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DARK MATTER
Universe is filled with something unknown, which is called “Dark Matter.”

Observational evidences are

DM density is ~1/4 of the energy of the Universe.

All the evidences are gravitational. We do not 
know any non-gravitational interactions.



WIMP "MIRACLE"
Weakly Interacting Massive Particle
DM is gravitationally observed: non-luminous, non-baryonic, 
Cold

Weakly Interacting new particle
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WIMP SEARCH16 26. Dark matter

Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].
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WIMP SEARCH
1711.03301 (ATLAS)

In the on-shell regime, the models with mediator masses up to 1.55 TeV are excluded for m� = 1 GeV.
For m� < 1 GeV, the monojet analysis maintains its sensitivity for excluding DM models. This analysis
loses sensitivity to the models in the o↵-shell regime, where cross sections are suppressed due to the
virtual production of the mediator. Perturbative unitarity is violated in the parameter region defined by
m� >

p
⇡/2 mZA [92]. The masses corresponding to the relic density [93] as determined by the Planck

and WMAP satellites [9, 10], within the WIMP dark-matter model and in the absence of any interaction
other than the one considered, are indicated in the Figure as a line that crosses the excluded region at
mZA ⇠ 1200 GeV and m� ⇠ 440 GeV. The region towards lower WIMP masses or higher mediator
masses corresponds to dark-matter overproduction.

 [GeV]
AZm

0 1000 2000

 [G
eV

]
χ

m

0

500

1000 expσ 2 ±Expected limit 

)expσ 1 ±Expected limit (

)PDF, scale
theoryσ 1 ±Observed limit (

Perturbativity Limit

Relic Density (MadDM)
-1 = 13 TeV, 3.2 fbsATLAS 

ATLAS
-1 = 13 TeV, 36.1 fbs

Axial-Vector Mediator
Dirac Fermion DM

 = 1.0
χ

 = 0.25, gqg
95% CL limits

χ

 = 
2 m

AZm

(a)

 [GeV]χm
1 10 210 310 410

]2
-p

ro
to

n)
 [c

m
χ (

SD
σ

46−10

44−10

42−10

40−10

38−10

36−10

PICO-60
Axial-Vector Mediator

90% CL limits

Dirac Fermion DM
 = 1.0
χ

 = 0.25, gqg

ATLAS
-1 = 13 TeV, 36.1 fbs

(b)

Figure 5: (a) Axial-vector 95% CL exclusion contours in the mZA –m� parameter plane. The solid (dashed) curve
shows the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed limit and
±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds to the set of points
for which the expected relic density is consistent with the WMAP measurements (i.e. ⌦h2 = 0.12), as computed
with MadDM [94]. The region on the right of the curve corresponds to higher predicted relic abundance than these
measurements. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mZA , is indicated by the hatched

area. The dotted line indicates the kinematic limit for on-shell production mZA = 2 ⇥ m�. The cyan line indicates
previous results at 13 TeV [1] using 3.2 fb�1. (b) A comparison of the inferred limits (black line) to the constraints
from direct detection experiments (purple line) on the spin-dependent WIMP–proton scattering cross section in the
context of the simplified model with axial-vector couplings. Unlike in the mZA –m� parameter plane, the limits are
shown at 90% CL. The results from this analysis, excluding the region to the left of the contour, are compared with
limits from the PICO [95] experiment. The comparison is model-dependent and solely valid in the context of this
model, assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

