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ã
H

H

~

can be cold dark matter!
Covi, Kim, Roszkowski (99)

and/or
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metastable; decaying

axion

axino
SUSY

m=0

m=0

shift sym. m=0

m>0

SUSY

Axino mass ~ how axion communicates with SUSY breaking
~ highly model-dependent

- "sterile neutrino" radiative decay
- decaying into gravitino



ALTERNATIVE TO WIMP
- Light axino dark matter : m~keV

freeze-in production
not following thermal distribution

impact on small scale

long-lived particle searches at LHC

- Heavy axino dark matter
Cold DM decaying into gravitino

lifetime~age of the Universe
impact on small scale / altering H0

signal of axions emitted from decay



OUTLINE

1. Introduction

2. Light Axino Dark Matter

3. Decaying Axino Dark Matter

4. Summary



OUTLINE

1. Introduction

2. Light Axino Dark Matter

3. Decaying Axino Dark Matter

4. Summary



9

•coupling ~ O(0.1)
Thermal Plasma

DM

SM

SM
SM

SM SM

SM

SM
SM

SM SMDM

DM

DM

DM

DM

SM+SM , DM+DM
<latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="Sr5/knEoy6UJvGL+xxp+TsFY21M="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit>

Expanding Universe

FREEZE-IN DARK MATTER



9

•coupling ~ O(0.1)
Thermal Plasma

DM

SM

SM
SM

SM SM

SM

SM
SM

SM SMDM

DM

DM

DM

DM

SM+SM , DM+DM
<latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="Sr5/knEoy6UJvGL+xxp+TsFY21M="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit>

SM

SM
SM

SM SM

SM

SM
SM

SM SM

SM+SM , DM+DM
<latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="Sr5/knEoy6UJvGL+xxp+TsFY21M="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit>

DM

DM

DM

DMDM

DM

Expanding Universe

FREEZE-IN DARK MATTER



9

•coupling ~ O(0.1)
Thermal Plasma

DM

SM

SM
SM

SM SM

SM

SM
SM

SM SMDM

DM

DM

DM

DM

SM+SM , DM+DM
<latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="Sr5/knEoy6UJvGL+xxp+TsFY21M="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit>

SM

SM
SM

SM SM

SM

SM
SM

SM SM

SM+SM , DM+DM
<latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="xgsZjmKZv0hV+9/Q8t8fkDiQoU8="></latexit><latexit sha1_base64="Sr5/knEoy6UJvGL+xxp+TsFY21M="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit><latexit sha1_base64="XBxN+ZInkaE5HE1WeorY4+lHTF4="></latexit>

DM

DM

DM

DMDM

DM

"freeze" "out"

Expanding Universe

FREEZE-IN DARK MATTER



SM

SM
SM

SM SM

SM

SM
SM

SM SM

DM

DM

DM

SM+SM ) DM+DM
<latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit>

Thermal Plasma

•coupling << 0.1

FREEZE-IN DARK MATTER



SM

SM
SM

SM SM

SM

SM
SM

SM SM

DM

DM

DM

SM+SM ) DM+DM
<latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit>

Thermal Plasma

SM

SM
SM

SM SM

SM

SM
SM

SM SM

DM

DM

DM

DMDM

DM

SM+SM ) DM+DM
<latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit>

•coupling << 0.1

FREEZE-IN DARK MATTER



SM

SM
SM

SM SM

SM

SM
SM

SM SM

DM

DM

DM

SM+SM ) DM+DM
<latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit>

Thermal Plasma

SM

SM
SM

SM SM

SM

SM
SM

SM SM

DM

DM

DM

DMDM

DM

SM+SM ) DM+DM
<latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit><latexit sha1_base64="cJ7XjC2tu8RtdJdgqk1n1Uf5ghE="></latexit>

"freeze" "in"

•coupling << 0.1

FREEZE-IN DARK MATTER



FREEZE-IN DARK MATTER

J
H
E
P
0
3
(
2
0
1
0
)
0
8
0

1 10 100

10
�15

10
�12

10
�9

Y

x = m/T

x = m/T

x ⇠ 2� 5 x ⇠ 20� 30

20 � 25

m

T

X

X

X

X

X T X X

Hall, Jedamzik, March-Russell, West

Determined by Low-T

indep. of infl /
dep. of DM int.



15

H

eH

ã
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FIG. 1: Feynman diagrams for 2-body decay, s- or t-channel scattering, and 3-body decay.

where + (�) sign is chosen when the particle 1 is a fermion (boson). The kinematic variables are

defined by
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where ✓ is the angle between momentum of axino and particle 1. Then we vary cos ✓ in the solution

p1, and find maximum (minimum) as p+
1
(m2

23
)
�
p�
1
(m2

23
)
�
.

B. Phase space distribution from respective processes

Now we focus on specific examples of axino freeze-in processes, and show that the di↵erent

processes result in di↵erent axino phase space distributions. In this subsection, following decay or

scattering processes are considered. The corresponding Feynman diagrams are shown in Fig. 1,

and the collision terms are summarized in appendix A 2.

• 2-body decay of Higgsino (left in Fig. 1; red solid in Fig. 2): eH ! Hã. We assume the

massless, SM-like Higgs H.

