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1 Introduction

The axino is the supersymmetric particle of axion, which is introduced to explain the strong
CP problem in the standard model. When R-parity is imposed, the lightest supersymmetric
particle (LSP) is stable and can be a good candidate for dark matter if it has a relic density
required by the cosmological and astrophysical observations. The recent Planck 2018 [1]
result is

⌦
CDM

h2 = 0.120± 0.001. (1)

At low energy, the e↵ective interaction of axion is given by the coupling to gluons and
suppressed by the Peccei-Quinn scale fa. The astrophysical and cosmological consideration
constrains fa as

1010 GeV . fa . 1012 GeV, (2)

though the upper bound may be relaxed depending on the energy scale of inflation. Since
axino is the superpartner of the axion, the interaction of axino, gluon and gluino is also
suppressed by the same scale fa. Because of this large suppression of the interaction, the
freeze-out of axino from the thermal plasma happens at high scale around Tf ⇠ 1011 GeV
and makes the abundance of axino sensitive to the early Universe dynamics.

One of the important variable is the reheating temperature T
reh

, which is defined roughly
the beginning of the radiation-dominated (RD) era after early matter domination (eMD).
For example, after inflation, the oscillations of inflaton dominate the energy density of the
Universe and makes the early matter domination. Finally when the expansion rate of the
Universe, H, similar to the decay rate of inflaton ��, H ⇠ ��, all the inflatons decay and
the transition from eMD to RD happens.

When the reheating temperature is su�ciently high to satisfy T
reh

> Tf , the axinos
could be in the thermal equilibrium and decoupled when it is still relativistic. In this case,
the axino with mass around keV can play as warm dark matter [46].

When the reheating temperature is lower than the axino freeze-out temperature, T
reh

<
Tf , the axinos could not be in the thermal equilibrium while just a small amount could
be produced from thermal particles, which is called E-WIMP, super-WIMP or FIMP in
the Literature. In this case, the abundance of axino depends on the reheating temperature
and/or the heaviest mass of particles which participate in the scattering or decay to produce
axino [5].

The other possibility is to produce axino non-thermally. The heavier particles freeze-out
first at higher temperature and decay later producing axino. For heavy axinos around GeV,
the non-thermal production (NTP) can be a dominant contribution to the relic density of
axino and cold enough to be dark matter, that was considered in [4]. Therefore, the axino
can take a wide range of masses and can be a good candidate of cold dark matter [6]. Even
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Stable, massive, cold dark matter with present abundance

14. Neutrino masses, mixing, and oscillations 9

Table 14.1: The best-fit values and 3σ allowed ranges of the 3-neutrino oscillation
parameters, derived from a global fit of the current neutrino oscillation data
(from [58]) . For the Dirac phase δ we give the best fit value and the 2σ
allowed range. The values (values in brackets) correspond to m1 < m2 < m3
(m3 < m1 < m2). The definition of ∆m2, which is determined in the global analysis
in [58] is: ∆m2 = m2

3 − (m2
2 + m2

1)/2. Thus, ∆m2 = ∆m2
31 − ∆m2

21/2 > 0, if
m1 < m2 < m3, and ∆m2 = ∆m2

32 + ∆m2
21/2 < 0 for m3 < m1 < m2. We give the

values of ∆m2
31 > 0 for m1 < m2 < m3, and of ∆m2

23 for m3 < m1 < m2, obtained
from those for ∆m2 quoted in [58].

Parameter best-fit 3σ

∆m2
21 [10−5 eV 2] 7.37 6.93 − 7.96

∆m2
31(23) [10−3 eV 2] 2.56 (2.54) 2.45 − 2.69 (2.42 − 2.66)

sin2 θ12 0.297 0.250 − 0.354

sin2 θ23, ∆m2
31(32) > 0 0.425 0.381 − 0.615

sin2 θ23, ∆m2
32(31) < 0 0.589 0.384 − 0.636

sin2 θ13, ∆m2
31(32) > 0 0.0215 0.0190 − 0.0240

sin2 θ13, ∆m2
32(31) < 0 0.0216 0.0190 − 0.0242

δ/π 1.38 (1.31) 2σ: (1.0 - 1.9)

(2σ: (0.92-1.88))

on the Dirac and Majorana CPV phases in the neutrino mixing matrix is available at
present. Thus, the status of CP symmetry in the lepton sector is essentially unknown.
With θ13

∼= 0.15 ̸= 0, the Dirac phase δ can generate CP violating effects in neutrino
oscillations [54,61,62], i.e., a difference between the probabilities of the νl → νl′ and
ν̄l → ν̄l′ oscillations, l ̸= l′ = e, µ, τ . The magnitude of CP violation in νl → νl′ and
ν̄l → ν̄l′ oscillations, l ̸= l′ = e, µ, τ , is determined by [63] the rephasing invariant JCP ,
associated with the Dirac CPV phase in U :