The results are translated into 90% CL exclusion limits on the spin-dependent WIMP–proton scatter-
ing cross section �SD as a function of the WIMP mass, following the prescriptions from Refs. [13, 93].
Among results from di↵erent direct-detection experiments, in Figure 5(b) the exclusion limits obtained in
this analysis are compared to the most stringent limits from the PICO direct-detection experiment [95].
The limit at the maximum value of the WIMP—proton scattering cross section displayed corresponds to
the lowest excluded values mZA = 45 GeV and m� = 45 GeV of the mediator and dark matter masses
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Figure 1: (a) Diagram for the pair-production of weakly interacting massive particles �, with a mediator ZA with
axial-vector couplings exchanged in the s-channel. (b)(c)(d) Example of diagrams for the pair-production of weakly
interacting massive particles � via a coloured scalar mediator ⌘. (e) A generic diagram for the pair-production of
squarks with the decay mode q̃ ! q + �̃0

1. The presence of a gluon from initial-state radiation resulting in a jet is
indicated for illustration purposes.

of WIMP pairs via u- and t-channel diagrams with direct couplings of dark matter and SM particles or
even s-channel exchange of two mediators, leading to a di↵erent phenomenology. A set of representative
diagrams relevant for a monojet final state are collected in Figures 1(b)–1(d). A model with simplified
assumptions is defined by the following three parameters: m�, a single mediator mass (m⌘), and a flavour-
universal coupling to quarks and WIMPs (gq� ⌘ g). The mediator is also assumed to couple only to the
first two generations of quarks, with minimal decay widths of the form:
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ALTERNATIVE TO WIMP
DM may not be WIMP...
Non-WIMP (or non-thermal) DM

e.g. gravitino: UV production; depends on inflation, reheating

Feebly Interacting Massive Particle:
IR production: renormalizable coupling, NOT depend on early 
cosmology

abundance vs. model params
phase space distribution vs. small scale structure

Freeze-in Axino
FIMP in SUSY+Axion: natural feebly interaction

e.g. Lyman-alpha forest data



OUTLINE

1. Introduction

2. Freeze-out vs. Freeze-in

3. Freeze-in Axino in DFSZ model

4. "Cold" light axino dark matter

5. Conclusions



OUTLINE

1. Introduction

2. Freeze-out vs. Freeze-in

3. Freeze-in Axino in DFSZ model

4. "Cold" light axino dark matter

5. Conclusions



Thermal production of WIMPs:

equilibrium “freeze-out”
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Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. h�Avi- Larger        , smaller DM abundance
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Kolb and Turner



FREEZE-IN
Feebly Interacting Massive Particle

A+B ! C +X
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dnX

dt
+ 3HnX = �AB!CX

<latexit sha1_base64="JPB1IhIql1H0Pn9xLv4NiCa9L+4="></latexit><latexit sha1_base64="JPB1IhIql1H0Pn9xLv4NiCa9L+4="></latexit><latexit sha1_base64="JPB1IhIql1H0Pn9xLv4NiCa9L+4="></latexit><latexit sha1_base64="JPB1IhIql1H0Pn9xLv4NiCa9L+4="></latexit>

:

A

B X

C

4

s(T ) ∝ T 3 (27)

H(T ) ∝ T 2 (28)

Y 1PI
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renormalizable coupling

Indepedent of  TR

Hall, Jedamzik, March-Russell, West (2009)
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FREEZE-IN
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FREEZE-OUT VS. FREEZE-IN
Freeze-out Freeze-in

Y / 1

�2
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produced from equilibrium non-equilibrium
O(weak) coupling feeble coupling

thermal distribution non-thermal distribution
(in)direct detection late decay
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O(weak) coupling feeble coupling

thermal distribution non-thermal distribution
(in)direct detection late decay

Topic of this talk!
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AXION
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FIG. 1. The 2 → 2 processes for axion production in the QGP.
Process C also exists with antiquarks q̄i,j replacing qi,j .

such effects, the QCD Debye mass mD =
√
3mg, with

mg = gsT
√
Nc + (nf/2)/3 for Nc = 3 colors and nf = 6

flavors, was used in Ref. [3]. In contrast, our calculation
relies on HTL resummation [9, 10] which treats screening
effects more systematically.