• 2-body decay of MSSM Higgs (left in Fig. 1): H ! eHã. We consider two cases: µ/mH ⌧ 1

/
✓

µ

fa

◆2
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2 , (32)

m2
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ãH
⇤

eH

F
IG

.
1:

F
eyn

m
an

d
iagram

s
for

2-b
od

y
d
ecay,

s-
or

t-ch
an

n
el

scatterin
g,

an
d
3-b

od
y
d
ecay.

w
h
ere

+
(
�
)
sign

is
taken

w
h
en

p
article

1
is
a
ferm

ion
(b
oson

).
T
h
e
kin

em
atic

variab
les

are
d
efi

n
ed

by

m
22
3
=

(p
2
+

p
3 )

2
=

(p
1
�

p
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(m1 +mã)2 �m2

23

p
(m1 �mã)2 �m2
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scattering processes are considered. The corresponding Feynman diagrams are shown in Fig. 1,

and the collision terms are summarized in appendix A 2.

• 2-body decay of Higgsino (left in Fig. 1; red solid in Fig. 2): eH ! Hã. We assume the

massless, SM-like Higgs H.
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FIG. 4: Squared transfer functions from respective production processes (left; solid) and in realistic axino
cases (right; solid). The conventional WDM models with mWDM = 2.0, 3.3, and 4.09 keV are shown for
comparison (dashed).

rameters from “Planck 2015 TT, TE, EE+lowP” in Ref. [91]. The resultant matter power spectra

are double-checked with CAMB [92] by suitably incorporating the covariant multipole perturbation

method [93, 94]. Throughout the analyses, the axino mass is fixed at 7 keV.

Since the Ly-↵ forest bounds are usually put on WDM particles that follow the Fermi-Dirac

distribution, we calculate its resultant matter power spectrum to apply the bounds to axino models.

We follow the perturbation equations with mWDM = 2.0, 3.3, 4.09, and 5.3 keV. Their abundance

is set to that of the observed DM by adjusting its temperature for a given mass.

We follow the methodology suggested in Ref. [48] when constraining freeze-in axino DM by Ly-↵

forest data. Given a WDM matter power spectrum P (k), we define a squared transfer function

T
2(k) by

T
2(k) =

P (k)

PCDM(k)
, (42)

where PCDM(k) is the CDM matter power spectrum. We compare the squared transfer function of

axino T
2

ã
(k) to that of the conventional WDM T

2
conv(k). If T

2

ã
(k) < T

2
conv(k) is met for any k – the

power spectrum of axino begins to deviate from CDM at smaller k than that of the conventional

WDM – the axino model is regarded as being excluded. This naive determination is, however,

sometimes not applicable, because the slopes of T 2(k) above the cuto↵ scale are di↵erent between

thermal (conventional WDM) and non-thermal (axino) distributions, and T
2

ã
(k) < T

2
conv(k) holds

only for some range of k. In such a case, we first determine the half-mode k1/2 by T
2

ã
(k1/2) = 1/2.

Then, if T 2

ã
(k) < T

2
conv(k) is met for all k < k1/2, we regard the axino model as being excluded.

In Fig. 4, we show the squared transfer function T
2

ã
(k) as a function of wave number k [h/Mpc].

KJB, Kamada, Liew, Yanagi (2017)WDM mass
corresponding to 
Ly-alpha forest



BENCHMARK SCENARIOS

massless

500 GeV

1 TeV

6.5 TeV

10 TeV

Hu

eH

t̃

Hd

other states

SM
ã
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QL

H fW

H

ã
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FIG. 1: Feynman diagrams for 2-body decay, s- or t-channel scattering, and 3-body decay.
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B. Phase space distribution from respective processes

Now we focus on specific examples of axino freeze-in processes, and show that the di↵erent

processes result in di↵erent axino phase space distributions. In this subsection, following decay or

scattering processes are considered. The corresponding Feynman diagrams are shown in Fig. 1,

and the collision terms are summarized in appendix A 2.

• 2-body decay of Higgsino (left in Fig. 1; red solid in Fig. 2): eH ! Hã. We assume the

massless, SM-like Higgs H.

• 2-body decay of MSSM Higgs (left in Fig. 1): H ! eHã. We consider two cases: µ/mH ⌧ 1
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FIG. 4: Squared transfer functions from respective production processes (left; solid) and in realistic axino
cases (right; solid). The conventional WDM models with mWDM = 2.0, 3.3, and 4.09 keV are shown for
comparison (dashed).

rameters from “Planck 2015 TT, TE, EE+lowP” in Ref. [91]. The resultant matter power spectra

are double-checked with CAMB [92] by suitably incorporating the covariant multipole perturbation

method [93, 94]. Throughout the analyses, the axino mass is fixed at 7 keV.

Since the Ly-↵ forest bounds are usually put on WDM particles that follow the Fermi-Dirac

distribution, we calculate its resultant matter power spectrum to apply the bounds to axino models.

We follow the perturbation equations with mWDM = 2.0, 3.3, 4.09, and 5.3 keV. Their abundance

is set to that of the observed DM by adjusting its temperature for a given mass.

We follow the methodology suggested in Ref. [48] when constraining freeze-in axino DM by Ly-↵

forest data. Given a WDM matter power spectrum P (k), we define a squared transfer function

T
2(k) by

T
2(k) =

P (k)

PCDM(k)
, (42)

where PCDM(k) is the CDM matter power spectrum. We compare the squared transfer function of

axino T
2
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(k) to that of the conventional WDM T

2
conv(k). If T
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(k) < T

2
conv(k) is met for any k – the

power spectrum of axino begins to deviate from CDM at smaller k than that of the conventional

WDM – the axino model is regarded as being excluded. This naive determination is, however,

sometimes not applicable, because the slopes of T 2(k) above the cuto↵ scale are di↵erent between

thermal (conventional WDM) and non-thermal (axino) distributions, and T
2

ã
(k) < T

2
conv(k) holds

only for some range of k. In such a case, we first determine the half-mode k1/2 by T
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(k1/2) = 1/2.