JCP = Im
(

Uµ3 U∗
e3 Ue2 U∗

µ2

)

. (14.9)

It is analogous to the rephasing invariant associated with the Dirac CPV phase in the
CKM quark mixing matrix [64]. In the “standard” parametrization of the neutrino
mixing matrix (Eq. (14.6)), JCP has the form:

JCP ≡ Im (Uµ3 U∗
e3 Ue2 U∗

µ2) =
1

8
cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δ . (14.10)

Thus, given the fact that sin 2θ12, sin 2θ23 and sin 2θ13 have been determined
experimentally with a relatively good precision, the size of CP violation effects in
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Neutrino oscillation and non-vanishing masses [PDG]

However standard model does not have solution for these.
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II. MODEL

We consider the extension of the minimal supersym-
metric standard model (MSSM) by adding three singlet
superfields, ⌫cR, for RH neutrinos with a superpotential
in the lepton and Higgs sector;

W 3 yeL ·Hd E
c
R + y⌫L ·Hu ⌫

c
R + µHu ·Hd +H.c., (1)

where Hu = (H+

u , H0

u), Hd = (H0

d , H
�
d ) are up-type and

down-type Higgs doublet, L = (⌫L, lL) is a LH lepton
doublet, Ec

R is a RH charged lepton and µ in the third
term is the SUSY invariant Higgsino mass. Here, we
omitted the generation indices.

After the electroweak symmetry breaking, the neutri-
nos acquire masses with the small Yukawa couplings as

y⌫ sin� ' 3.0⇥ 10�13

✓
m2

⌫

2.8⇥ 10�3 eV2

◆
1/2

, (2)

with the vacuum expectation value (VEV) of Higgs
field hHui = v

0

/
p
2 sin�, v

0

' 246GeV and tan� =
hHui/hHdi. In our evaluation of the RH sneutrino pro-
duction, we take the temperature dependence of Higgs
VEV into account, following Refs. [5], as

v = v(T ) = v
0

p
1� T 2/T 2

c for T < Tc, (3)

with Tc = 147GeV according to the SM-like Higgs bo-
son mass mh ' 126GeV. For T > Tc, the Higgs VEV
vanishes.

The F-term potential includes

VF 3 ��y⌫ ⌫̃L⌫̃⇤R � µH0

d

��2 +
���y⌫ l̃L⌫̃⇤R + µH�

d

���
2

. (4)

Soft SUSY breaking terms for leptons and Higgs fields
are given by

V
soft

=m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

˜L
|L̃|2 +m2

⌫̃R
|⌫̃R|2

+ (ylAlL̃ ·HdẼR + y⌫A⌫L̃ ·Hu⌫̃
⇤
R �BµHu ·Hd

+H.c.). (5)

The soft trilinear coupling A⌫-term in Eq. (5) and the
first term in Eq. (4) together generate mixing between
LH and RH sneutrinos. The mixing angle ⇥ is given by

tan 2⇥(T ) ' 2m⌫(T )| cot�µ�A⇤
⌫ |

m2

⌫̃(T )�m2

˜N

. (6)

Here, ⌫̃ and Ñ denote the mass eigenstates of almost LH
and RH sneutrinos, respectively. Due to small mixing of
sneutrinos, in the most cases except e.g., the production
in the early Universe as we will show, the LH and RH
sneutrinos themselves can be practically regarded as their
mass eigenstates with eigenvalues,

m2

⌫̃ ' m2

˜L
+

m2

Z

2
cos 2�, m2

˜N
' m2

⌫̃R
, (7)

Interaction Coupling

�0
a⌫Ñ

⇤
h
�y⌫Na3 + e sin⇥p

2swcw
(swNa1 � cwNa2)

i
PL

��
a l

�Ñ⇤
h
y⌫Za2 � e

sw
Za1 sin⇥

i
PL

⌫̃Ñ⇤Zµ
�ie

2swcw
(p� k)µ sin⇥

l̃�Ñ⇤W+
µ �i ep

2sw
(p� k)µ sin⇥

⌫̃h0Ñ⇤ �y⌫
1p
2
(A⌫ cos↵+ µ sin↵)

⌫̃H0Ñ⇤ �y⌫
1p
2
(A⌫ sin↵� µ cos↵)

⌫̃A0Ñ⇤ iy⌫
1p
2
(A⌫ sin� � µ cos�)

l̃�H+Ñ⇤ y⌫(A⌫ cos� + µ sin�)

TABLE I: The interactions of RH sneutrinos. Here sw =
sin ✓W and cw = cos ✓W where ✓W is the Weinberg mixing
angle. The neutralino mass eigenstates are given by a linear
combination of the bino B̃, the neutral wino W̃ 0

