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In this work, we investigate the dark sector of a supersymmetric axion model, consisting of the late-
decaying gravitino/axino dark matter and axion dark radiation. In the early Universe, the decay of the
scalar superpartner of the axion (saxion) will produce a large amount of entropy. The additional entropy
can not only dilute the relic density of the gravitino/axino dark matter to avoid overclosing the Universe
but also relax the constraint on the reheating temperature TR after inflation. Meanwhile, the axion dark
radiation from the saxion decay will increase the effective number of neutrino species Neff , which can
help to reduce the cosmological Hubble tension. In the late Universe, the decay of long-lived gravitino/
axino dark matter produces the axions with MeV-scale kinetic energy. We study the potential of
searching for such energetic axions through the inverse Primakoff process aþ A → γ þ A in the neutrino
experiments, such as Hyper-Kamiokande.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is a
successful theory that describes the currently known elemen-
tal particles and their interactions. Despite its great success,
there are still several problems in the Standard Model, such
as the absence of dark matter (DM) candidates and a strong
CP problem [1]. Supersymmetry is one of the most
promising extensions of the SM that can address these
fundamental problems. When R parity is conserved, the
lightest supersymmetric particle (LSP) can play the role of
DM particle naturally. In addition, the supersymmetric axion
models based on the Peccei-Quinn (PQ) mechanism also
provide an elegant solution to the strong CP problem [2–7].
The lightest neutralino as weakly interacting massive

particle (WIMP) dark matter has been extensively studied
in the past decades. However, the null results of searching for
WIMP dark matter have put stringent constraints on its mass
and interaction strength [8–14], which strongly motivates the
theoretical and experimental community to search for light or
superweakly interacting DM particles. In the supersymmetric

models, the gravitino (the superpartner of graviton) or axino
(the superpartner of axion) can serve as such a kind of feeble
DM particles (super-WIMP) [15–20]. Depending on the
SUSY breaking scheme, the masses of these DM particles
could be tiny. Their couplings with the SM particles are
extremely weak because of the large suppression of Planck
scale MP or the PQ symmetry breaking scale VPQ.
More interestingly, these super-WIMPs may have a

connection with some tentative cosmological anomalies,
such as the Hubble tension [21–23], which refers to the
tension that the value of Hubble constant H0 ¼ ð67.36�
0.54Þ km s−1 Mpc−1 [24] inferred from the cosmic micro-
wave background (CMB) in the early Universe shows a 4σ
to 6σ discrepancy from that derived from the local
distance ladder in the late Universe, H0 ¼ ð74.03�
1.42Þ km s−1 Mpc−1 [25]. Many attractive ideas [26], such
as the early dark energy [27,28] and the late decaying dark
matter [29,30], have been proposed to solve the Hubble
constant problem. However, when other cosmological
observables are accounted for, all existing proposals
can only help to alleviate this tension to some extent
[25,31]. Among them, dark radiation [32–37] is one of the
possible ways to reduce the tension, although a perfect
solution is still under investigation. The extra relativistic
degrees of freedom can increase the effective number of
neutrino species Neff and thus reduce the sound horizon
rsðzLSÞ during the time up to the last scattering. While the
angular scale θ⋆ ¼ rsðzLSÞ=DAðzLSÞ is fixed by the mea-
sured acoustic peaks from the CMB power spectrum,
where DA is the angular diameter. Therefore, decreasing
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DA can keep θ⋆ unchanged, which can be achieved by
simultaneously increasing H0.
In this paper, we investigate the phenomenology of the

dark sector in a supersymmetric axion model, where the
gravitino/axino plays the role of late-decaying DM. In
general, there will exist a serious cosmological gravitino/
axino problem of overclosure via thermal production [22,38–
46]. Fortunately, the supersymmetry breaking provides the
saxion field with a potential after inflation, which results in
the saxion dominating the early Universe. With the expansion
of the Universe, the saxion begins to decay during the
dominant epoch. Saxion decay ends at the temperature Ts,
followed by the radiation dominated era. But thanks to the
saxion decay, a large amount of entropy can be produced to
dilute the relic density of the gravitino/axino dark matter in
our model. Besides, the axions from the saxion decay in the
early Universe can serve as dark radiation [47–50], which can
increase the effective neutrino species and thus relax the
Hubble tension. However, it is mentioned that too much dark
radiation produced in the early Universe may affect pre-
dictions of the CMB power spectrum and big bang nucleo-
synthesis (BBN) since extra dark radiation will accelerate the
expansion rate of the Universe. Furthermore, if the late-
decaying DM decays to the LSP plus the SM particle directly,
then it may result in the nonthermal nuclear reactions during
or after BBN [51], which can also destroy the perfect
predictions of light elements abundance. But in our scenario,
if the gravitino (axino) is the the next-to-lightest super-
symmetric particle (NLSP), it will decay into axino (grav-
itino) LSP and axion so that the strong constraints from BBN
can escape. More interestingly, the axion from the decay of
gravitino/axino in the late Universe can be tested through the
absorptive effects in the new direct detection experiments
[52–54] or through the inverse Primakoff scattering [55–57]
in neutrino experiments, such as Hyper-Kamiokande [58],
DUNE [59–61], and JUNO [62].
This paper is laid out as follows. In Sec. II, we briefly

introduce our supersymmetry(SUSY); Dine–Fischler–
Srednicki–Zhitnitsky (DFSZ) axion model and relevant
interactions. In Sec. III, we discuss the saxion decay and
implication for the Hubble tension. In Sec. IV, we will
consider the dilution effect originating from saxion decay and
calculate the relic density of gravitino/axino DM. In Sec. V,
we will investigate the possibility of detecting the axion with
MeV kinetic energy from the late decaying gravitino DM
through the inverse Primakoff scattering in neutrino experi-
ments. Finally, we draw some conclusions in Sec. VI.