Then, if T 2
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(k) < T
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conv(k) is met for all k < k1/2, we regard the axino model as being excluded.

In Fig. 4, we show the squared transfer function T
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F2
<latexit sha1_base64="7jVOIKINNE+mV8aAMOr6Slyk+Us=">AAACB3icbVDLSsNAFJ3UV62vqks3g63gxpLEhborCOKygqmFNpTJ9KYdOpmEmYlQQz/AlVv9Cnfi1s/wI/wHp20WtvXAhcM593LvPUHCmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QVPFqaTg0ZjHshUQBZwJ8DTTHFqJBBIFHB6C4fXEf3gEqVgs7vUoAT8ifcFCRok2kle96brVbrli1+wp8DJxclJBORrd8k+nF9M0AqEpJ0q1HTvRfkakZpTDuNRJFSSEDkkf2oYKEoHys+mxY3xilB4OY2lKaDxV/05kJFJqFAWmMyJ6oBa9ifif1051eOlnTCSpBkFni8KUYx3jyee4xyRQzUeGECqZuRXTAZGEapPP3BbNhk9nIYxERMQYl0w+zmIay6Tp1pzzmnvnVupXeVJFdISO0Sly0AWqo1vUQB6iiKEX9IrerGfr3fqwPmetBSufOURzsL5+AZQZmNo=</latexit>

Z1
<latexit sha1_base64="y12Z7AHuA3QAs+i/IUucTbG+Fsw=">AAACB3icbVDLTsJAFJ3iC/GFunQzEUzcSFpcqDsSNy4xsWCEhkyHKUyYTpuZW5Pa8AGu3OpXuDNu/Qw/wn9wgC4EPMlNTs65N/fe48eCa7Dtb6uwsrq2vlHcLG1t7+zulfcPWjpKFGUujUSk7n2imeCSucBBsPtYMRL6grX90fXEbz8ypXkk7yCNmReSgeQBpwSM5FYfek61V67YNXsKvEycnFRQjmav/NPtRzQJmQQqiNYdx47By4gCTgUbl7qJZjGhIzJgHUMlCZn2sumxY3xilD4OImVKAp6qfycyEmqdhr7pDAkM9aI3Ef/zOgkEl17GZZwAk3S2KEgEhghPPsd9rhgFkRpCqOLmVkyHRBEKJp+5LcBHT2cBS2VI5BiXTD7OYhrLpFWvOee1+m290rjKkyqiI3SMTpGDLlAD3aAmchFFHL2gV/RmPVvv1of1OWstWPnMIZqD9fULsyGY7Q==</latexit>

Z2
<latexit sha1_base64="epRVBsSiPlbVmt4u8pyzAXUhJFg=">AAACB3icbVDLTsJAFL3FF+ILdelmIpi4kbR1oe5I3LjExIIRGjIdpjBhOm1mpibY8AGu3OpXuDNu/Qw/wn9wgC4EPMlNTs65N/feEyScKW3b31ZhZXVtfaO4Wdra3tndK+8fNFWcSkI9EvNY3gdYUc4E9TTTnN4nkuIo4LQVDK8nfuuRSsVicadHCfUj3BcsZARrI3nVh65b7ZYrds2eAi0TJycVyNHoln86vZikERWacKxU27ET7WdYakY4HZc6qaIJJkPcp21DBY6o8rPpsWN0YpQeCmNpSmg0Vf9OZDhSahQFpjPCeqAWvYn4n9dOdXjpZ0wkqaaCzBaFKUc6RpPPUY9JSjQfGYKJZOZWRAZYYqJNPnNbNBs+nYV0JCIsxqhk8nEW01gmTbfmnNfcW7dSv8qTKsIRHMMpOHABdbiBBnhAgMELvMKb9Wy9Wx/W56y1YOUzhzAH6+sXtMGY7g==</latexit>

Aa_ D2ib
<latexit sha1_base64="BPfdRSx59+51YCHASizUynnaf5M=">AAACCnicbVDJTgJBEO3BDXFDPXrpSEy8SGbwoN5IvOgNF5YECOlpaqClp2fSXWOChD/w5FW/wpvx6k/4Ef6DzXIQ8CWVvLxXlap6fiyFQdf9dlJLyyura+n1zMbm1vZOdnevYqJEcyjzSEa65jMDUigoo0AJtVgDC30JVb93OfKrj6CNiNQ99mNohqyjRCA4QyvVru9u6QOgaWVzbt4dgy4Sb0pyZIpSK/vTaEc8CUEhl8yYuufG2BwwjYJLGGYaiYGY8R7rQN1SxUIwzcH43iE9skqbBpG2pZCO1b8TAxYa0w992xky7Jp5byT+59UTDM6bA6HiBEHxyaIgkRQjOnqetoUGjrJvCeNa2Fsp7zLNONqIZrag6D2dBNBXIVNDmrH5ePNpLJJKIe+d5gs3hVzxYppUmhyQQ3JMPHJGiuSKlEiZcCLJC3klb86z8+58OJ+T1pQzndknM3C+fgG0EZqd</latexit>