Following Ref. [10], we introduce a momentum scale
kcut such that gsT ≪ kcut ≪ T in the weak coupling
limit gs ≪ 1. This separates soft gluons with momentum
transfer of order gsT from hard gluons with momentum
transfer of order T . By summing the respective soft and

TABLE I. Squared matrix elements for axion (a) production
in 2-body processes involving quarks of a single chirality (qi)
and gluons (ga) in the high-temperature limit, T ≫ mi, with
the SU(Nc) color matrices fabc and T a

ji. Sums over initial and
final state spins have been performed.

Label i Process i |Mi|
2/

(

g6
s

128π4f2
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st(s+t) |fabc|2

B qi + q̄j → ga + a
(
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+ 2t+ s
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2

C qi + ga → qj + a
(

− 2s2

t
− 2s− t

)

|T a
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2

hard contributions, the finite rate for thermal production
of axions with E ! T is obtained in leading order in gs,

E
dWa

d3p
= E

dWa

d3p

∣∣∣∣
soft

+ E
dWa

d3p

∣∣∣∣
hard

, (3)

which is independent of kcut; cf. (5) and (7) given below.
In the region with k < kcut, we obtain the soft con-

tribution from the imaginary part of the thermal axion
self-energy with the ultraviolet cutoff kcut,

E
dWa

d3p

∣∣∣∣
soft

= −
fB(E)

(2π)3
ImΠa(E + iϵ, p⃗)|k<kcut

(4)
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3m2
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4
s(N

2
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8192π8f2
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[
ln

(
k2cut
m2

g

)
− 1.379

]
(5)

with the equilibrium phase space density for bosons
(fermions) fB(F)(E) = [exp(E/T )∓ 1]−1. Our derivation
of (5) follows Ref. [10]. The leading order contribution to
ImΠa for k < kcut and E ! T comes from the Feynman
diagram shown in Fig. 2. Because of E ! T , only one
of the two gluons can have a soft momentum. Thus only
one effective HTL-resummed gluon propagator is needed.

In the region with k > kcut, bare gluon propagators
can be used since kcut provides an IR cutoff. From the
results given in Table I weighted with appropriate mul-
tiplicities, statistical factors, and phase space densities,
we then obtain the (angle-averaged) hard contribution

E
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T 2
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+

17

3
− 2γ +
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]

+Nc(I
(1)
BBB − I(3)BBB) + nf (I

(1)
FBF + I(3)FFB)

}
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g

a a

g

FIG. 2. Leading contribution to the axion self-energy for soft
gluon momentum transfer and hard axion energy. The blob on
the gluon line denotes the HTL-resummed gluon propagator.
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AXION INTERACTION
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2

mQ → 0 (10)

L(p, q;mQ) → 1 as q2 ≪ m2
Q (11)

L(p, q;mQ) →
m2

Q

−q2
ln2

(
m2

Q

−q2

)
as q2 ≫ m2

Q (12)

C1PI = −yQ(1− L) + CW (13)

CPQ =
∑

Q

xQ (14)

CW = 0 for LI , CW = xQ for LII (15)

C1PI = xQ +O
(
m2

Q

E2

)
for E ≪ mQ

= xQ
m2

Q

E2
ln2

(
m2

Q

E2

)
for E ≫ mQ

(16)

LI =

∫
d2θ mQQe

√
2(xQ+xQc )A/FaQc (17)

LII =−
∫

d4θ

√
2(A+A†)

Fa
(yQQ

†Q+ yQcQc†Qc)

−
∫

d2θ

√
2g2CW

32π2Fa
AW aαW a

α + h.c.