II. SUSY DFSZ AXION MODEL

In the supersymmetric axion model, the axion superfield
at the energy scale below the PQ symmetry breaking scale
VPQ is given by

Â ¼ sþ iaffiffiffi
2

p þ
ffiffiffi
2

p
θãþ θ2F; ð1Þ

where s is the saxion field, a is the axion field, and ã is the
fermionic superpartner of axion, i.e., axino. The advantage
of the SUSY DFSZ model is that the μ problem and the
strong CP problem can be solved simultaneously by the
well-known Kim-Nilles mechanism [6]. Since two Higgs
doublets carry the PQ charge, the bare μ term is forbidden.
Only the higher dimensional operator is allowed,

WDFSZ ∋ λ
Ŝ2

MP
ĤuĤd ¼ μĤuĤd: ð2Þ

When the PQ symmetry is broken, the singlet superfield
acquires the vacuum expectation value hSi ∼ VPQ. Then the
Higgsino can obtain the mass μ ∼ λV2

PQ=Mpl. Interestingly,
a natural μ term with Oð102Þ GeV can be obtained by
assuming VPQ ∼Oð1010Þ GeV and λ ∼Oð1Þ. Therefore,
the interaction of the axion superfield and the Higgs fields
can be expressed by the spurion analysis from the following
superpotential,

LDFSZ ¼
Z

d2θμ exp

�
cμ

Â
VPQ

�
ĤuĤd

∼
Z

d2θμĤuĤd þ μ
cμÂ

VPQ
ĤuĤd þ � � � : ð3Þ

Here cμ is the PQ charge of Higgs doublets bilinear
operator, which is usually taken as cμ ¼ 2 because the
Higgs field is charged byþ1. In addition, the interactions of
saxion-axion-axino and the saxion self-interaction come
from the Kähler potential

K ¼
X
i

v2i exp

�
ci

�
Âþ Â†

VPQ

��
: ð4Þ

By expanding Eq. (4) up to the cubic term, we can obtain
the relevant saxion interactions in our study,

Lsaa;sã ã ¼ −
κffiffiffi
2

p
VPQ

s∂μa∂μa −
κffiffiffi
2

p
VPQ

s∂μs∂μs

þ κffiffiffi
2

p
VPQ

smãðã ãþã†ã†Þ; ð5Þ

where κ ¼ P
i c

3
i v

2
i =V

2
PQ is dimensionless coupling. We

assume a single PQ charge and take κ ¼ 1 in our
calculation.
Besides, the gravitino exists naturally in SUSY axion

model, which is the prediction of the local supersymmetry.
Its interactions with the SM particles is given by

LG̃ ¼ − i
2MP

J μG̃þ H:c: ð6Þ

with
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J μ ¼
ffiffiffi
2

p
σνσ̄μχ∂νϕ

† − σαβσμλa†Fa
αβ; ð7Þ

where the supercurrent J μ includes the gauge supermul-
tiplets ðV; λÞ and the chiral supermultiplets ðϕ; χÞ. This will
induce the interaction of the gravitino with the axion
supermultiplet. Then, we can derive the interaction of
the gravitino, the axino, and the axion,

L ¼ −
1

2MP
∂νaψ̄μγ

νγμiγ5ã; ð8Þ

where the ψμ is the gravitino field. If the gravitino is heavier
than the axino, then the decay channel G̃ → aã is allowed
and the corresponding decay width is given by

Γ3=2 ¼
m3

3=2

192πM2
P
ð1 − RÞ2ð1 − R2Þ3; ð9Þ

where R≡mã=m3=2 is the mass ratio. On the contrary, the
axino will decay to the gravitino via the process ã → G̃a
provided that mã is larger than m3=2. In this case, the decay
width of the axino is given by

Γã ¼
m5

ã

96πm2
3=2M

2
P
ð1 − R−1Þ2ð1 − R−2Þ3: ð10Þ

In Fig. 1, we show the numerical results of the lifetimes
of the gravitino (τ3=2) and the axino (τã) for the above two
cases on the plane of the mass ratio R versus the gravitino
massm3=2 and axino massmã, respectively. The green, red,
and cyan lines illustrate the lifetime τ ¼ 1012, 4.3 × 1017,
and 1022 s, respectively. It can be seen that the lifetime of
the gravitino/axino will increase with the decrease of its
mass for a given value of the mass ratio R. When the
gravitino/axino mass approaches to the LSP mass, i.e.,