So
<latexit sha1_base64="02VqjgYmYtEGvFQIZN8sHj/Jw74=">AAACBHicbVC7TgMxEPTxDOEVoKSxiJBoiO5CAXSRaCgDIg8pOUU+Zy+xYvtOtg/pOKWlooWvoEO0/AcfwT/gJFeQhJFWGs3sancniDnTxnW/nZXVtfWNzcJWcXtnd2+/dHDY1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/Fbj6A0i+SDSWPwBRlIFjJKjJXu681eqexW3CnwMvFyUkY56r3ST7cf0USANJQTrTueGxs/I8owymFc7CYaYkJHZAAdSyURoP1seukYn1qlj8NI2ZIGT9W/ExkRWqcisJ2CmKFe9Cbif14nMeGVnzEZJwYknS0KE45NhCdv4z5TQA1PLSFUMXsrpkOiCDU2nLktho2ezkNIpSByjIs2H28xjWXSrFa8i0r1rlquXedJFdAxOkFnyEOXqIZuUR01EEUhekGv6M15dt6dD+dz1rri5DNHaA7O1y9e2JhD</latexit>

`�M;2 Q7 BMM2` i`�+FBM; /2i2+iQ`
<latexit sha1_base64="n4IyJuUM3CnxpT41d0SJ3D0mb48=">AAACJXicbVC7SgNBFJ31GeMramkzGgQbw24s1C5gYxnBxEAMYXb27mbI7Mwyc1eIIbWfYmWrX2EngpVf4D84eRS+DgwczrmXM/eEmRQWff/dm5tfWFxaLqwUV9fWNzZLW9tNq3PDocG11KYVMgtSKGigQAmtzABLQwnXYf987F/fgrFCqyscZNBJWaJELDhDJ3VLe4apBKiOqVAKDEXDeF+ohEaAwFGbYrdU9iv+BPQvCWakTGaod0ufN5HmeQoKuWTWtgM/w86QGRRcwqh4k1vIXApLoO2oYinYznByyogeOCWisTbuKaQT9fvGkKXWDtLQTaYMe/a3Nxb/89o5xqedoVBZjqD4NCjOJUVNx73QSBh3rxw4wrgR7q+U95hrA117P1JQ9O+OYhiolKkRHfcT/G7jL2lWK8FxpXpZLdfOZk0VyC7ZJ4ckICekRi5InTQIJ/fkkTyRZ+/Be/Fevbfp6Jw329khP+B9fAHdV6U5</latexit>

h`�Mbp2`b2 TH�M2
<latexit sha1_base64="PP4asOA8hGw3X4Q+2h1Gs2wyxl4=">AAACFHicbVC7SgNBFJ2Nrxhfq5Y2g0GwMezGQu0CNpYR8oIkhLuTu8mQ2dllZjYQQ37Dyla/wk5s7f0I/8HJozCJBy4czjmXezlBIrg2nvftZDY2t7Z3sru5vf2DwyP3+KSm41QxrLJYxKoRgEbBJVYNNwIbiUKIAoH1YHA/9etDVJrHsmJGCbYj6EkecgbGSh3XrSiQeppAmgiQ2HHzXsGbga4Tf0HyZIFyx/1pdWOWRigNE6B10/cS0x6DMpwJnORaqcYE2AB62LRUQoS6PZ59PqEXVunSMFZ2pKEz9e/GGCKtR1FgkxGYvl71puJ/XjM14W17zGWSGpRsfihMBTUxndZAu1whM2JkCTDF7a+U9UEBM7aKpSuGD56uQhzJCOSE5mw//mob66RWLPjXheJjMV+6WzSVJWfknFwSn9yQEnkgZVIljAzJC3klb86z8+58OJ/zaMZZ7JySJThfv1UAnrc=</latexit>

~r1T
<latexit sha1_base64="V9T+Pl0qzg5c2kTG0VHRNFQugtM=">AAACD3icbVDLTsJAFJ3iC/GFunQzEUzcSFpcqDsSNy4x4WECDZkOtzBhOq0zUxJs+hGu3OpXuDNu/QQ/wn9wgC4EPMlNTs65N+fmeBFnStv2t5VbW9/Y3MpvF3Z29/YPiodHLRXGkkKThjyUDx5RwJmApmaaw0MkgQQeh7Y3up367TFIxULR0JMI3IAMBPMZJdpIbrk7BoplL3EaablXLNkVewa8SpyMlFCGeq/40+2HNA5AaMqJUh3HjrSbEKkZ5ZAWurGCiNARGUDHUEECUG4yezrFZ0bpYz+UZoTGM/XvRUICpSaBZzYDoodq2ZuK/3mdWPvXbsJEFGsQdB7kxxzrEE8bwH0mgWo+MYRQycyvmA6JJFSbnhZSNBs9XfgwEQERKS6YfpzlNlZJq1pxLivV+2qpdpM1lUcn6BSdIwddoRq6Q3XURBQ9ohf0it6sZ+vd+rA+56s5K7s5Rguwvn4BAP+cWw==</latexit>

~r2T
<latexit sha1_base64="Ms4GX6Fx2LBJi8zwttEzlRVBEdI=">AAACD3icbVDLTsJAFJ3iC/GFunQzEUzcSFpcqDsSNy4x4WECDZkOtzBhOq0zU5La8BGu3OpXuDNu/QQ/wn9wgC4EPMlNTs65N+fmeBFnStv2t5VbW9/Y3MpvF3Z29/YPiodHLRXGkkKThjyUDx5RwJmApmaaw0MkgQQeh7Y3up367TFIxULR0EkEbkAGgvmMEm0kt9wdA8Wyl1Ybk3KvWLIr9gx4lTgZKaEM9V7xp9sPaRyA0JQTpTqOHWk3JVIzymFS6MYKIkJHZAAdQwUJQLnp7OkJPjNKH/uhNCM0nql/L1ISKJUEntkMiB6qZW8q/ud1Yu1fuykTUaxB0HmQH3OsQzxtAPeZBKp5YgihkplfMR0SSag2PS2kaDZ6uvAhEQERE1ww/TjLbaySVrXiXFaq99VS7SZrKo9O0Ck6Rw66QjV0h+qoiSh6RC/oFb1Zz9a79WF9zldzVnZzjBZgff0CAqGcXA==</latexit>