(18)

suppressed at energy/temperature 

KJB, Choi, Im (2011)



DFSZ MODEL
KSVZ

x
Q m

Q γ 5/Fa

p

q

k

γ µ

γ ν

a

g

g

mQ ⇠ fa
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DFSZ

x
Q m

Q γ 5/Fa

p

q

k

γ µ

γ ν

a

g

g

mQ ⇠ m(SM quarks)
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suppressed for T > vEW
<latexit sha1_base64="oYU8LaNx7vB+c9IodrAc2puVkBQ="></latexit><latexit sha1_base64="oYU8LaNx7vB+c9IodrAc2puVkBQ="></latexit><latexit sha1_base64="oYU8LaNx7vB+c9IodrAc2puVkBQ="></latexit><latexit sha1_base64="oYU8LaNx7vB+c9IodrAc2puVkBQ="></latexit>

DFSZ
LDFSZ � Be

a/faHuHd ⇠ B

fa
aHuHd + · · ·
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feeble renormalizable coupling

Be
ia/faHuHd ⇠ i

B

fa
aHuHd
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DFSZ AXINO
Supersymmetrizaion

a �! A =
1p
2
(s+ ia) +

p
2✓ã+ ✓2FA

Z
d
2
✓µe

A/faHuHd
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+ SUSY couplings

Freeze-in production of Axino
15

H

eH

ã

tR

eH ã

QL

H fW

H

ã

H†

eH

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

m2

23 = (p2 + p3)
2 = (p1 � pã)

2 , (32)

m2

2ã = (p2 + pã)
2 = (p1 � p3)

2 , (33)

m2

3ã = (p3 + pa)
2 = (p1 � p2)

2 = m2

1 +m2

2 +m2

3 +m2

ã �m2

23 �m2

2ã , (34)

p̃1ã =

p
(m1 +mã)2 �m2

23

p
(m1 �mã)2 �m2

23

2
p

m2
23

, (35)

and E±
1
(m2

23
) =

q
m2

1
+ p±

1
(m2

23
)2 are functions of m2

23
obtained in the following procedure. First,

for fixed m2
23

we substitute masses and momenta into Eq. (32), and solve the resultant equation

for p1

m2

23 = m2

1 +m2

ã � 2Eã

q
m2

1
+ p2

1
+ 2p1pã cos ✓ , (36)

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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LIGHT AXINO DM
mass: mã ⇠ O(keV)
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• Axino (warm) DM could be possible
• Looking into detail of phase space distribution fã(t, p)
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III. PHASE SPACE DISTRIBUTION OF AXINO

We study the phase space distribution of freeze-in axinos. As discussed in Sec. II, axino is

produced in various freeze-in processes. Once the SUSY spectrum is fixed, the axino yield and phase

space distribution are sum of contributions from respective production processes. The axino phase

space distribution takes very di↵erent forms for various production processes, and the resultant

matter power spectrum depends on which process is dominant. Therefore, comparing it to the

Ly-↵ forest bounds, we should clarify the relation between production mechanisms and shapes of

the axino phase space distribution.

In Sec. III A, we introduce the Boltzmann equation and the collision term to calculate axino

phase space distributions. Then we discuss the dependence of the phase space distribution on

production mechanisms in Sec. III B, and the phase space distribution of realistic axino models in

Sec. III C.

A. Boltzmann Equation

The axino production of momentum p at time t is described by the Boltzmann equation in the

homogeneous and isotropic Universe;

dfã(t, p)

dt
=

@fã(t, p)

@t
�

ȧ(t)

a(t)
p
@fã(t, p)

@p
=

1

Eã

C(t, p) , (20)

where p and Eã =
q
m2

ã
+ p2 are respectively the absolute value of axino three-momentum and

axino energy. The collision term C(t, p) contains all the interaction for axino production and

annihilation. However, since the axino abundance is small compared to the particles in the thermal

plasma, we can neglect fã in the collision term. With fã ' 0, the collision term is the sum of

contributionfs from respective production processes. A contribution from 1+2+· · · ! ã+3+4+· · ·

is written as

gã
Eã

C1+2+···!ã+3+4+···(t, pã) =
1

2Eã

Z Y

i 6=ã

d3pi
(2⇡)32Ei

(2⇡)4�4(p̂1 + p̂2 + · · ·� p̂ã � p̂3 � p̂4 � · · · )