R → 1, their lifetimes will be independent of their masses.
On the other hand, when R → ∞, the lifetime of the axino
depends not only on its mass mã but also on the mass ratio
R. While if R → 0, then the lifetime of the gravitino only
depends on its mass m3=2. These features will lead to the
restriction on our axion from the decay of these late-
decaying DMs.
From Eq. (4), it can be seen that the self-interaction of

the axion supermultiplet is induced by the Kähler potential
term. Besides, the axion supermultiplet can interact with
the SM particles through the Higgs field because the two
Higgs doublets Hu and Hd carry the PQ charge. Therefore,
the saxion can decay into axion pairs, axino pairs, and
visible particles, whose decay widths are given by [63–65]

Γs→aa ¼
κ2m3

s

64πV2
PQ

; ð11Þ

Γs→ã ã ¼
κ2m2

ãms

8πV2
PQ

; ð12Þ

Γs→XX ¼ D
c2μμ4

16πmsV2
PQ

; ð13Þ

whereD is the number of final state particles, such asD ¼ 4
in the SM (X ¼ h, Z, and W�) and D ¼ 8 in the minimal
supersymmetric standard model (MSSM) (X ¼ h, H, A,
H�, Z, and W�). cμ represents the PQ charge of μ term.
Furthermore, we neglect the masses of final states for saxion
decay to axions and axinos corresponding to Eqs. (11) and
(12). While for Eq. (13) saxion decay to Higgs bosons, we
take the decoupling limit regime mA ≫ mZ and the large
tan β limit. Therefore, for ms < 2mA the kinetically allowed
number of the final state Higgs is D ¼ 4, while D ¼ 8 for
ms ≳ 2mA. It should be noted that the decays of heavy
saxion into the gauge bosons are dominated by the decays

FIG. 1. The lifetimes of the gravitino/axino on the plane of mass ratio R versus the gravitino mass m3=2 and the axino mass mã,
respectively.
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into Goldstone modes. Thus, we can obtain the similar
approximate decay widths as the Higgs final states so that
the counting factor in Eq. (13) is independent of the spins
of the final states. The full expressions of all decay widths
can be found in the Appendix of Ref. [64] and are
dependent on the spin of the final states. In Fig. 2, we
present the branching ratios of the saxion decay with
saxion mass ms from 300 GeV to 1.4 TeV. Since we take
the Higgsino mass μ ¼ 700 GeV, saxion decay to
Higgsino is kinetically forbidden. It can be seen that
the branching ratio of s → XX is always dominant, while
that of s → aa is subdominant in our interesting parameter
space. This is because the decay width of s → XX is
greatly enhanced by the μ4. Otherwise, the branching ratio
of s → aa is always larger than that of s → ã ã since the
decay width of s → aa is proportional to m3

s while that of
s → ã ã is proportional to ms.

III. SAXION COSMOLOGY AND HUBBLE
TENSION

After inflation, the saxion obtains the enormous potential
∼m2

ss2I . Due to the Hubble friction, the saxion field remains
fixed at sI . However, when the Hubble parameter decreases
to 3H ∼ms, the saxion field starts to oscillate at the
temperature Tosc, which is given by

Tosc ¼
�

10

π2g�ðToscÞ
�

1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
msMpl

p
: ð14Þ

Here g�ðToscÞ represents the effective number of degree of
freedom in the thermal bath at the oscillation temperature
Tosc. Note that the saxion oscillation occurs at the early
radiation dominated era. After the oscillation of the saxion, its
energy density ρs drops as a−3 as the nonrelativistic matter.

Since the radiation decreases as a−4, the saxion energy
density ρs will eventually dominate the early Universe after
the temperature TM. Assuming g�ðToscÞ ¼ g�ðTMÞ, we
derive the transition temperature TM, which is given by

TM ¼ 3

�
10

g�ðTMÞπ2
�

1=4m1=2
s s2I
M3=2

pl

: ð15Þ

Subsequently, the Universe enters the early matter-dominated
era (MD) induced by the saxion energy density ρs, which
consists of the adiabatic (MDA) and nonadiabatic (MDNA)
phases. During the adiabatic era, the radiation energy density
MDA is dominated by the initial redshift radiation while it
will be dominated by the relativistic particles from the saxion
decay at the temperature TNA. Eventually, when H ∼ Γs,
most of the saxions will decay at the temperature Ts, which is
given by

Ts ¼
�

90

π2g�ðTsÞ
�

1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓsMpl

p
: ð16Þ

After saxion decay, the Universe will enter the regular
radiation-dominated era. The cosmological history of the
saxion is displayed in Fig. 3.
Due to the saxion decay, it should be mentioned that

there will be extra radiation energy from the axion, which
can be injected into the early Universe in the form of dark
radiation. During the radiation dominant epoch, the dark
radiation can alter the expansion rate of the Universe via
increasing the radiation energy in the Friedmann equation
in a flat universe, which is related to the Hubble constant by

H2ðtÞ ≃ 8πG
3

ðργ þ ρν þ ρaÞ; ð17Þ

where ργ , ρν, and ρa is the energy density of photon,
neutrino and axion, respectively. The extra axion radiation
will contribute to the effective number of neutrino species
Neff , which has a positive relation to the Hubble constant.
Any additional free-streaming radiation that is not included

FIG. 2. The branching ratios of the saxion as the function of
saxion mass. Here we consider the decay processes: s → aa
(cyan line), s → ã ã (magenta line), and s → XX (green line).
Other parameters are taken as κ ¼ 1, cμ ¼ 2, mã ¼ 10 GeV,
μ ¼ 700 GeV, and D ¼ 4 (the additional non-SM Higgs bosons
are decoupled).