LONG-LIVED PARTICLE SEARCH
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(a) Graphs of two on-shell
conditions without smearing

bQHmiBQM
<latexit sha1_base64="sV8WzOR+RWMrPnNmv1YcDdXuwCs=">AAAB73icbZC7SgNBFIbPxluMt6ilzWAQrMJuLLSM2FhGMBdIljA7mU2GzM6scxHCEvAZbCwUsfV17HwbZ5MUmvjDwMd/znDO+aOUM218/9srrK1vbG4Vt0s7u3v7B+XDo5aWVhHaJJJL1YmwppwJ2jTMcNpJFcVJxGk7Gt/k9fYjVZpJcW8mKQ0TPBQsZgQbZ3W05DaHfrniV/2Z0CoEC6jAQo1++as3kMQmVBjCsdbdwE9NmGFlGOF0WupZTVNMxnhIuw4FTqgOs9m+U3TmnAGKpXJPGDRzf//IcKL1JIlcZ4LNSC/XcvO/Wtea+CrMmEitoYLMB8WWIyNRfjwaMEWJ4RMHmCjmdkVkhBUmxkVUciEEyyevQqtWDS6qtbtapX79NI+jCCdwCucQwCXU4RYa0AQCHJ7hFd68B+/Fe/c+5q0FbxHhMfyR9/kDrzqQyA==</latexit>

mF2 =

r⇣
EZ2 +

q
|~p(�2)|2 +m2

�2

⌘2
� |~p(F2)|2

<latexit sha1_base64="6S3x2bRwapnz3WGMdsJUf5oW71c="></latexit>

mF1 =

r⇣
EZ1 +

q
|~p(�1)|2 +m2

�1

⌘2
� |~p(F1)|2

<latexit sha1_base64="DjmPS77wa3qPlGfIIg136HOU+CM="></latexit>

R8y
<latexit sha1_base64="B1e80taITcOBixf1fdUkGYSR4Eg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kqoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWevAu3X654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6RVq3oX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9dm40s</latexit>

kyy
<latexit sha1_base64="r8rzDKbF8FoRmZdUxC6dxR4dnF0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkk86EkKXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A7HtzO//YRK80Q+mkmKQUyHkkecUWOlB991+5WqW3PnIKvEK0gVCjT6la/eIGFZjNIwQbXuem5qgpwqw5nAabmXaUwpG9Mhdi2VNEYd5PNTp+TcKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6DrIuUwzg5ItFkWZICYhs7/JgCtkRkwsoUxxeythI6ooMzadsg3BW355lbT8mndZ8+/9av2miKMEp3AGF+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1jWnmDmBP3A+fwBXiI0o</latexit>

k8y
<latexit sha1_base64="S1eDXRn/qt+LdKRDrBC5ddhUuFU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kioicpePFY0X5AG8pmO2mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmd+6wmV5ol8NOMUg5gOJI84o8ZKD/6l2ytX3Ko7B1klXk4qkKPeK391+wnLYpSGCap1x3NTE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroOJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2/vEqaftW7qPr3fqV2k8dRhBM4hXPw4ApqcAd1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx9fIY0t</latexit>

jyy
<latexit sha1_base64="j4Dwb39igT5Jfq5qGDCHN02hSlo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6SQisJ2FhGNB+QHGFvs5cs2ds7dueEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFyRSGHTdb6ewsbm1vVPcLe3tHxwelY9P2iZONeMtFstYdwNquBSKt1Cg5N1EcxoFkneCye3c7zxxbUSsHnGacD+iIyVCwSha6aHuuoNyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8Wp87IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbz2M6GSFLliy0VhKgnGZP43GQrNGcqpJZRpYW8lbEw1ZWjTKdkQvNWX10m7VvXq1dp9rdK4yeMowhmcwyV4cAUNuIMmtIDBCJ7hFd4c6bw4787HsrXg5DOn8AfO5w9ZDo0p</latexit>

R8y
<latexit sha1_base64="B1e80taITcOBixf1fdUkGYSR4Eg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kqoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWevAu3X654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6RVq3oX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9dm40s</latexit>

Ryy
<latexit sha1_base64="Bl4De2o+biqfMCYXvzsLMxfkKL0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5iESsJ2FhGNB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHWcKoYtFotYdQOqUXCJLcONwG6ikEaBwE4wuZ37nSdUmsfy0UwT9CM6kjzkjBorPXiuOyhX3Kq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhNd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66Rdq3pX1dp9rdK4yeMowhmcwyV4UIcG3EETWsBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wdWAo0n</latexit>

j8y
<latexit sha1_base64="5mvHDxEJsuU830PRUjoaNWdOIqo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0laRE9S8OKxoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvpn5j0+oNI/lg5kk6Ed0KHnIGTVWuq9fuP1yxa26c5BV4uWkAjma/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEratapXr9buapXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AYKeNLg==</latexit>

9yy
<latexit sha1_base64="YHqi7hkrDZiORWLf8hGjfCvDmNk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWerh03X654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6RVq3oX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9alI0q</latexit>

kyy
<latexit sha1_base64="r8rzDKbF8FoRmZdUxC6dxR4dnF0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkk86EkKXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A7HtzO//YRK80Q+mkmKQUyHkkecUWOlB991+5WqW3PnIKvEK0gVCjT6la/eIGFZjNIwQbXuem5qgpwqw5nAabmXaUwpG9Mhdi2VNEYd5PNTp+TcKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6DrIuUwzg5ItFkWZICYhs7/JgCtkRkwsoUxxeythI6ooMzadsg3BW355lbT8mndZ8+/9av2miKMEp3AGF+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1jWnmDmBP3A+fwBXiI0o</latexit>