3 and two neu-
tral Higgsinos H̃0

u and H̃0
d , �̃a = Na1B̃ +Na2W̃ 0

3 +Na3H̃
0
u +

Na4H̃
0
d . Zab is the mixing matrix for chargino mass eigen-

states, �̃�
a = Za1W̃

� + Za2H̃
�
u . The light and heavy Higgs

mass eigenstates are h0 = � sin↵
p
2Re(H0

d)+cos↵
p
2Re(H0

u)
and H0 = cos↵

p
2Re(H0

d) + sin↵
p
2Re(H0

u) with tan 2↵ =

tan 2�
⇣

m2
A+M2

Z
m2

A�M2
Z

⌘
, and H+ = sin�(H�

d )⇤ + cos�H+
u and

A0 = cos�
p
2Im(H0

d)� sin�
p
2Im(H0

u).

where the second term in m2

⌫̃ comes from the D-term
contribution. In the followings, we use a dimensionless
parameter a⌫ = A⌫/m˜L to parameterize A⌫ .
The relevant interactions for the production of RH

sneutrinos are the Yukawa interactions in Eq. (1), the
corresponding trilinear couplings in Eq. (5), cross terms
involving the µ-term in Eq. (4), and the resultant mixing
between LH and RH in Eq. (6). Even though these inter-
actions are very weak, they are important and must be
kept for the production of RH sneutrinos, since they are
the dominant interactions of RH sneutrinos with the SM
sector. In the case of degenerate masses between LH and
RH sneutrinos, the mixing can be the dominant source
among them. In Tab. I, we summarize the interactions
of RH sneutrnios with other MSSM particles.

III. THERMAL AND NON-THERMAL
PRODUCTION

Cosmic microwave background (CMB) anisotropy and
the large scale structure formation requires that the relic
density of dark matter at present is [15]

⌦
DM

h2 = 0.1188± 0.0010. (8)

Dark matter should have been produced in the early Uni-
verse. The early Universe was dominated by hot thermal
particles that maintains thermal equilibrium through in-
teractions in the expanding Universe. However, the very
weakly interacting particles can not be in equilibrium in
a given Hubble time. The coupling of RH sneutrinos

three singlet right-handed neutrino super fields 

After electroweak symmetry breaking, neutrinos get pure Dirac-
type mass with the very small Yukawa coupling of

The super-potential includes
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III. THERMAL AND NON-THERMAL
PRODUCTION

Cosmic microwave background (CMB) anisotropy and
the large scale structure formation requires that the relic
density of dark matter at present is [15]

⌦
DM

h2 = 0.1188± 0.0010. (8)

Dark matter should have been produced in the early Uni-
verse. The early Universe was dominated by hot thermal
particles that maintains thermal equilibrium through in-
teractions in the expanding Universe. However, the very
weakly interacting particles can not be in equilibrium in
a given Hubble time. The coupling of RH sneutrinos

[Asaka, Ishiwata, Moroi, 2006]

The RH sneutrinos as lightest SUSY particle (LSP) can be stable 
and a candidate for dark matter with R-parity.
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The Yukawa coupling is too small to make RH sneutrinos to be in 
the thermal equilibrium.  However right amount can be produced 
thermally and/or non-thermally.

Thermal production (TP)

Non-thermal production (NTP)

Production from the thermal particles by decay or scatterings

Production from the non-thermal particles by out-of-equilibrium decay
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Scattering Process Number of modes

Z + ℓ̃j → W− + Ñj 3× 3g

W± + ν̃j → W± + Ñj 2× 3g × 2±

ui(νi) + ℓ̃j → dk(ℓi) + Ñj 3× 32g(3× 32g × 3susy)

qi(ℓi, νi) + ν̃j → qi(ℓi, νi) + Ñj 3× 32g(3× 32g × 3susy × 2l,ν)

W+ + ℓ̃j → h(γ) + Ñj 3× 3g × 2h,γ

Z + ν̃j → h(γ) + Ñj 3× 3g × 2h,γ

TABLE II: Relevant scattering processes for thermal produc-
tion of Ñ with light external particles. i, j, k denote the gen-
eration. In the second column, we show the number of modes
for the process in the left column. There are additional pro-
cesses of charge conjugate.

to the SM particles are very small, which is suppressed
by the Yukawa coupling or by the mixing between LH
and RH sneutrinos. Their interactions are not enough
to make the RH sneutrinos in the thermal equilibrium,
small amount of RH sneutrinos can be produced from the
thermal particles by scattering or decay nevertheless.
For heavy RH sneutrinos with GeV mass, the small

amount of RH sneutrinos of the number density around
10−9 times of photon number density is enough to explain
dark matter. The present relic density of non-relativistic
RH sneutrinos dark matter with the mass mÑ can be
expressed by