FIG. 3. The schematic diagram of the saxion cosmology. The
red and green lines represent the saxion energy density ρs and the
radiation energy density ρr, respectively. The four eras are
defined in the context.
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in the photon bath is usually encapsulated in the effective
number of relativistic degrees of freedom Neff . In our work,
we impose such constraints on the axion dark radiation by
using the bounds on ΔNeff derived from the BBN [66] and
CMB [67]. The additional ΔNeff is given by

ΔNeff ¼ Neff
ρa
ρν

; ð18Þ

where Neff ¼ 3.046 in the SM. When the neutrinos were in
the thermal bath, the neutrino energy density ρν can be
related to the Standard Model energy density ρSM

ρνðTÞ ¼
gνðTÞ
gSMðTÞ

ρSMðTÞ; ð19Þ

where gνðTÞ and gSMðTÞ are the number of relativistic
degrees of freedom of neutrinos and Standard Model
particles at the temperature T, respectively. Since the decay
width Γs→ã ã is much smaller than Γs→aa and Γs→XX, the
energy density of saxion are mostly injected in the form of
axion and visible particles via saxion decay. Assuming that
the additional energy density comes from the axion and the
SM particles in the saxion decay, the ratio of the axion
energy density to the SM energy density equals the ratio of
their decay widths [65],

ρaðTÞ
ρSMðTÞ

¼ Γs→aa

Γs→XX
: ð20Þ

Therefore, the ΔNeff arising from the saxion decay is
given by

ΔNeff ¼
4

7

Γs→aa

Γs→XX
g�ðTdec

ν Þ; ð21Þ

where the g�ðTdec
ν Þ is the number of relativistic degrees of

freedom at the neutrino decoupling temperature. Since both
decay widths are proportional to the PQ symmetry breaking
scale 1=V2

PQ, the value of ΔNeff is independent of VPQ but
relies on ms. In addition, the relation between the current
Hubble constant H0 and HCMB inferred by CMB data is
[23,68]

H0 ¼ HCMB þ 6.2ΔNeff ; ð22Þ

with HCMB ¼ 67.9 km sMpc.
In Fig. 4, we show the current Hubble constantH0 as the

function of the saxion mass ms. Since the heavier saxion
can produce more axion dark radiation, the value of H0

increases with the saxion mass ms. We can see that the
Hubble tension will be settled within 1σ range when
1.2 TeV < ms < 1.3 TeV. However, it should be noted
that the extra dark radiation can accelerate the expansion
rate of the Universe, which will result in earlier freeze-out
with a larger neutron fraction and earlier onset of

nucleosynthesis. Furthermore, this eventually leads to a
larger 4He abundance, destroying the perfect predictions of
standard BBN theory. In addition, the extra radiation also
delays the matter-radiation equality, altering the observed
CMB spectrum. Therefore, the extra effective number of
neutrino species ΔNeff arising from the extra dark radiation
is strongly constrained by both the CMB and the BBN,
which further produce a constraint on the saxion mass via
Eq. (21). It can be seen that the current BBN bound
ΔNeff < 0.5 [66] is weaker than the CMB and large scale
structure bound ΔNeff < 0.28 [67]. But the BBN limit is
not as sensitive to the choice of the cosmological model.
Under this constraint, the Hubble tension is only marginally
reduced to 2σ via simply increasing ΔNeff . While the
currently allowed range 10−2 < ΔNeff < 0.5 will be within
the reach of CMB-S4 predictions [69]. Besides, the axions
from saxion decay are relativistic so that there must exist a
strong constrain from the free-streaming length. The
comoving free-streaming length of the axion generated
by saxion decay can be calculated as [70]

λfs ≡
Z

teq

τs

vadt
aðtÞ ¼

Z
tnr

τs

dt
aðtÞ þ

Z
teq

tnr

vadt
aðtÞ ;

≈
1

H0

�
H0

Γs

�
1=2

�
ms=2
ma

��
Teq

T0

�
1=4

×

�
1þ 1

2
ln

�
Γs

H0

�
ma

ms=2

�
2
�
T0

Teq

�
3=2

��
; ð23Þ

where τs is the lifetime of saxion, aðtÞ is the scale factor, and
va is the velocity of axion. teq is the time of matter-radiation
equality with the temperature Teq. tnr is the time when the
axion from saxion decay is nonrelativistic. Γs is the total
decay width of saxion andma is the axion mass. The ratio of
the temperature Teq to T0 is about 3200. As mentioned
before, the ΔNeff is independent of VPQ, but only relies on

