M2
� ¼

0
BB@

vH2

�
λbH1H2

vH1
vH2

þ ffiffi
2

p
κvΦ
�

2vH1

−
λbH1H2

vH1
vH2

þ ffiffi
2

p
κvΦ

2

−
λbH1H2

vH1
vH2

þ ffiffi
2

p
κvΦ

2

vH1

�
λbH1H2

vH1
vH2

þ ffiffi
2

p
κvΦ
�

2vH2

1
CCA ≈

κvΦffiffiffi
2

p
 

0 −1
−1 vH1

vH2

!
: ð2:6Þ

Masses of charge scalar H� can be found by diagonalization of Eq. (2.6):

m2
H� ≈

ffiffiffi
2

p
κvΦ

vH1
vH2

v2H; where ;vH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2H1

þ v2H2

q
2

: ð2:7Þ

Similarly the mass matrix from mixing of the real scalars h; h0; s in the limit

M2
H ¼

0
BBBBB@

2λH1
v2H1

þ κvH2
vΦffiffi

2
p

vH1

−ðλaH1H2
þ λbH1H2

ÞvH1
vH2

− κvΦffiffi
2

p λH1ΦvH1
vΦ − κvH2ffiffi

2
p

−ðλaH1H2
þ λbH1H2

ÞvH1
vH2

− κvΦffiffi
2

p 2λH2
v2H2

þ κvH1
vΦffiffi

2
p

vH2

λH2ΦvH2
vΦ − κvH1ffiffi

2
p

λH1ΦvH1
vΦ − κvH2ffiffi

2
p λH2ΦvH2

vΦ − κvH1ffiffi
2

p 2λΦv2Φ þ κvH1
vH2ffiffi

2
p

vΦ

1
CCCCCA

≈

0
BBBB@

2λH1
v2H1

− κvΦffiffi
2

p λH1ΦvH1
vΦ

− κvΦffiffi
2

p κvH1
vΦffiffi

2
p

vH2

λH2ΦvH2
vΦ − κvH1ffiffi

2
p

λH1ΦvH1
vΦ λH2ΦvH2

vΦ − κvH1ffiffi
2

p 2λΦv2Φ

1
CCCCA: ð2:8Þ

Scalar matrix (2.8) can be diagonalized, resulting in the
mass eigenstates for the real scalar fields h1, h2, h3. Lastly,
the neutral gauge boson mixing matrix is given by

M2
V ¼

 
1
4
g21v

2
H − 1

4
g1g2v2H

− 1
4
g1g2v2H

1
4
g22v

2
H

!
: ð2:9Þ

This can be diagonalized to yield the mass eigenstates for
the photon (A) and Z boson, along with their respective
masses:

MA ¼ 0; M2
Z ¼ g21 þ g22

4
v2H: ð2:10Þ

A. Axion interactions

The imaginary parts of the scalar fields, ϕ3;ϕ0
3;ϕ,

mix, and one component becomes the Goldstone boson
of the Z boson, while the remaining two mass eigenstates
are a0 and a.
The absorbed Goldstone boson is given by

z0 ¼ vH1
ϕ3 þ vH2

ϕ0
3

2vH
: ð2:11Þ

To ensure the Goldstone boson does not mix with the
axion, we require [62,63]
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a ¼ XH1
vH1

ϕ3 þ XH2
vH2

ϕ0
3 þ XΦvΦϕ

fa
; ð2:12Þ

where fa ¼ xΦ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2H2

þ v2Φ
q

, and the effective charges are

given by

XH1
¼ −xΦ

v2H2

4v2H
; XH2

¼ xΦ
v2H1

4v2H
; XΦ ¼ xΦ:

Although the axion is massless at tree level, it can get
mass through nonperturbative effects of QCD at low
energy,

ma ¼
mπfπ
fa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z

ð1þ zÞð1þ zþ wÞ
r

; ð2:13Þ

where z ¼ mu=md and w ¼ mu=ms. The axion couples to
gluons and photons due to the anomaly [33]

−La−boson ¼
αs

8πfa
aGaμνG̃a

μν þ
�
E
N
−
2

3

4þ zþ w
1þ zþ w

�

×
αem
8πfa

aFμνF̃μν; ð2:14Þ

where the Electromagnetism-color anomaly ratio, E
N ¼ e2Q

is calculated in our model, which vanishes as the heavy
quark Q is a SM singlet as described in Table I. Similarly,
the axion couples to neutrinos via