⇥

X

spin

|M1+2+···!ã+3+4+···|
2f1f2 · · · (1⌥ f3)(1⌥ f4) · · · , (21)

where p̂i is four-momentum of particle i, gã = 2, and the spin sum is taken over both initial and

final state particles. Since Eq. (21) is independent of fã, we can simply integrate Eq. (20) to obtain

collision term

13

the phase space distribution at later time tf :

fã(tf , p) =

Z
tf

ti

dt
1

Eã

C

✓
t,
a(tf )

a(t)
p

◆
, (22)

where ti is the reheating time. Note that since the momentum is redshifted, the axino with

momentum p at t = tf must have momentum a(tf )/a(t)p at earlier time t < tf .

Before going to the specific examples, we give useful formulas of C(t, p). They are generic and

applicable to other models with axino being replaced by a freeze-in particle of interest. Once we

calculate the matrix element of a given process, the axino phase space distribution is obtained

by Eq. (22) and the following formulas. Here we neglect the Pauli blocking or Bose enhancement

factors of the particles in the thermal plasma, thus 1± f eq

i
' 1,7 and assume that all the particles

involved in a process except for axino are in thermal equilibrium. Note that the following discussion

holds even when the particles in the process are massive.

1. 2-body decay

For 2-body decay, 1 ! ã+ 2, the collision term is put into

gã
Eã

C1!ã+2(t, pã) = ±
T

16⇡pãEã

X

spin

|M1!ã+2|
2 ln

 
1± e�(E

�
2 +Eã)/T

1± e�(E
+
2 +Eã)/T

!
, (23)

where T is the temperature of the thermal plasma, and + (�) sign is chosen when the particle 1 is

a fermion (boson). This agrees to Ref. [39]. We define E±
2
=
q

m2
2
+ (p±

2
)2 and p±

2
by the solutions

of the energy conservation equations

q
m2

1
+ (p±

2
± pã)2 = E±

2
+ Eã . (24)

7
E↵ects of Pauli blocking and Bose enhancement are so small that the following discussion is not a↵ected (see

appendix A 3).

collision terms determine distribution
axino never be in equilibrium

follows "non-thermal" distribution when produced
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LYMAN-ALPHA FOREST
• Improving constraints on “warm dark matter mass”

• Warm Dark Matter

mWDM & 2.0 keV

mWDM & 3.3 keV

mWDM & 4.09 keV

mWDM & 5.3 keV

Viel, Lesgourgues, Haehnelt, Matarrese, Riotto (2005)

Viel, Becker, Bolton, Haehnelt (2013)

Baur, Palanque-Delabrouille, Yche, Magneville, Viel (2016)

Iršič et al. (2017)

Ly-alpha constraints assume the Fermi-Dirac dist. and observed 
DM density

2

a solution to the small scale tensions or leave only a small parameter region if any [31]. One may

wonder if we can alleviate the tight bounds by considering a mixed DM model, where DM consists

of cold and warm components [32–34]. The recent analysis of Ly-↵ forest data, on the other hand,

may disfavor even a mixed DM model as a solution to the small scale crisis [35–37].

A. 3.5 keV signals and Ly-↵ forest constraint

It is often not trivial nor direct to apply the Ly-↵ forest constraints to 3.5 keV line-motivated

7 keV WDM models. Although Ly-↵ forest constraints (even the most stringent one; mWDM >

5.3 keV) apparently seem to allow 7 keV DM, we need to remark that they require very low DM

temperature. In the conventional WDM model, the DM particles are assumed to follow the Fermi-