FIG. 4. The current Hubble constant H0 as the function of the
saxion mass ms. The gray, light-gray and blue bands are 1σ, 2σ,
and 3σ ranges of H0 for solving the Hubble tension, respectively.
The magenta and cyan dashed lines are the bounds on the ΔNeff
from CMB and BBN.
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the saxion mass ms. When calculating the free-streaming
length λfs, we set the saxion mass ms ¼ 103 GeV, which
alleviates the Hubble tension to 3σ. Also, other relevant
parameters are the same as in Fig. 2. Therefore, we can
derive the bounds of free-streaming length on VPQ and axion
mass ma, which is given by

λfs≃0.6Mpc

�
VPQ

1013 GeV

��
35 keV
ma

�

×

�
1þ1

2
ln

�
14494

�
1013 GeV

VPQ

�
2
�

ma

35 keV

�
2
��

: ð24Þ

In our following calculation, we take into account the free-
streaming constraint λfs ≲ 0.6 Mpc.

IV. LATE DECAYING DM: GRAVITINO/AXINO

In supersymmetric axion models, the gravitino/axino
can play the role of dark matter particle. The gravitino
mass m3=2 depends on the scheme of supersymmetry
breaking [38,71–78], which can be at the same order of
the axino mass mã [79–82]. Therefore, they can consist of
a two-component dark matter sector, where the heavier
one is the late decaying DM and the lighter one is the LSP
dark matter. However, if the mass of the gravitino is
heavier than keV, the abundance of the gravitino will
easily overclose the Universe. To give the present
observed dark matter relic density, the reheating temper-
ature TR after inflation is usually much lower than that for
the thermal leptogenesis. Fortunately, in our model, the
saxion decay can help to relax the above cosmological
constraint on the gravitino mass and the reheating temper-
ature TR.
Due to saxion decay, a large amount of the entropy was

injected into the Universe. Thus the dark matter (G̃ and ã)
relic density produced before can be diluted [83,84]. The
effect of dilution can be parametrized by the factor Ds,
which is given by

Ds ¼
�
9g�ðTsÞ
g�ðTMÞ

�
1=4 m1=2

s s2Iffiffiffiffiffi
Γs

p
M2

pl

; ð25Þ

where g�ðTsÞ ¼ 10.75 and g�ðTMÞ ¼ 228.75 are the num-
ber of relativistic degrees of freedom at the temperature Ts
and TM, respectively.
The relic density of the gravitino depends on whether it is

in the thermal bath [85]. The freeze-out temperature of the
gravitino is given by

Tf
3=2 ≈ 1013 GeV

�
g�
230

�1
2

�
m3=2

1 GeV

�
2
�
1 TeV
mg̃

�
2

; ð26Þ

wheremg̃ is the mass of gluino. g� is the effective degrees of
freedom of relativistic particles when the gravitinos are out
of equilibrium. If the reheating temperature TR > Tf

3=2, then

the preexisting gravitinos are in the thermal equilibrium due
to the high reheating temperature TR and then freeze-out as
the expansion of the Universe. The undiluted freeze-out
gravitino yield at the equilibrium

YFO
3=2 ¼

135ζð3Þg3=2
8π4g�

; ð27Þ

where g3=2 ¼ 4 is the internal degrees of freedom of the
gravitino, and ζ is the zeta function. On the contrary, when
TR < Tf

3=2, the preexisting gravitinos may be out of the
thermal equilibrium. In this case, the gravitino can also be
produced by the scattering processes, such as g̃ g̃ → G̃ G̃,
which is the so-called freeze-in mechanism. The resulting
undiluted freeze-in gravitino yield can be obtained by

YFI
3=2 ¼

X3
i¼1

yig2i ðTRÞ
�
1þM2

i ðTRÞ
3m2

3=2

�

× ln

�
ki

giðTRÞ
��

TR

1010 GeV

�
; ð28Þ

where gi and Mi are the gauge coupling constants and the
gaugino masses for M1 ¼ M2 ¼ 500 GeV, M3 ¼ 1 TeV.
The constants ci, ki, and yi are associated with the Standard
Model gauge group SUð3Þc × SUð2ÞL ×Uð1ÞY [43]. Thus,
the total undiluted gravitino abundance depends on the
relation between reheating temperature TR and freeze-out
temperature Tf

3=2, which can be written as

Ω3=2h2 ¼ m3=2sðT0Þh2=ρc½YFO
3=2ΘðTR − Tf

3=2Þ
þ YFI

3=2ΘðTf
3=2 − TRÞÞ�: ð29Þ

where h is the Hubble constant in the units of 100 km sMpc.
sðT0Þ is the current entropy density and ρc is the critical
density with ρc=½sðT0Þh2� ¼ 3.6 × 10−9 GeV. It should be
mentioned that the Eq. (27) is only applicable for TR ≪ Tf
or TR ≫ Tf, which corresponds to the freeze-in or freeze-out
production, respectively. If the reheating temperature TR is
comparable with Tf, then one need to numerically solve the
Boltzmann equation to obtain the dark matter relic density.
Similarly, if the axino is the LSP, the corresponding

freeze-out temperature of the axino Tf
ã is calculated by

Tf
ã ¼ 1011 GeV

� ffiffiffi
2

p
VPQ

NDW10
12 GeV

�2�0.1
αs

�
3

; ð30Þ

where NDW ¼ 6 for the SUSY DFSZ model is the domain
wall number and αs is a strong interaction coupling constant.
Provided that the reheating temperature TR is higher than the
freeze-out temperature Tf