ΩÑh2 ≃ 0.28

(

YÑ

10−11

)

( mÑ

100GeV

)

, (9)

where the abundance yield Y is defined as YÑ ≡ nÑ/s
with the number density nÑ , the entropy density s =
(2π2/45)gs∗T 3 and the relativistic degrees of freedom in
the entropy density gs∗.
There are two mechanisms for producing RH sneutri-

nos: thermal production (TP) and non-thermal produc-
tion (NTP). TP includes the production via scatterings
or decay processes of the particles in the thermal equi-
librium. NTP is the production from particles that are
already out of the thermal bath, typically by the late
time decay of NLSPs after their freeze out.

A. Thermal production

The number density of RH sneutrinos from TP can be
obtained by solving the Boltzmann equation with scat-
tering and decay processes. Since the number density of
the RH sneutrinos is well below the equilibrium value ini-
tially, which is well justified after inflation, we can ignore
the inverse processes. Thus, we have

dnÑ

dt
+ 3HnÑ ≃

∑

i,j

⟨σ(i + j → Ñ + · · · )vrel⟩ninj

+
∑

i

⟨Γ(i → Ñ + · · · )⟩ni,
(10)

where H is the Hubble parameter and ni is the comoving
number density of i-th particle. The first and the second
term in the RHS are due to the two-body scatterings and
the decay of i-th particle into Ñ and other species. Here
’⟨· · ·⟩’ denotes the thermal average, σvrel is the product
of the scattering cross section and the relative velocity,
and Γ is the decay rate for a process presented in round
brackets.
The solution for the Boltzmann equation Eq. (10) can

be expressed in terms of the abundance of RH sneutrinos,
which has two contributions from scattering and decay
respectively, as

Y TP
Ñ

=
∑

ij

Y scat
ij +

∑

i

Y dec
i , (11)

with

Y scat
ij =

∫ TR

T0

dT
⟨σ(i + j → Ñ + · · · )vrel⟩ninj

sHT
,

Y dec
i =

∫ TR

T0

dT
⟨Γ(i → Ñ + · · · )⟩ni

sHT
.

(12)

Here T0 is the present temperature and TR is the reheat-
ing temperature after inflation. Especially for two-body
scatterings, the abundance of dark matter from scatter-
ing is given by [16]

Y scat =

∫ TR

T0

⟨σv⟩ninj

sHT
dT

=
ḡMP

16π4

∫ ∞

tR

dt t3K1(t)

∫ tTR

(m1+m2)
d(
√
s)σ(s)f(s),

(13)

with ḡ = 135
√
10/(2π3g3/2∗ ), tR = (m1 +m2)/TR and

f(s) =

[

(s−m2
1 −m2

2)
2 − 4m2

1m
2
2

s2

]

, (14)

where m1 and m2 are the masses of initial state particles,
and T0 = 0 is taken as usual.
The scattering processes relevant in our scenario are

listed in Tab. II. Here, we show processes dominant
for the production of RH sneutrinos, which include the
light initial particles such as LH and RH sneutrinos,
the charged sleptons, as well as the number of scatter-
ing modes possible for each process in the right column.
The number of modes include the crossing of the process,
three generations, and supersymmetric counterparts. We
note that there is another factor 2 from the processes of
charge conjugate.
The thermal production from decays, when the tem-

perature of the early Universe was much higher than the
decaying particles, can be well approximated by [16]

Y decay ≃
∑

i

3ζ(5)ḡMP giΓi

4πm2
i

, (15)
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librium. NTP is the production from particles that are
already out of the thermal bath, typically by the late
time decay of NLSPs after their freeze out.

A. Thermal production

The number density of RH sneutrinos from TP can be
obtained by solving the Boltzmann equation with scat-
tering and decay processes. Since the number density of
the RH sneutrinos is well below the equilibrium value ini-
tially, which is well justified after inflation, we can ignore
the inverse processes. Thus, we have

dnÑ

dt
+ 3HnÑ ≃

∑

i,j

⟨σ(i + j → Ñ + · · · )vrel⟩ninj

+
∑

i

⟨Γ(i → Ñ + · · · )⟩ni,
(10)

where H is the Hubble parameter and ni is the comoving
number density of i-th particle. The first and the second
term in the RHS are due to the two-body scatterings and
the decay of i-th particle into Ñ and other species. Here
’⟨· · ·⟩’ denotes the thermal average, σvrel is the product
of the scattering cross section and the relative velocity,
and Γ is the decay rate for a process presented in round
brackets.
The solution for the Boltzmann equation Eq. (10) can

be expressed in terms of the abundance of RH sneutrinos,
which has two contributions from scattering and decay
respectively, as

Y TP
Ñ

=
∑

ij

Y scat
ij +

∑

i

Y dec
i , (11)

with

Y scat
ij =

∫ TR

T0

dT
⟨σ(i + j → Ñ + · · · )vrel⟩ninj

sHT
,

Y dec
i =

∫ TR

T0

dT
⟨Γ(i → Ñ + · · · )⟩ni

sHT
.