Rd8
<latexit sha1_base64="nLhi3SscHBMr6w8fyq8oZDcTN+I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklF6kkKXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlB6921S+V3Yo7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5ufOiXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFG0I3vLLq6RVrXiXlep9tVy/yeMowCmcwQV4UIM63EEDmsBgCM/wCm+OcF6cd+dj0brm5DMn8AfO5w9oOY0z</latexit>

Rk8
<latexit sha1_base64="cSEzk+n9lzFV5qZJFY+lb7oSSKI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0kioicpePFY0X5AG8pmO2mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmd+6wmV5ol8NOMUg5gOJI84o8ZKD55/2StX3Ko7B1klXk4qkKPeK391+wnLYpSGCap1x3NTE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroOJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2/vEqaftW7qPr3fqV2k8dRhBM4hXPw4ApqcAd1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx9goI0u</latexit>

Ryy
<latexit sha1_base64="Bl4De2o+biqfMCYXvzsLMxfkKL0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5iESsJ2FhGNB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHWcKoYtFotYdQOqUXCJLcONwG6ikEaBwE4wuZ37nSdUmsfy0UwT9CM6kjzkjBorPXiuOyhX3Kq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhNd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66Rdq3pX1dp9rdK4yeMowhmcwyV4UIcG3EETWsBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wdWAo0n</latexit>

d8
<latexit sha1_base64="DQkCLe3qWBGVId7rCJnfh9rdMec=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KklF6kkKXjxWsR/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlh9pVv1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7plJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTtCF4yy+vkla14l1WqvfVcv0mj6MAp3AGF+BBDepwBw1oAoMQnuEV3pyx8+K8Ox+L1jUnnzmBP3A+fwD4noz4</latexit>

8y
<latexit sha1_base64="Jbz2Q7f//zGBpNNeLjVhI3/KBlo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0kqoicpePFYxX5AG8pmu2mXbjZhdyKU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWerh0++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn80vnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G0yEJozlBNLKNPC3krYiGrK0IZTsiF4yy+vklat6l1Ua/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwDuAIzx</latexit>k8

<latexit sha1_base64="cm2+ljrlprzZ6091GsX2xcIqo60=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0kioicpePFYxX5AG8pmu2mXbjZhdyKU0n/gxYMiXv1H3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1wdDvzW09cG5GoRxynPIjpQIlIMIpWevAve+WKW3XnIKvEy0kFctR75a9uP2FZzBUySY3peG6KwYRqFEzyaambGZ5SNqID3rFU0ZibYDK/dErOrNInUaJtKSRz9ffEhMbGjOPQdsYUh2bZm4n/eZ0Mo+tgIlSaIVdssSjKJMGEzN4mfaE5Qzm2hDIt7K2EDammDG04JRuCt/zyKmn6Ve+i6t/7ldpNHkcRTuAUzsGDK6jBHdShAQwieIZXeHNGzovz7nwsWgtOPnMMf+B8/gDxBYzz</latexit>

y
<latexit sha1_base64="IJ7rCpA8FIJm5MBpou5NdtuzX+g=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioZUEbCwTMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHWcKoYtFotYdQOqUXCJLcONwG6ikEaBwE4wuZv7nSdUmsfywUwT9CM6kjzkjBorNd1BueJW3QXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7VrVu6rWmrVK/TaPowhncA6X4ME11OEeGtACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/eJOMsg==</latexit>

- Event-by-event mass reconstruction is possible
- extracting mass spectrum related to freeze-in processes

examining DM phase space dist. at collider!

KJB, Park, Zhang, 2001.02412 
(Yesterday)
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HEAVY AXINO DM
Heavy axino: produced via either freeze-out or freeze-in

Cold Dark Matter

Axino model has more structure...
Axino mass ~ SUSY breaking

accompanied by Gravitino

*In previous case, we assume gravitino is much heavier, 
then decoupled

But in simple SUGRA, axino mass ~ gravitino mass

What if axino mass > gravitino mass?



AXINO-GRAVITINO
Axino-Gravitino interaction,

3

the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
itino mass) is achieved by one-loop correction [ref will be
added].

The decay of the ALPino into the gravitino and the
ALP is described by [48]

L3/2 = �
1

2Mpl

@⌫a  ̄µ �
⌫
�

µ
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with Mpl = 2.43 ⇥ 1018 GeV being the reduced Planck
mass. It leads to
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ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by

Yã ' Y
fo

losp
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1 + p


g⇤(TR)

g⇤(Tfo)
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where Y
fo

losp
is the LOSP yield from freeze-out production

after inflation and is given by

Y
fo

losp
'

(1 + p) H(Tfo)

h�vi(Tfo) s(Tfo)
. (8)

Thermally averaged annihilation cross section h�vreli /

v
2p
rel

depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [49]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
⇣

msusy

106 GeV

⌘2/3

. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with

Ea = mc
2
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c
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◆
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Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by
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at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =

Z
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d⌦

Z
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ds Pa�(s, ⌦)
⇢(s, ⌦)

r�⇢�
, (12)

with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [45]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� almost independently from the DM profile. It

mediates axino decay

ã
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the same as the gravitino mass at the tree-level, but
(mã �m3/2)/mã ⇠ 10�4 (mã: ALPino mass, m3/2: grav-
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ALP is described by [48]
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ã

✓
1 �

m3/2

mã
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ALPino relic abundance – The relic abundance of
ALPino is determined by cosmological history. For sim-
plicity, we assume that the inflaton decays into the SM
sector and its SUSY partners so that the ALPino is pro-
duced via interaction with photon and its superpartner
shown in Eq. (4). If the reheat temperature, TR after
the inflation is larger than SUSY particle scale, msusy,
the ALPino abundance follows the standard calculation
given in Ref. [Bolz; Strumia]. In such a case, however,
ALPino is too overabundant since we need the ALPino
mass of PeV order as shown in Eq. (6).