ã, the effect of TR will compensate
the feeble interaction between the axino and other particles,
and axino is in thermal equilibrium. Then the undiluted yield
of the axino in the thermal bath is given by
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YFO
ã ¼ 135ζð3Þgã

8π4g�
; ð31Þ

where the internal degrees of freedom gã ¼ 2 is for the axino.
On the other hand, when the axino is out of equilibrium, its
undiluted yield arising from the scattering of gluon and
gluino is estimated by [86]

YFI−scattering
ã ≃ 2 × 10−6 ln

�
3

g3

��
NDW

6

�
2

×

�
TR

1010 GeV

��
1014 GeV

VPQ

�
2

; ð32Þ

where g3 is the strong gauge coupling. In addition to the
scattering of gluino and gluon, the axino can also be
produced by Higgsino decay [87–89] and the yield is
expressed by

YFI−decay
ã ≈2.9×10−4q2μ

�
230

g�

�
3=2

�
μ

300GeV

�

×

�
1010 GeV
VPQ

�
2

; ð33Þ

where we also take μ ¼ 700 GeV. The axino abundance
produced from Higgsino decay is comparable with that
resulting from scattering at low reheating temperature TR.
While the axino yield produced from scattering is always
dominated at high reheating temperature TR, which allows us
to ignore the axino yield produced from Higgsino decay. The
total undiluted axino abundance generated by the freeze-in
mechanism is composed by

YFI
ã ¼ YFI−scattering

ã þ YFI−decay
ã : ð34Þ

Therefore, the undiluted relic abundance of the axino can be
written as

Ωãh2 ¼mãsðT0Þh2=ρc½YFI
ã ΘðTf

ã−TRÞþYFO
ã ΘðTR−Tf

ãÞ�:
ð35Þ

Assuming that the axino and gravitino were produced
before ρs dominated the Universe, both will be diluted by
the saxion decay. Moreover, we require that the lifetime of
the NLSP is longer than the age of the Universe (t0). As a
result, the total DM relic density is

ΩDMh2 ¼
1

Ds
ðΩ3=2h2 þΩãh2Þ: ð36Þ

In Fig. 5, we show the constraint of DM relic density
0.075 < ΩDMh2 < 0.126 for the gravitino LSP and the
axino LSP, respectively. In the region above the red line,
the gravitino is in the thermal equilibrium and is produced by

the freeze-out mechanism. While in the region below the red
line, it never reaches the thermal equilibrium and is produced
by the freeze-in mechanism. It should be mentioned that the
axino never reaches the thermal equilibrium in our plots
because the axino freeze-out temperature Tf

a is larger than
the reheating temperature TR. With the increase of the
reheating temperature TR, the large dilution effect is required
to avoid overclosing the Universe. In other words, the strong
constraint on TR from the observed DM relic density can be
relaxed by dilution. Since the highVPQ can produce the large
dilution factor, the reheating temperature TR in the right
panel is much larger than that in the left panel. In addition,
for a given mass ratio R, when the gravitino mass m3=2
becomes small, the freeze-out temperature of the gravitino
Tf
3=2 is lower than that of the axino Tf

ã. On the other hand,
when m3=2 becomes heavy, Tf

3=2 will be larger than Tf
ã.

Therefore, the gravitino will dominate the DM relic density
in the small m3=2 region because of the small freeze-out
temperature. While the axino will be the main component of
the DM abundance in the large m3=2 region. In the upper
panel, we also find that the gravitino DM yield YFO

3=2 will not
change with the variation of the reheating temperature TR
when the gravitino is in the thermal bath. This makes the
fraction f2 larger with the increase of high TR because more
axinos are produced.Whereas, for the axino DM in the lower
panel, it can also be seen that there is a tension between the
lifetime of the decaying gravitino and the fraction of it in the
total DM energy density that is required to be less than 10%
by the measurements of the CMB and matter power
spectrum [90]. Therefore we will focus on the gravitino
DM plus the axino decaying DM in the following study.

V. AXION FROM LATE DECAYING DM
IN HYPER-KAMIOKANDE

Owing to the mass splitting between the NLSP and LSP,
the NLSP can decay into the LSP plus an axion in our
model. As known, the differential events caused by the
absorption of the axion always depend on the energy
differential flux of the axion arriving at the Earth,
dΦa=dEa, which include the contributions in the galaxy
and outside the galaxy. The energy spectrum of the axion
produced from the late decaying DM is given by

dN
dEa

¼ NaδðEa − EemÞ; ð37Þ

where Eem is the energy of axion at emission and Na is the
number of axions in the final state. Assuming that the
parent particle X is at rest, we can calculate Eem by using
four-momentum conservation in the massless limitma ¼ 0,