(12)

Here T0 is the present temperature and TR is the reheat-
ing temperature after inflation. Especially for two-body
scatterings, the abundance of dark matter from scatter-
ing is given by [16]

Y scat =

∫ TR

T0

⟨σv⟩ninj

sHT
dT

=
ḡMP

16π4

∫ ∞

tR

dt t3K1(t)

∫ tTR

(m1+m2)
d(
√
s)σ(s)f(s),

(13)

with ḡ = 135
√
10/(2π3g3/2∗ ), tR = (m1 +m2)/TR and

f(s) =

[

(s−m2
1 −m2

2)
2 − 4m2

1m
2
2

s2

]

, (14)

where m1 and m2 are the masses of initial state particles,
and T0 = 0 is taken as usual.
The scattering processes relevant in our scenario are

listed in Tab. II. Here, we show processes dominant
for the production of RH sneutrinos, which include the
light initial particles such as LH and RH sneutrinos,
the charged sleptons, as well as the number of scatter-
ing modes possible for each process in the right column.
The number of modes include the crossing of the process,
three generations, and supersymmetric counterparts. We
note that there is another factor 2 from the processes of
charge conjugate.
The thermal production from decays, when the tem-

perature of the early Universe was much higher than the
decaying particles, can be well approximated by [16]

Y decay ≃
∑

i

3ζ(5)ḡMP giΓi

4πm2
i

, (15)
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For simplicity, we consider the case where tan! is rela-
tively large. In this case Hu behaves like the standard-
model Higgs; Hu ’ HSM. The lightest Higgs boson h is
contained in HSM, and we take its mass to be mh !
115 GeV in our study. On the contrary, Hd plays the role
of heavy Higgs doublet. In addition, we approximate mass
eigenstates of the superparticles by left- and right-handed
sleptons, gauginos, and Higgsinos. Effects of left-right
mixing are taken into account by mass-insertion method.
The mass terms for superpaticles are given by

L mass ! "
1

2
#m ~B

~B ~B$m ~W
~W ~W$"H

~Hu
~Hd $ h:c:%

"m2
~#R ~#&R~#R "m2

~lL
~l&L~lL "m2

~#L ~#&L~#L; (4)

where ~B and ~W are gauginos for U'1(Y and SU'2(L gauge
groups, respectively. Notice that all the terms except for
Higgsino mass term are from SUSY breaking and that m2

~lL
and m2

~#L are identical up to D-term contribution.
Furthermore, we introduce soft-SUSY breaking trilinear
coupling which will become important in the following
discussion

L A ! A#Hu
~L~#cR $ h:c: (5)

For later convenience, we parameterize

m2
~lL;~#L
! m2

~L $!'D(~lL;~#L
; A# ! a#y#m ~L; (6)

where !'D(~lL;~#L
represents the D-term contribution. In addi-

tion, we adopt the GUT relation among the gaugino
masses: m ~B ’ 0:5m ~W .

Now let us discuss the production of the LSP right-
handed sneutrino ~#R via various decay processes. Since
we found that the production via scatterings is subdomi-
nant and can be neglected, we consider here only the decay
processes x! ~#Ry. We assume that particles x and y are in
chemical equilibrium. Their distribution functions at the
temperature T, then, are given by f'E( ! 'eE=T ) 1("1,
where the positive and negative signs are for fermions and
bosons, respectively.

The evolution of the number density of ~#R is governed
by the Boltzmann equation

_n ~#R $ 3Hn~#R ! Cdecay; (7)

where ‘‘dot’’ represents time-derivative and H is the
Hubble parameter. The source term from the decay pro-
cesses is written in the form

Cdecay !
X
x;y

Z d3kx
'2$(3 %x'2sx $ 1("x!~#Ryfxh1) fyikx ;

(8)

where %x ! mx=
!!!!!!!!!!!!!!!!!
k2
x $m2

x

p
is the Lorentz factor and '2sx $

1( is the spin multiplicity of x. Furthermore, h1) fyikx is
the averaged final-state multiplicity factor for fixed value

of initial-state momentum. (Here, the positive and negative
signs are for bosons and fermions, respectively.)