Dirac distribution with two spin degrees of freedom, where the mass and the temperature are

parameters: mWDM and TWDM. The temperature is fixed to reproduce the observed relic density

of DM for a given mass; the WDM density parameter is given by

⌦WDMh2 =
⇣mWDM

94 eV

⌘✓
TWDM

T⌫

◆3

= 7.5
⇣mWDM

7 keV

⌘✓
106.75

gWDM
⇤

◆
, (1)

where h is the dimensionless Hubble constant and T⌫ is the temperature of the SM neutrino. In

the last equality, we have used TWDM = (10.75/g⇤,WDM)1/3T⌫ (g⇤,WDM is the e↵ective number of

massless degrees of freedom at WDM decoupling), which is derived from the comoving entropy

conservation. This shows that we need either g⇤,WDM ⇠ 7000 although g⇤,WDM = 106.75 (226.75)

even with full SM (minimal supersymmetric standard model, MSSM) degrees of freedom. It implies

that a large entropy dilution factor, � ⇠ 70, is needed after WDM freeze-out.

Then a question is what the lower bound on theWDMmass is if the WDM particles are produced

and decoupled before the electroweak phase transition. The simplest way to infer a lower bound on

the WDM mass in non-conventional WDM model is equating the naive velocities in two models,

which are defined by the temperature divided by the mass: �naive = T0/m where the subscript of

0 means the quantity evaluated at present. In the conventional WDM model, this takes a value

of �naive ' 3.8 ⇥ 10�8 (keV/mWDM)4/3. Noting that the temperature in non-conventional models

can be related with the temperature of the SM neutrino through the conservation of the comoving

entropy density such that T = (10.75/106.75)1/3T⌫ , we obtain �naive ' 1.1 ⇥ 10�8 (7 keV/m). It

ends up with the relation of m = 7keV (mWDM/2.5 keV)4/3. Therefore if one takes only a less

stringent constraint like mWDM & 2.0 keV, the 7 keV DM particle is viable, but if one relies on

                   or           ?gWDM
⇤ ⇠ 7000 � ⇠ 70

need linear matter power spectrum

https://arxiv.org/find/astro-ph/1/au:+Irsic_V/0/1/0/all/0/1
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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

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



BENCHMARK SCENARIOS

massless

500 GeV

1 TeV

6.5 TeV

10 TeV

Hu

eH

t̃

Hd

other states

SM
ã

fW
Hu

other states

SM
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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

m2

23 = (p2 + p3)
2 = (p1 � pã)

2 , (32)

m2

2ã = (p2 + pã)
2 = (p1 � p3)

2 , (33)

m2

3ã = (p3 + pa)
2 = (p1 � p2)

2 = m2

1 +m2

2 +m2

3 +m2

ã �m2

23 �m2

2ã , (34)

p̃1ã =

p
(m1 +mã)2 �m2

23

p
(m1 �mã)2 �m2

23

2
p

m2
23

, (35)

and E±
1
(m2

23
) =

q
m2

1
+ p±

1
(m2

23
)2 are functions of m2

23
obtained in the following procedure. First,

for fixed m2
23

we substitute masses and momenta into Eq. (32), and solve the resultant equation

for p1

m2

23 = m2

1 +m2

ã � 2Eã

q
m2

1
+ p2

1
+ 2p1pã cos ✓ , (36)

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
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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)



SAXION DECAY
• Coherent oscillation of saxion:

11

This is simply understood since the phase space factor of these two processes are of the same order

and corresponding Feynman diagrams are obtained by crossing symmetry.