Eem ¼ mX

2
ð1 − y2Þ; ð38Þ
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where y ¼ R for the gravitino NLSP and y ¼ R−1 for the
axino NLSP.
The differential flux of axion from DM decay within the

galaxy arriving at the Earth is obtained by the line of sight
integral,

dΦgal

dEa
¼ fBrae−t0=τX

τXmX

dN
dEa

× RsolρsolJ ; ð39Þ

where Rsol ¼ 8.33 kpc is the distance to the galaxy center
and ρsol ¼ 0.3 GeV3=cm is the DM energy density at the

position of the earth; t0 ¼ 13.7 Gyr and τX is the lifetime of
the Universe and late decaying DM, respectively. Bra is the
branching ratio of X decay to axions. Same as defined in
Fig. 5, f is the fraction of the decaying DM to the total DM
energy density, which has to be less than about 10% as the
constraints of CMB and matter power spectrum [90]. In
addition, assuming that J is independent of the angle and
direction, we average the J over all directions and take the
value of J ¼ 2.1 derived from the NFW density profile
[91]. Note that we take a 5% Gaussian distribution to
display the differential galactic flux.

FIG. 5. The constraint of DM relic density 0.075 < ΩDMh2 < 0.126 (green band) for the gravitino LSP (upper panel) and the axino
LSP (lower panel) on the plane of the reheating temperature TR versus their masses m3=2 and mã. f1 ¼ Ω3=2h2=ΩDMh2 and f2 ¼
Ωãh2=ΩDMh2 are the fraction of the energy density of the gravitino and axino NLSP in the total DM energy density, respectively. We
assume the saxion massms ¼ 103 GeV. The right side of the gray dashed line corresponds to the lifetime of the NLSP τNLSP < t0, where
t0 ¼ 13.7 Gyr is the lifetime of the Universe. While the region above the red line denotes the reheating temperature TR is higher than the
freeze-out temperature of the gravitino Tf

3=2.
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In the calculation of the differential flux from extra-
galactic distances, one should take the redshift effect into
account. Since the momentum of the axion is inversely
proportional to the scale factor a, the relation between the
momentum at emission pem and that absorbed by detector
pa is related by the redshift factor z,

pemðzÞ ¼ ð1þ zÞ × pa: ð40Þ
Besides, the cosmic time at redshift z for a flat universe is
obtained

tðzÞ ¼ 1

3H0

ffiffiffiffiffiffiffi
ΩΛ

p ln

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðΩm=ΩΛÞð1þ zÞ3

p
þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðΩm=ΩΛÞð1þ zÞ3
p

− 1

�
; ð41Þ

whereH0 is the current Hubble constant;Ωm ¼ 0.315 is the
ratio of matter energy density ρm to the critical density
ρc ¼ 3M2

PH
2
0, while ΩΛ ¼ 1 −Ωm is the ratio of cosmo-

logical constant ρΛ to ρc. As a result, the extragalactic flux
for a two-body decay is given by

dΦeg

dEa
¼ Na

pa

fBraΩDMρc
τXmXH0

e−tðzÞ=τXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ zÞ3Ωm þ ΩΛ

p ΘðzÞ; ð42Þ

where ΩDM ¼ 0.2607 is the current DM density [67]. The
total differential flux dΦa=dEa consists of the galactic and
the extragalactic flux,

dΦa

dEa
¼

�
dΦgal

dEa
þ dΦeg

dEa

�
ð43Þ

From Eqs. (39) and (42), it is easy to see that the flux of the
axion radiation depends on the lifetime τNLSP of theNLSP, the
mass of NLSP mX and the fraction f. The light NLSP mass
and large fraction can lead to a large flux.However, for a given
mass ratioR, a lighterNLSPmass it is, a longerNLSP lifetime
it has. Such a propertywill suppress the flux of axion radiation
for lighter NLSP. Besides, if the NLSP is the gravitino, then
the late decaying DM will dominate the DM relic density,
which is excluded by the CMB constraint. Hence, we only
consider the axino NLSP as the late decaying DM.
It should be noted that the kinetic energy of the axion from

the axino decay depends on our model parameters. When the
kinetic energy lies in the keV range, the flux of our axionwill
bemuch smaller than that of the solar axion [92,93] so that we
cannot obtain the sensitivity of our axion radiation in the solar
axion experiments. Therefore, we focus on the NLSP mass
mNLSP is larger than keV scale, such as theMeVaxino, which
will produce the MeV axion from the axino decay.
In Fig. 6, we show the differential flux of the axion

radiation. The relevant parameters, such as the lifetime τã,
the mass ã, the mass ratio R, the reheating temperature TR,
and the PQ symmetry breaking scale VPQ, are chosen to

FIG. 6. The dependence of the flux of supersymmetric axion dark radiation on the axion kinetic energy in the Milky Way Galaxy and
outside the Galaxy.
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satisfy the aforementioned constraints. As above discussed,
the flux strongly relies on the fraction of late-decaying DM,
like in the left-bottom panel, which reaches about 10% and
has a much larger flux other three cases. Besides, we find
that the galactic contribution is slightly smaller than the
extragalactic contribution. Due to the redshift effect, the
extragalactic differential flux spreads and ends at the corre-
sponding axion kinetic energy Eem in each panel.
In order to detect such MeV axions, we consider the

inverse Primakoff scattering process aþ A → γ þ A, in
which the axion scatters off with the atom A induced by the
axion-photon coupling.1 Since the inelastic scattering cross
section is suppressed by the atomic number Z, we study the
elastic scattering process. The corresponding elastic cross
section is given by [94]