Decay rates for processes which become important for
the calculation of ##R are given by

" ~H0!~#R $#L ! " ~H$!~#Rl$L
! !2

f y
2
#

32$
"H; (9)

"~#L!~#Rh !
!f

32$
A2
#

m~#L

; (10)

"~#L!~#RZ !
!3

f

32$

" m2
~#L

m2
~#L "m2

~#R

#
2 A2

#

m~#L

; (11)

"~lL!~#RW"
! !3

f

16$

" m2
~lL

m2
~#L "m2

~#R

#
2 A2

#

m~lL

; (12)

" ~B!~#R $#L !
!2

fg
2
1

64$

"
A#vT

m2
~#L "m2

~#R

#
2
m ~B; (13)

" ~W0!~#R $#L !
!2

fg
2
2

64$

"
A#vT

m2
~#L "m2

~#R

#
2
m ~W; (14)

" ~W$!~#Rl$L
! !2

fg
2
2

32$

"
A#vT

m2
~#L "m2

~#R

#
2
m ~W; (15)

where we have neglected lepton masses. Here, g1 and g2
are gauge coupling constants for the U'1(Y and SU'2(L
gauge groups, respectively, and, for the process x! ~#Ry,
!f is given by

!2
f !

1

m4
x
#m4

x " 2'm2
~#R $m2

y(m2
x $ 'm2

~#R "m2
y(2%; (16)

with mx and my being the masses of the particles x and y,
respectively. In addition, vT is temperature-dependent
Higgs VEV. We approximate the Higgs potential in ther-
mal bath as [9]

VT ’
m2
h

4v2 'jHSMj2 " v2(2

$ 1

8v2 '2m2
W $m2

Z $ 2m2
t (T2jHSMj2; (17)

where T is cosmic temperature. In the calculation of VT ,
we take into account only the effects of standard-model
particles since the production of ~#R becomes effective
when the cosmic temperature is lower than the masses of
relevant superparticls. Then we minimize VT to obtain
vT ’ hHuiT .

In solving Eq. (7) it is useful to define the yield variable

Y~#R *
n~#R

s
; (18)
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For simplicity, we consider the case where tan! is rela-
tively large. In this case Hu behaves like the standard-
model Higgs; Hu ’ HSM. The lightest Higgs boson h is
contained in HSM, and we take its mass to be mh !
115 GeV in our study. On the contrary, Hd plays the role
of heavy Higgs doublet. In addition, we approximate mass
eigenstates of the superparticles by left- and right-handed
sleptons, gauginos, and Higgsinos. Effects of left-right
mixing are taken into account by mass-insertion method.
The mass terms for superpaticles are given by

L mass ! "
1

2
#m ~B

~B ~B$m ~W
~W ~W$"H

~Hu
~Hd $ h:c:%

"m2
~#R ~#&R~#R "m2

~lL
~l&L~lL "m2

~#L ~#&L~#L; (4)

where ~B and ~W are gauginos for U'1(Y and SU'2(L gauge
groups, respectively. Notice that all the terms except for
Higgsino mass term are from SUSY breaking and that m2

~lL
and m2

~#L are identical up to D-term contribution.
Furthermore, we introduce soft-SUSY breaking trilinear
coupling which will become important in the following
discussion

L A ! A#Hu
~L~#cR $ h:c: (5)

For later convenience, we parameterize
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; A# ! a#y#m ~L; (6)

where !'D(~lL;~#L
represents the D-term contribution. In addi-

tion, we adopt the GUT relation among the gaugino
masses: m ~B ’ 0:5m ~W .

Now let us discuss the production of the LSP right-
handed sneutrino ~#R via various decay processes. Since
we found that the production via scatterings is subdomi-
nant and can be neglected, we consider here only the decay
processes x! ~#Ry. We assume that particles x and y are in
chemical equilibrium. Their distribution functions at the
temperature T, then, are given by f'E( ! 'eE=T ) 1("1,
where the positive and negative signs are for fermions and
bosons, respectively.

The evolution of the number density of ~#R is governed
by the Boltzmann equation

_n ~#R $ 3Hn~#R ! Cdecay; (7)

where ‘‘dot’’ represents time-derivative and H is the
Hubble parameter. The source term from the decay pro-
cesses is written in the form

Cdecay !
X
x;y

Z d3kx
'2$(3 %x'2sx $ 1("x!~#Ryfxh1) fyikx ;

(8)

where %x ! mx=
!!!!!!!!!!!!!!!!!
k2
x $m2

x

p
is the Lorentz factor and '2sx $

1( is the spin multiplicity of x. Furthermore, h1) fyikx is
the averaged final-state multiplicity factor for fixed value

of initial-state momentum. (Here, the positive and negative
signs are for bosons and fermions, respectively.)