C. Dilution from saxion decay

In the SUSY axion model, saxion production and decay must be taken into account since its

late decay produces entropy and thus a↵ects the DM abundance and phase space distribution. In

the SUSY DFSZ model, the saxion abundance from thermal production is of the same order as the

axino thermal production. However, saxions can be produced in the form of coherent oscillation

and the density is given by [86]

Y CO
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min[TR, Ts]

107GeV

◆⇣ s0
1012GeV

⌘2
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where s0 is the initial saxion amplitude when it starts oscillation. Here the temperature, Ts, is

defined by 3H(Ts) = ms. The saxion can dominate the Universe when the temperature becomes

the equality temperature which is given by

T s

e =
4

3
msY

CO

s ' 2.5⇥ 102GeV
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min[TR, Ts]
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◆⇣ s0
1016GeV
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Later, saxion decays at the temperature T s

D
and it produces an amount of entropy with dilution

factor [87],

� '
T s
e

T s

D

. (19)

Consequently, the axino abundance is reduced by the dilution factor.6 Moreover, saxion decay does

reheat thermal plasma but does not a↵ect the axino temperature, so axinos become even colder

than that before saxion decay. As we will see in Sec IV, this plays an important role to make axino

DM colder and thus Ly-↵ forest constraint can be avoided.

6
The axino abundance from the Dodelson-Widrow mechanism may not be diluted by saxion domination and subse-

quent decay because in this case axinos are produced at low temperature, T ⇠ 100MeV [83]. Such axinos, on the

other hand, account for a few % of the whole DM abundance as discussed in Sec. II A. Therefore, in the following

discussion, we ignore axinos produced from the Dodelson-Widrow mechanism.

• Saxion dominated universe at
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Later, saxion decays at the temperature T s
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and it produces an amount of entropy with dilution

factor [87],
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Consequently, the axino abundance is reduced by the dilution factor.6 Moreover, saxion decay does

reheat thermal plasma but does not a↵ect the axino temperature, so axinos become even colder

than that before saxion decay. As we will see in Sec IV, this plays an important role to make axino

DM colder and thus Ly-↵ forest constraint can be avoided.

6
The axino abundance from the Dodelson-Widrow mechanism may not be diluted by saxion domination and subse-

quent decay because in this case axinos are produced at low temperature, T ⇠ 100MeV [83]. Such axinos, on the

other hand, account for a few % of the whole DM abundance as discussed in Sec. II A. Therefore, in the following

discussion, we ignore axinos produced from the Dodelson-Widrow mechanism.

• Saxion decay

s
b

b
T s
D ' 53 GeV

ms ' 110 GeV
� =

T s
e

T s
D

' 4.7

vPQ = 2.5⇥ 1010 GeV
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RELIC ABUNDANCE
• Higgsino NLSP (BM1) case

4

FIG. 4. Squared transfer functions with the entropy produc-
tion from late-time saxion decay. Red crossed points show
T 2(k) for the benchmark points with � = 4.7. Blue solid line
shows T 2(k) for mWDM = 5.3 keV corresponding to the most
stringent lower bound from the Ly-↵ forest data.

of the WDM linear matter power spectrum to the cold
dark matter one, from the phase space distribution of
axinos, with those for the Ly-↵ forest lower bounds of
mWDM = 2.0, 3.3, and 4.09 keV. For comparison, it also
shows the linear matter power spectrum for 7 keV DM
from UV production via non-renormalizable operators
(more specifically, fW + H ! H + ã), where the pro-
duced axinos follow the Boltzmann distribution.4 It is
clearly shown that 7 keV axino DM from UV production
is disfavored by the Ly-↵ forest data if one takes the
constraint, mWDM > 3.3 keV or stronger. On the con-
trary, 7 keV axino DM from freeze-in production in our
benchmark scenario shows more room for linear matter
power spectrum so that it is allowed even by the limit of
mWDM > 3.3 keV. It is, however, still in tension with the
stronger limit mWDM > 4.09 keV.

In this regard, one can conclude that a certain amount
of entropy production is still necessary if the stronger Ly-
↵ forest bounds, mWDM > 4.09 and 5.3 keV, are taken
into account. In Fig. 4, we find that axino production
with � = 4.7 fits the strongest lower bound from the
Ly-↵ forest data, mWDM = 5.3 keV, very well.5 It means
that we need only a mild dilution factor, � > 4.7, to
evade the Ly-↵ forest constraints.