In order to avoid overabundance, required is TR <

msusy where the ALPino abundance is determined dur-
ing the reheating process.1 The dominant process of
ALPino production is the decay of the lightest ordi-
nary supersymmetric particle (LOSP) after its freeze-
out (i.e., temperature below its freeze-out temperature,
T < Tfo ⇠ msusy/20). The ALPino yield is given by
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is the LOSP yield from freeze-out production

after inflation and is given by
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depends on a detailed SUSY mass spectrum. Here
we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1 TeV) and p = 0 for

simplicity, having wino (fermionic SUSY partner of W

1 Note that we assume the maximum temperature is higher than
msusy.

boson) or Higgsino (fermionic SUSY partner of Higgs
boson) LOSP in mind [49]. For TR < Tfo, the yield is

suppressed by the factor of [g⇤(TR)/g⇤(Tfo)]
1/2 (TR/Tfo)3

compared to the case for TR > Tfo, so we can obtain
the correct relic abundance. Other contributions such as
scattering or decay processes of particles in thermal bath
are much more suppressed for TR < msusy. By equating
the ALPino relic abundance with the observed DM mass
density, one finds

TR ' 570 GeV
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. (9)

ALP emission and GeV gamma ray – The ALPino de-
cay produces the monochromatic ALP background with
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Since the ALPino lifetime is around the age of the Uni-
verse, its dacay can occur in the current universe. The
emitted ALP inside our galaxy is converted to the GeV
gamma ray under the Galactic magnetic field. The
brightness is given by
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at the position of the Sun. Here �a
� denotes the flux

of photon induced by ALP conversion, E�(= Ea) is the
energy of the converted photon, T0 ' 13.8 Gyr is the age
of the Universe, and �E is the energy bin size of the
observation of interest. The JD,ROI factor is given by

JD,ROI =

Z

ROI

d⌦

Z

los

ds Pa�(s, ⌦)
⇢(s, ⌦)
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with the sky region of interest (ROI) and the line of sight.
Here, Pa�(s, ⌦) is the local ALP-photon conversion prob-
ability, and ⇢(s, ⌦) is the local dark matter density. One
can compare it with the observed di↵use gamma ray flux
in Fermi-LAT [45]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have �E = 20 GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� almost independently from the DM profile. It

Axino lifetime ~ age of the universe!



DECAYING AXINO DM
Axino lifetime ~ age of the universe
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SIGNAL FROM AXION
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ALPino relic abundance – We can obtain the correct
ALPino relic abundance, for instance, in the following
low-reheating scenario. We assume that inflaton pertur-
batively decays into the SM sector and its SUSY partners
for simplicity. The thermal freeze-out of the LOSP takes
place during the inflaton domination before the reheat-
ing, TR < Tfo ⇠ mlosp/20, if the maximum temperature
is higher than mlosp. The LOSP decays predominantly
into ALPino. Other contributions such as production
through scattering and decay processes of thermal parti-
cles are negligible [48]. The ALPino yield is given by

Yã ' Y
fo

losp
⇥

4 + p

1 + p


g⇤(TR)

g⇤(Tfo)

�1/2 ✓
TR

Tfo
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, (5)

where Y
fo

losp
is the LOSP yield for TR > Tfo, g⇤(T ) is

the e↵ective number of massless degrees of freedom, and
the additional factor represents the dilution of the relic
abundance during the reheating. The LOSP yield is given
by

Y
fo
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'

(1 + p)H(Tfo)

h�vi(Tfo) s(Tfo)
, (6)

with s(T ) being the entropy density, and H(T ) being the
Hubble expansion rate. The thermally averaged annihi-
lation cross section, h�vreli / v

2p
rel
, depends on a detailed

SUSY mass spectrum.
For instance, we take Y

fo

losp
= 4 ⇥ 10�13 (mlosp/1TeV)

and p = 0 for simplicity, having in mind a fermion SUSY
partner of the weak charged particles (e.g., wino and Hig-
gsino) as the LOSP [49]. By equating the ALPino relic
abundance with the observed DM mass density, one finds

TR ' 570GeV
⇣

mlosp
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⌘2/3
. (7)

Due to the low-reheating temperature, we can safely
ignore the thermally produced gravitino abundance [50–
52]. We have found that the hidden sector quasi-stable
glueball abundance produced from the SM (+ its SUSY
partner) thermal bath and from the decaying sALP
(scalar partner of ALP) coherent oscillation is negligible
for ga� & 10�15 GeV�1 [48]. We have also checked that
the ALP abundance via the misalignment mechanism is
subdominant. Furthermore, in the parameter space of
interest, the LOSP lifetime is short enough not to spoil
the SM success of the big bang nucleosynthesis and not
to dominate the energy density of the Universe.