Laν ¼ XH2

∂μa

fa
ðν̄γμγ5νÞ: ð2:15Þ

Finally, the axion interacts with the heavy quark Q and
fermion dark matter ψ through

LaQ ¼ XΦ
∂μa

fa
ðQ̄γμγ5QÞ; ð2:16Þ

Laψ ¼ XΦ
∂μa

fa
ðψ̄γμγ5ψÞ: ð2:17Þ

III. DARK MATTER ANALYSIS

In this section, we outline the methodology for calculat-
ing number density using the Boltzmann equation and
then analyze the feasible parameter space for FIMP against
various constraints. We set the VEVs vH2

¼ 10−9 GeV,
and vH ¼ 246 GeV, with very high vΦ, which ensure the
correct masses for SM fermions and meet the requirements
for FIMP production. This scaling also results in small
neutrino masses, while heavy quarks and additional scalars
become massive. We choose the PQ charge xΦ ¼ 1
throughout the analysis. Before we initiate the FIMP study,
it is crucial to outline a few underlying concepts and
formulations in the next subsections.

A. The general Boltzmann equations

We study FIMP production using the Boltzmann equa-
tion for the Friedmann-Lemaître-Robertson-Walker metric.
The coupled Boltzmann equations for the evolution of
number densities for the Dirac fermion (ψ) and axion (a)
are as follows2:

dnψ
dt

þ 3Hnψ ¼
X
SM

hσψψ̄→SMSMviððneqψ Þ2 − n2ψÞ þ hσaa→ψψ̄vin2a − hσψψ̄→aavin2ψ ;

dna
dt

þ 3Hna ¼
X
SM

hΓa→SMSMiðneqa − naÞ þ
X
SM

hσSMSM→SMavin2SM
�
1 −

na
neqa

�

þ
X
SM

hσaa→SMSMviððneqa Þ2 − n2aÞ − hσaa→ψψ̄vin2a þ hσψψ̄→aavin2ψ ; ð3:1Þ

where the SM particle distribution function is of the equilibrium distribution at the photon temperature since they were
initially in thermal equilibrium with the photon bath. The thermally averaged cross section hσvi in Eq. (3.1) is derived using
Maxwell-Boltzmann statistics and given in Eq. (3.2):

hσ12→34vi ¼
C

2TK2ðm1=TÞK2ðm2=TÞ
Z

∞

smin

σðsÞFðm1; m2; sÞ2
m2

1m
2
2

ffiffiffi
s

p K1ð
ffiffiffi
s

p
=TÞds; ð3:2Þ

where C ¼ ð1Þ 1
2
, with (non) identical initial states, Fðm1; m2; sÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs−ðm1þm2Þ2Þðs−ðm1−m2Þ2Þ

p
2

, and smin ¼ max½ðm1 þm2Þ2;
ðm3 þm4Þ2�. The thermal average decay width for the axion in Eq. (3.1) can be calculated as follows:

2We have used the principle of detailed balance, i.e., hσij→klvineqi neqj ¼ hσkl→ijvineqk neql while writing Eq. (3.1).
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hΓai ¼ Γa
K1ðma=TÞ
K2ðma=TÞ

: ð3:3Þ

Finally, the Hubble expansion rate is given by

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8
3
πGρ

q
, and the energy density of Standard Model

particles is ρSM ¼ g�ρ;SMðTÞ π2

30
T4, where G is the gravita-

tional constant and g�ρ;SMðTÞ represents the SM effective
degrees of freedom at temperature T.

B. Freeze-in regime

In the freeze-in regime, DM does not reach thermal
equilibrium with the visible sector due to tiny couplings
with SM particles. The initial small abundance of DM
increases over time and freezes in when the temperature
falls below the DM mass. To solve Eq. (3.1), we substitute
Y ¼ n

s and x ¼ mψ

T , and apply the entropy conservation
dðsa3Þ
dt ¼ 0, to derive the following equations:

sHx
dyψ
dx

¼
X
SM

hσψψ̄→SM ¯SMvi
��

neqψ
�
2 − s2y2ψ

�
þ hσaa→ψψ̄vis2y2a − hσψψ̄→aavis2y2ψ

sHx
dya
dx

¼
X
SM

hΓa→SMSMiðneqa − syaÞ þ
X
SM

hσSM ¯SM→SMavin2SM
�
1 −

ya
yeqa

�

þ
X
SM

hσaa→SM ¯SMvi
��

neqa
�
2 − s2y2a

�
− hσaa→ψψ̄vis2y2a þ hσψψ̄→aavis2y2ψ ; ð3:4Þ

where s ¼ 2π2

45
g�sðTÞT3 is the entropy density of the

Universe and g�sðTÞ is the effective degrees of freedom
at temperature T. The thermal axion width and cross section
expressions are required to solve the coupled Boltzmann
equations (3.4). These cross ections fall into three catego-
ries: DM-SM, DM-axion, and SM-axion, as outlined in
Table II. In the table, we present the Feynman diagrams for
the relevant 2 → 2 processes: gg; γγ; aa → ψψ . The ex-
pressions for the axion decay width and the annihilation
cross sections for these channels are provided in Appen-
dixes A and B, respectively. We used interaction rate
estimates from studies in Refs. [64–66] for the axion
production processes such as gg; qq̄ → ga; qg → qa rep-
resented as “SM SM → SM a” in Eq. (3.4). Lastly the cross
section for channels νν̄ → ψψ̄ are suppressed by m2

ν=f4a;
therefore these processes are not considered in the analysis.
Additionally, all interactions mediated by heavy quarks Q
are suppressed too and thus neglected. The freeze-in regime
occurs when the DM does not thermalize with the visible
sector, i.e., the interaction rates (Γ) must drop below the
Hubble expansion rate in the early Universe. The inter-
action rate for the process of type XX → YY is as follows:

ΓXX→YY ¼ neqX hσXX→YYi:

To evaluate these rates, we choose mψ ¼ 1 TeV and
fa ¼ 1011 GeV in addition to parameters already fixed in
first paragraph of Sec. III. The remaining parameters can be
inferred from the equations and their relations provided in
Sec. II. In Fig. 1, we display the interaction rates for the
channels ψψ → gg; aa → gg; aa → ψψ , and GG → Ga,
alongside the Hubble expansion rate, where G ¼ q, g.
Interaction rates for DM-gluon, axion-gluon(annihilation),

and DM-axion channels fall below the Hubble rate at high
temperatures. However, axion production from quark-
gluon plasma maintains axion in thermal equilibrium at
temperatures above 109 GeV. When the reheating temper-
ature(TRH) is lower than the axion decoupling temperature,
axions remain out of thermal equilibrium, preventing dark
matter from reaching thermal equilibrium as well. It is
worth noting thatmψ ∼ 1 TeV suggests a Yukawa coupling
of yψ ¼ 10−6, thus implying a small FIMP-SM interaction
mediated by the Higgs, hence keeping FIMP out of
equilibrium. We solve the coupled Boltzmann equation
in Eq. (3.4) numerically for mψ ¼ 1 TeV, fa ¼ 1010 GeV,
and TRH ¼ 107;8 GeV, assuming initial FIMP and axion
abundances are zero. The FIMP relic is then calculated by
Ωψh2 ¼ mψyψs0h2=ρc, where the axion is very light and
decouples early; therefore it should be treated as a thermal

relic, and its abundances are computed via Ωah2 ≈ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hpa;0i2 þm2

a

q
yas0h2=ρc [65], where the present average

momentum hpa;0i ¼ 2.701Ta;0 and the present axion tem-
perature Ta;0 ¼ 0.332T0, where T0 is the present cosmic
microwave background (CMB) temperature. In Fig. 2, we
display the comoving abundance (yψ , ya) variation with
temperature xðmψ=TÞ for TRH ¼ 107;8 GeV as shown in
the left and right panels respectively. A higher reheating
temperature increases the FIMP yield yψ , while the axion
yield ya remains relatively unchanged. This is expected, as
we kept fa fixed, and it is below the TRH. We also found the
axion yield is significantly contributed by the axion
production channels G G → G a, which then contribute
to FIMP production. Additionally, a higher fa leads to a
smaller yield for both.
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C. Relic density

In this section, we determine the feasible parameter
space from the relic density constraint (1.1) on the
Dirac fermion (ψ). We take TRH ¼ 108 GeV and
fa > 1010 GeV, which ensures both the FIMP and axion
remain out of equilibrium formψ∼ few TeVas illustrated in
Fig. 1. In Fig. 3, we display the allowed parameter space
with colored data points on the DM mass (mψ ) with an
axion-photon coupling strength (jgaγj) plane, where gaγ ¼
ðEN − 2