Decay rates for processes which become important for
the calculation of ##R are given by

" ~H0!~#R $#L ! " ~H$!~#Rl$L
! !2
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"H; (9)
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where we have neglected lepton masses. Here, g1 and g2
are gauge coupling constants for the U'1(Y and SU'2(L
gauge groups, respectively, and, for the process x! ~#Ry,
!f is given by

!2
f !

1

m4
x
#m4

x " 2'm2
~#R $m2

y(m2
x $ 'm2

~#R "m2
y(2%; (16)

with mx and my being the masses of the particles x and y,
respectively. In addition, vT is temperature-dependent
Higgs VEV. We approximate the Higgs potential in ther-
mal bath as [9]

VT ’
m2
h

4v2 'jHSMj2 " v2(2

$ 1

8v2 '2m2
W $m2

Z $ 2m2
t (T2jHSMj2; (17)

where T is cosmic temperature. In the calculation of VT ,
we take into account only the effects of standard-model
particles since the production of ~#R becomes effective
when the cosmic temperature is lower than the masses of
relevant superparticls. Then we minimize VT to obtain
vT ’ hHuiT .

In solving Eq. (7) it is useful to define the yield variable

Y~#R *
n~#R

s
; (18)

TAKEHIKO ASAKA, KOJI ISHIWATA, AND TAKEO MOROI PHYSICAL REVIEW D 73, 051301 (2006)

RAPID COMMUNICATIONS

051301-2
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tively large. In this case Hu behaves like the standard-
model Higgs; Hu ’ HSM. The lightest Higgs boson h is
contained in HSM, and we take its mass to be mh !
115 GeV in our study. On the contrary, Hd plays the role
of heavy Higgs doublet. In addition, we approximate mass
eigenstates of the superparticles by left- and right-handed
sleptons, gauginos, and Higgsinos. Effects of left-right
mixing are taken into account by mass-insertion method.
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where ~B and ~W are gauginos for U'1(Y and SU'2(L gauge
groups, respectively. Notice that all the terms except for
Higgsino mass term are from SUSY breaking and that m2

~lL
and m2

~#L are identical up to D-term contribution.
Furthermore, we introduce soft-SUSY breaking trilinear
coupling which will become important in the following
discussion

L A ! A#Hu
~L~#cR $ h:c: (5)

For later convenience, we parameterize
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; A# ! a#y#m ~L; (6)

where !'D(~lL;~#L
represents the D-term contribution. In addi-

tion, we adopt the GUT relation among the gaugino
masses: m ~B ’ 0:5m ~W .

Now let us discuss the production of the LSP right-
handed sneutrino ~#R via various decay processes. Since
we found that the production via scatterings is subdomi-
nant and can be neglected, we consider here only the decay
processes x! ~#Ry. We assume that particles x and y are in
chemical equilibrium. Their distribution functions at the
temperature T, then, are given by f'E( ! 'eE=T ) 1("1,
where the positive and negative signs are for fermions and
bosons, respectively.

The evolution of the number density of ~#R is governed
by the Boltzmann equation

_n ~#R $ 3Hn~#R ! Cdecay; (7)

where ‘‘dot’’ represents time-derivative and H is the
Hubble parameter. The source term from the decay pro-
cesses is written in the form

Cdecay !
X
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Z d3kx
'2$(3 %x'2sx $ 1("x!~#Ryfxh1) fyikx ;

(8)

where %x ! mx=
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is the Lorentz factor and '2sx $

1( is the spin multiplicity of x. Furthermore, h1) fyikx is
the averaged final-state multiplicity factor for fixed value

of initial-state momentum. (Here, the positive and negative
signs are for bosons and fermions, respectively.)

Decay rates for processes which become important for
the calculation of ##R are given by

" ~H0!~#R $#L ! " ~H$!~#Rl$L
! !2

f y
2
#

32$
"H; (9)

"~#L!~#Rh !
!f

32$
A2
#

m~#L

; (10)

"~#L!~#RZ !
!3

f

32$

" m2
~#L

m2
~#L "m2

~#R

#
2 A2

#

m~#L

; (11)

"~lL!~#RW"
! !3

f

16$

" m2
~lL

m2
~#L "m2

~#R

#
2 A2

#

m~lL

; (12)

" ~B!~#R $#L !
!2

fg
2
1

64$

"
A#vT

m2
~#L "m2

~#R

#
2
m ~B; (13)

" ~W0!~#R $#L !
!2

fg
2
2

64$

"
A#vT

m2
~#L "m2

~#R

#
2
m ~W; (14)

" ~W$!~#Rl$L
! !2

fg
2
2

32$

"
A#vT

m2
~#L "m2

~#R

#
2
m ~W; (15)

where we have neglected lepton masses. Here, g1 and g2
are gauge coupling constants for the U'1(Y and SU'2(L
gauge groups, respectively, and, for the process x! ~#Ry,
!f is given by
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f !
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m4
x
#m4

x " 2'm2
~#R $m2

y(m2
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~#R "m2
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with mx and my being the masses of the particles x and y,
respectively. In addition, vT is temperature-dependent
Higgs VEV. We approximate the Higgs potential in ther-
mal bath as [9]