σelðEaÞ ¼
αZ2g2aγγ

2

�
ln ð2EarAÞ −

1

2

�
; ð44Þ

where α is the fine-structure constant, Z is the number of
atom A, gaγγ is the axion-photon coupling, and rA is the
radius of the atom.With this, we can estimate the sensitivity
of our MeV axion from the axino decay in future neutrino
experiments such as Hyper-Kamiokande. The target atom
for the Hyper-Kamiokande is oxygen, whose atomic
number is Z ¼ 8. There are NO ≃ 1.27 × 1035 oxygen
atoms for a fiducial mass of 3.8 Mt water [58]. By using
the relation of the axion production rate _Na and the
differential axion flux dΦa=dEa [95], we can obtain the
expected number of events as

Nevent ¼
Z

dΦa

dEa
σelðEaÞdEa × Δt × NO; ð45Þ

where Δt is the exposure time of Hyper-Kamiokande
experiment and rA ¼ 2 × 10−10 m is the radius of the
oxygen atom.
The main background is the steady diffuse supernova

neutrino background (DSNB) arising from the distant core-
collapse supernova. The observable events are mostly
induced by the inverse beta decay (ν̄e þ p → eþ þ n).
Furthermore, the Kamiokande-II (Kam-II) experiment
has observed the 12 events after the SN 1987A explosion.
The steady detection rate of the DSNB neutrino for the
Hyper-K experiment, related to the burst detection rate of
SN 1987A neutrinos, can be simply estimated as [96]

�
dNν

dt

�
HK

DSNB
∼
�
dNν

dt

�
1987A

�
NSNMKam

4πD2

�
−1

1987A

×

�
NSNMHK

4πD2

�
DSNB

; ð46Þ

where MKam¼2140ton and MHK¼3.8Mton are the detec-
tor mass of Kam-II and Hyper-K experiment, respectively.
The detection rate in Kam-II was ½dNν=dt�1987A ∼ 1 s−1

during the SN 1987A explosion. The distance D of the SN
1987Awas 0.050Mpc, whileD ¼ c=H0 ∼ 4000 Mpc for a
typical supernova contribution to the DSNB. Besides,
NSN ¼ 100 for the DSNB whereas NSN ¼ 1 for SN
1987A. Therefore, the time-averaged DSNB detection rate
in Hyper-K is simply calculated as

�
dNν

dt

�
HK

DSNB
∼ ð1s−1Þ × 100 × 10−10 × 1800 ∼ 568 year−1:

ð47Þ

The estimated backgrounds with exposure time 20 year for
Hyper-K experiment are ∼11000. In Fig. 7, we show the
signal events as the function of axion-photon coupling gaγγ .
The four benchmark points are the same as those in Fig. 6.
The black line denotes the 2σ bound on the coupling gaγγ .
We can see that gaγγ can be excluded down to 2 ×
10−10 GeV−1 for our maximal flux case (red dashed line).
Although such a limit is weaker than the constraint on low
energy solar axion-like particle (ALP) from the CAST
collaboration, gaγγ < 0.66 × 10−10 GeV−1 [97], it may
provide an independent way to hunt for the energetic
axion [E ∼OðMeVÞ], which needs a more detailed study
on the search strategy of this process.

FIG. 7. Same benchmark points as Fig. 6, but for the number of
annual events of the photon from the inverse Primakoff process
aþ A → γ þ A as function of the axion-photon coupling gaγγ in
the Hyper-Kamiokande experiment. The black line denotes the
2σ exclusion limit.

1On the other hand, the axion can also be absorbed through the
axion-electron interaction. By calculating the number of such
events in our scenario as the Ref. [53], we found that the resulting
bound on gaee is much weaker than that from the solar axion
because the flux of the axion in our model is several orders
magnitude smaller than that of the solar axion.
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VI. CONCLUSION

In this paper, we have investigated the dark sector of the
supersymmetric DFSZ model, where the gravitino/axino is
the late decaying DM. Owing to the saxion decay, the
gravitino/axino problem that its relic density easily over-
close the Universe can be elegantly solved by the dilution
effect. On the other hand, the early axion produced by the
saxion decay as dark radiation contributes to the extra
effective number of neutrino species ΔNeff . However, due
to the cosmological constraints on ΔNeff by CMB obser-
vations, increasing simply ΔNeff only alleviates the Hubble
tension to 3σ. On the other, we find that a MeV axion
emitted from the late decaying DM decay in the late
Universe can produce the sizable events of the inverse
Primakoff scattering in the neutrino experiment like Hyper-
Kamiokande via the inverse Primakoff scattering. We
estimate the exclusion limit gaγγ < 2 × 10−10 GeV−1 for

an exposure of 3.8 Mton over 20 years. A more delicate
experimental analysis of this signal may provide a way to
probe the energetic axion.
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