3
4þzþw
1þzþwÞ αem

2πfa
. The black dashed line in the graphs

illustrates the 3σ range from the relic bound, whereas
the dark green points show the region for the under-
abundance of DM. We notice that a higher mψ requires
a higher fa and vice versa. Therefore, for mψ < 1 TeV, we

require fa < 1010 GeV, which necessitates a check for
equilibrium. Additionally, a smaller fa is subjected to
experimental constraints displayed in Fig. 4. However, for
mψ > 10 TeV, a higher fa is required; thus the out-of-
equilibrium condition is ensured, and the allowed param-
eter space should follow the trend as in Fig. 3. We also seek
the FIMP signatures on the axion mass (ma) and jgaγj plane.
Figure 4 illustrates several bounds from astrophysical,
cosmological, and other experimental searches. The solid
lines represent the current experimental limits on the axion-
photon coupling from CAST [67], SN87A [68,69], NGC
1275 [70], ADMX [71], HB [72], BBN [73], CMB [74],
etc., while the dashed lines indicate the projected sensi-
tivities of future experiments such as CASPEr [75],
ABRACADABRA [76], Fermi-LAT [77], KLASH [78],

TABLE II. The relevant Feynman diagrams for axion and Dirac fermion dark matter with coupling order are shown. Here V ¼ γ, g is
the photon and gluon, and gs is the strong coupling.

DM − SM g2aVVg
2
aψψ

DM −Axion g4aψψ

SM −Axion g2sg2ag; g4aVV
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CULTASK [79], MADMAX [80], IAXO [81], BabyIAXO
[82], BH superradiance [83], etc. The light yellowish
band in the middle represents various QCD axion models,
while the forest-green line corresponds to axion dark
matter in the KSVZ model. The bluish color broad line
represents the contour for the FIMP mass ranges mψ ,
extending from 1 to 10 TeV. Additionally, this bluish line
falls within the 3σ range of the relic density bound. Now,
we estimate the nonthermal production of axions, which
depends on the breaking of the PQ symmetry scale and the
occurrence of inflation. If PQ symmetry breaks before or
during inflation, i.e., fa > TRH, it effectively dilutes the
contributions from strings and the domain wall, leaving
only the misalignment contribution [84,85], which is as
follows:

Ωah2 ≈ΩDMh2
	
θ2i þ

�
HI

2πfI

�
2

�

fa
1012 GeV

�
1.19

×

�
ΛQCD

400 MeV

�
: ð3:5Þ

Here, θi is the uniform initial misalignment angle from a
small patch that expanded during inflation. The parameters
fI and HI are the axion decay constant and Hubble para-
meter during inflation. The uniform axion field acquires
quantum fluctuations during inflation, δa ≈HI=2π. These
fluctuations are subject to constraint from the isocurvature
power spectrum Pa of axion cold dark matter relative to the
scalar power spectrum Pr [86]:

Pa

Pr
¼ 4

�
Ωa

0.12

�
2 ðHI=2πÞ2
ðfIθIÞ2 þ ðHI=2πÞ2

≤ 0.04: ð3:6Þ

FIG. 2. The figure shows how the yields (yψ , ya) evolve with temperature xðmψ=TÞ represented by blue and green curves. We set
mψ ¼ 1 TeV, fa ¼ 1010 GeV, and TRH ¼ 107;8 GeV in the left and right panels respectively.

FIG. 1. Hubble expansion rate and the interaction rates (Γ) for
various channels with temperature are plotted for mψ ¼ 1 TeV
and fa ¼ 1011 GeV. Temperature dependencies of Hubble and
interaction rates DM-axion, DM-gluon, and axion-gluon are
depicted in black, green, blue, pink, and red, respectively.

FIG. 3. The panels show the allowed region using relic
constraints [7] on the DM mass and axion-photon coupling
(jgaγj=fa) plane.
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Therefore, a larger fIð> faÞ is important to suppress
these fluctuations. We carefully choose θi ¼ f0.1; 1g,
HI ¼ 1014 GeV, fI ¼ 1017 GeV, which respect the iso-
curvature bound [86] using Eq. (3.6). It is straightforward
to calculate the axion relic density using Eq. (3.5) as
ΩMis

a h2, while the thermal axion relic ΩTh
a h2 is calculated

using Eq. (3.4). The total relic abundance ΩToth2 is
simply the scalar sum of FIMP and the axion relics.
ΩMis

a h2 depends on the initial misalignment angle θi,
which implies the nonthermal axion production can be
significant as FIMP, as shown in Fig. 5 while respecting
the isocurvature bounds. Finally, if PQ symmetry breaks
after inflation (fa < TRH), axions can be produced

through the misalignment mechanism, strings, and
domain walls [60,87–89]. However, in this case, the
axion from interaction channels can thermalize due to a
smaller fa, and that may cause problems for our FIMP
analysis, so we exclude this case from our analysis.
Lastly, the stringent direct detection constraints from
experiments such as LUX [15] and XENON1T [17] can
be bypassed due to a smaller scattering cross section
resulting from the axion mediation [43,90,91]. The
DM-nucleon scattering cross section has a q4 momentum
suppression due to γ5 in the scattering matrix. Additionally,
the scattering cross section is further suppressed due to the
f−2a factor.