ALP emission and GeV gamma ray – The ALPino de-
cay produces an ALP with the energy of
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which is also determined by ��1

ã and Vk. The emitted
ALP inside our galaxy is converted to the GeV gamma

ray under the Galactic magnetic field. The flux is given
by
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at the position of the Sun. Here E�(= Ea) is the energy
of the converted photon and �E is the energy bin size of
the observation of interest. The JD,ROI factor is given by

JD,ROI =

Z
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d⌦

Z

los

dsPa�(s,⌦)
⇢(s,⌦)

r�⇢�
, (10)

with the sky region of interest (ROI) and the line of sight
(los). Here, Pa�(s,⌦) is the local ALP-photon conversion
probability, and ⇢(s,⌦) is the local dark matter density.
One can compare it with the observed di↵use gamma-ray
flux in Fermi-LAT [43]:
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with the ROI being l = 0–360� and |b| = 8–90�

in the Galactic coordinate and the energy bin being
E = 30–50GeV. In this ROI, we have �E = 20GeV,
�⌦ROI = 10.8 sr, and if Pa� is constant, JD,ROI '

22 ⇥ Pa� virtually independently from the DM profile.
It is clear that even a tiny conversion of ALP into pho-
ton, e.g., Pa� ' 4⇥ 10�6, leaves an observable signal.

The ALP-photon conversion induced by the Galac-
tic magnetic field is discussed in the literature [53, 54].
The formula is derived under the assumption that the
magnetic field and electron distribution are homogeneous
along the line of sight. In reality, however, they vary with
the scale length of order 1 kpc [48]. It is interesting to ob-
tain numerically the conversion probability of the prop-
agating ALP from a given Galactic position to the Sun,
i.e., Pa�(s,⌦), while we leave it for a future work [48].
Instead here we focus on the so-called adiabatic limit,
where the scale lengths of the magnetic field and of elec-
tron distribution, and the propagation distance are much
longer than the oscillation length [54]. In this case, the
conversion probability is given by
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where BT is the component of the magnetic field trans-
verse to the line of sight.
The JD,ROI factor in Eq. (10) is then obtained by

convoluting the DM density field and the conversion
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FIG. 2: Top: Mollweide projected sky map of gamma-
ray flux converted from ALP emitted from ALPino decay.
We take ma = 10�8 eV, ga� = 10�13 GeV�1, �Ebin =
20GeV, and E� = 47GeV. We use the Galactic magnetic
field profile introduced in Ref. [55] and the Navarro-Frenk-
White dark matter profile [56, 57]. The color legend denotes
E2

�d
2��/(dE�d⌦) in units of MeV/cm2/s/sr. Bottom: The

same as the top panel but for DM decaying into two photons.
We set the lifetime 1028 s and the DM mass 94GeV.

probability, so it depends not only on the DM profile
but also on the Galactic magnetic field profile.The top
panel of Fig. 2 depicts the morphology of the converted
gamma-ray flux. One can compare it with the morphol-
ogy of the gamma-ray flux from DM decaying into two
photons shown in the bottom panel of Fig. 2. These two
morphologies are clearly di↵erent since the former is a
convolution of the DM density profile and the conversion
probability, while the latter traces just the DM density
profile. Note that the top panel is also di↵erent from the
morphology found in Refs. [58, 59] since they consider
an extragalactic isotropic ALP background and thus
their morphology traces just the conversion probability.

Concluding Remarks – We have considered an ALPino
decaying into slightly lighter graivitno and an ALP with
the lifetime ��1

ã ' 10Gyr and the kick velocity Vk '

30 km/s. Such a model of DDM solves the small-scale
problems arising in the cold dark matter model, while
it evades constraints from probes of high-redshift matter
distribution. The sub-PeV ALPino mass is predicted by
��1

ã and Vk, while PeV SUSY breaking is compatible with
the measured SM Higgs mass. We can obtain the correct
ALPino relic abundance from the LOSP decay after its
freeze-out.

Not only the sub-PeV ALPino mass, but also the en-
ergy of an ALP emitted by the ALPino decay is uniquely

determined by Vk as E� = mVk ' 50GeV. The ALP
is converted to photon during the propagation in the
Galactic magnetic field. We have stressed that the ALP
emitted from the ALPino decay shows a unique signa-
ture that can be distinguished from usual DM decay into
photon pair. Detailed comparison with existing Fermi-
LAT data [43, 44] and prospects in future facilities [45]
deserves a further investigation [48].
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mand, Mon. Not. Roy. Astron. Soc. 441, 6 (2014),
1309.5960.

[13] A. H. G. Peter, Phys. Rev. D81, 083511 (2010),
1001.3870.

[14] A. H. G. Peter, C. E. Moody, and M. Kamionkowski,
Phys. Rev. D81, 103501 (2010), 1003.0419.

[15] N. F. Bell, A. J. Galea, and K. Petraki, Phys. Rev. D82,
023514 (2010), 1004.1008.

[16] A. H. G. Peter and A. J. Benson, Phys. Rev.D82, 123521
(2010), 1009.1912.

[17] S. Aoyama, K. Ichiki, D. Nitta, and N. Sugiyama, JCAP
1109, 025 (2011), 1106.1984.

[18] M.-Y. Wang and A. R. Zentner, Phys. Rev. D85, 043514
(2012), 1201.2426.
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SUMMARY
• Departure from WIMP: lower coupling, various mass region, unstable 

particle
• Axino inherits properties of axion, but fermion and massive; good 

candidate for an alternative to WIMP
• I presented, 2 different scenarios

Axino mass is ~keV, produced via freeze-in process;
leading to non-thermal nature and impact on small-scale structure

Axino mass is > GeV. Axino is CDM, but decaying;
leading to late-time "warm" behavior and thus
impact on small-scale / altering H0 evolution

(these regions does not coincide, unfortunately.)

long-lived particle at the LHC

axion-photon conversion by Galactic magnetic field