In the SUSY DFSZ model, such a dilution factor is eas-
ily achieved by late-time saxion decay. Saxions are abun-
dantly produced via the coherent oscillation; the yield is

4
In this case, the phase space distribution of axinos is slightly

di↵erent from the Boltzmann one since axinos are not in thermal

equilibrium [30].
5
We can infer the entropy dilution factor by comparing the second

moments of the phase space distribution of 7 keV axino and of

the thermal one with mWDM = 5.3 keV [30, 33].

given by
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(8)
where ms is the saxion mass, TR is the reheat temper-
ature, s0 is the saxion initial amplitude, and Ts is de-
termined by 3H(Ts) = ms (H: Hubble expansion rate).
Such saxions can dominate the universe at the tempera-
ture

T
s

e
' 2.5⇥ 102 GeV

✓
min[TR, Ts]

107 GeV

◆⇣
s0

1016 GeV

⌘2

. (9)

If s0 = 1016 GeV, saxion domination occurs at T '
250GeV. For � = 4.7, it is required that saxion decay
occurs at T = T

s

D
' 53GeV, since the dilution factor

from saxion decay is determined by the temperature ra-
tio T

s

e
/T

s

D
[34]. The decay temperature T

s

D
' 53GeV

is obtained when saxion with ms = 110GeV dominantly
decays into a b-quark pair if vPQ = 2.5 ⇥ 1010 GeV [35].
In this case, the total axino density is dominated by the
freeze-in contribution. Consequently, we find that the to-
tal density of 7 keV axinos also meets the observed DM
mass density, i.e.,

⌦ãh
2 ' 0.1

✓
4.7

�

◆✓
2.5⇥ 1010 GeV

vPQ

◆⇣
mã

7 keV

⌘
. (10)

Conclusions – We have examined 7 keV axino DM in
the R-parity violating SUSY DFSZ model by incorpo-
rating the 3.5 keV X-ray line excess and the Ly-↵ forest
constraints. The model naturally introduces two key in-
gredients: 1) µ-term interaction, which is responsible for
freeze-in production of axinos and 2) bRPV term, which
is responsible for axino-neutrino mixings. While the 3.5
keV line excess is easily explained by 7 keV axino DM
decay via an axino-neutrino mixing, the constraints from
the Ly-↵ forest data impose a colder phase space distri-
bution on axinos. Freeze-in production of axinos via the
µ-term interaction indeed leads to a colder phase space
distribution. Consequently, distribution of axinos meets
the most stringent limit from the Ly-↵ forest data with
a mild entropy production from late-time saxion decay,
which is inherent in the model. We stress that, even
with a mild entropy production, the whole DM density
is explained and dominated by the freeze-in axinos.
The result shown in this letter implies that X-ray ob-

servations determine the mass of axino and its mixing
parameter with active neutrinos, while Ly-↵ forest data
and the observed DM mass density narrow down the sax-
ion mass as well as the PQ breaking scale. From these
aspects, we can constrain and probe the underlying PQ
breaking sector and its communication with the SUSY
breaking sector. We also emphasize that our analysis
can be easily applied to other freeze-in DM models.
Acknowledgements – The work of KJB and AK was

By integrating q2fã(q)

Axinos can be the dominant DM.

• Wino NLSP case (BM2)

hard to get enough entropy due to low TR

For large TR, it becomes similar to Higgsino NLSP.



CONCLUSIONS
• An alternative to WIMP: Freeze-In Dark Matter
• Axino in DFSZ model is a freeze-in DM candidate.

- a-G-G is suppressed at high T; feeble tree-level coupling
- colder dist. than thermal case; Lyman-alpha forest constraints

• Future probe of freeze-in scenario:
- other small(er) scale observations? 
- collider searches for NLSP decay

Donghui's talk

• More general models of Freeze-in DM
e.g. MATHUSLA

- multi-components; late decays; ...