FIG. 4. A summary of current bounds and future sensitivities from various experimental searches are shown on the axion mass (ma)
and the axion-photon coupling (jgaγj) plane. The plot displays the colored contour as the permitted parameter space for FIMP from the
3σ range of the relic bound.

FIG. 5. The plot displays the colored contour for FIMP and the axion relic from thermal and nonthermal production schemes for
θi ¼ f0.1; 1g in the left and right panels, respectively. We fix mψ ¼ 1 TeV and TRH ¼ 108 GeV in both panels.
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IV. CONCLUSION

We study a fermionic DM model with an axion as the
mediator in a KSVZ-like extension of SM. In this model,
we conduct a detailed analysis of the interplay between
DM, axion, and neutrino mass generation using the PQ
symmetry. The introduction of axions dynamically resolves
the strong CP problem, while small neutrino masses are
generated due to the PQ charged Higgs-like doublet. We
emphasize the limitations of WIMP and present FIMPs
as a compelling alternative. The high-scale physics of the
KSVZ-like axion and its coupling with fermion DM
suggests the UV freeze-in mechanism for its production,
which also evades the stringent direct detection bounds.
We examine the axion and FIMP as DM separately and
together while considering several existing bounds and
projected experimental limits on axion mass and its coupling
with the photon. This simple extension to SM can provide
good candidates to DM, generate Dirac mass to neutrinos,
and solve the strong CP problem; by interlinking them, it
may be a promising extension to KSVZ-type models.
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APPENDIX A: AXION DECAY WIDTHS

The relevant axion decay width expressions are as follows:

Γa→gg ¼
4m3

ag2ag
π

; Γa→γγ ¼
m3

ag2aγ
32π

;

Γa→ψψ̄ ¼
X2
Φmam2

ψ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

ψ

m2
a

q
8πf2a

;

where gag ¼ αs
8πfa

and gaγ ¼ ðEN − 2
3
4þzþw
1þzþwÞ αem

2πfa
with αs and

αem as strong and electromagnet coupling.

APPENDIX B: ANNIHILATION CROSS
SECTIONS

The relevant cross section expressions for many anni-
hilation channels are as follows:

σgg→ψψ ¼ X2
Φg

2
agm2

ψs2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

ψ

s

q
8πf2aðm2

a − sÞ2 ; σγγ→ψψ ¼ X2
Φg

2
aγm2

ψs2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

ψ

s

q
16πf2aðm2

a − sÞ2

σaa→ψψ ¼ 2X4
Φm

2
ψ

πf4as
�
s − 4m2

a

�
8>><
>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4m2

aÞðs − 4m2
ψ Þ

q �
−4m2

am2
ψsþm2

ψs2 þm4
a

�
s − 2m2

ψ

��
m4

a − 4m2
am2

ψ þm2
ψs

þ
2m2

ψ

�
2m4

a − 4m2
asþ s2

�
log

�
s−2m2

a−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs−4m2

aÞðs−4m2
ψ Þ

p
s−2m2

aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs−4m2

aÞðs−4m2
ψ Þ

p
�

s − 2m2
a

9>>=
>>;

σaa→gg ¼
8g4ag

πs
�
s − 2m2

a

�ðs − 4m2
aÞ

( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s
�
s − 4m2

a

�q �
−12m6

a þ 14m4
as − 14m2

as2 þ 5s3
�

þ 4m4
a

�
3m4

a − 4m2
asþ s2

�
log

 
s − 2m2

a −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

aÞ
p

s − 2m2
a þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

aÞ
p

!)

σaa→γγ ¼
g4aγ

256πs
�
s − 2m2

a

��
s − 4m2

a

�
( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s
�
s − 4m2

a

�q �
−12m6

a þ 14m4
as − 14m2

as2 þ 5s3
�

þ 4m4
a

�
3m4

a − 4m2
asþ s2

�
log

 
s − 2m2

a −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

aÞ
p

s − 2m2
a þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

aÞ
p

!)
:
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