VT ’
m2
h

4v2 'jHSMj2 " v2(2

$ 1

8v2 '2m2
W $m2

Z $ 2m2
t (T2jHSMj2; (17)

where T is cosmic temperature. In the calculation of VT ,
we take into account only the effects of standard-model
particles since the production of ~#R becomes effective
when the cosmic temperature is lower than the masses of
relevant superparticls. Then we minimize VT to obtain
vT ’ hHuiT .

In solving Eq. (7) it is useful to define the yield variable

Y~#R *
n~#R

s
; (18)
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Temperature-dependent Higgs vev. and 
mixing between LH and RH sneutrinos.

2

II. MODEL

We consider the extension of the minimal supersym-
metric standard model (MSSM) by adding three singlet
superfields, ⌫cR, for RH neutrinos with a superpotential
in the lepton and Higgs sector;

W 3 yeL ·Hd E
c
R + y⌫L ·Hu ⌫

c
R + µHu ·Hd +H.c., (1)

where Hu = (H+

u , H0

u), Hd = (H0

d , H
�
d ) are up-type and

down-type Higgs doublet, L = (⌫L, lL) is a LH lepton
doublet, Ec

R is a RH charged lepton and µ in the third
term is the SUSY invariant Higgsino mass. Here, we
omitted the generation indices.

After the electroweak symmetry breaking, the neutri-
nos acquire masses with the small Yukawa couplings as

y⌫ sin� ' 3.0⇥ 10�13

✓
m2

⌫

2.8⇥ 10�3 eV2

◆
1/2

, (2)

with the vacuum expectation value (VEV) of Higgs
field hHui = v

0

/
p
2 sin�, v

0

' 246GeV and tan� =
hHui/hHdi. In our evaluation of the RH sneutrino pro-
duction, we take the temperature dependence of Higgs
VEV into account, following Refs. [5], as

v = v(T ) = v
0

p
1� T 2/T 2

c for T < Tc, (3)

with Tc = 147GeV according to the SM-like Higgs bo-
son mass mh ' 126GeV. For T > Tc, the Higgs VEV
vanishes.

The F-term potential includes

VF 3 ��y⌫ ⌫̃L⌫̃⇤R � µH0

d

��2 +
���y⌫ l̃L⌫̃⇤R + µH�

d

���
2

. (4)

Soft SUSY breaking terms for leptons and Higgs fields
are given by

V
soft

=m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

˜L
|L̃|2 +m2

⌫̃R
|⌫̃R|2

+ (ylAlL̃ ·HdẼR + y⌫A⌫L̃ ·Hu⌫̃
⇤
R �BµHu ·Hd

+H.c.). (5)

The soft trilinear coupling A⌫-term in Eq. (5) and the
first term in Eq. (4) together generate mixing between
LH and RH sneutrinos. The mixing angle ⇥ is given by

tan 2⇥(T ) ' 2m⌫(T )| cot�µ�A⇤
⌫ |

m2

⌫̃(T )�m2

˜N

. (6)

Here, ⌫̃ and Ñ denote the mass eigenstates of almost LH
and RH sneutrinos, respectively. Due to small mixing of
sneutrinos, in the most cases except e.g., the production
in the early Universe as we will show, the LH and RH
sneutrinos themselves can be practically regarded as their
mass eigenstates with eigenvalues,

m2

⌫̃ ' m2

˜L
+

m2

Z

2
cos 2�, m2

˜N
' m2

⌫̃R
, (7)

Interaction Coupling

�0
a⌫Ñ

⇤
h
�y⌫Na3 + e sin⇥p

2swcw
(swNa1 � cwNa2)

i
PL

��
a l

�Ñ⇤
h
y⌫Za2 � e

sw
Za1 sin⇥

i
PL

⌫̃Ñ⇤Zµ
�ie

2swcw
(p� k)µ sin⇥

l̃�Ñ⇤W+
µ �i ep

2sw
(p� k)µ sin⇥

⌫̃h0Ñ⇤ �y⌫
1p
2
(A⌫ cos↵+ µ sin↵)

⌫̃H0Ñ⇤ �y⌫
1p
2
(A⌫ sin↵� µ cos↵)

⌫̃A0Ñ⇤ iy⌫
1p
2
(A⌫ sin� � µ cos�)

l̃�H+Ñ⇤ y⌫(A⌫ cos� + µ sin�)

TABLE I: The interactions of RH sneutrinos. Here sw =
sin ✓W and cw = cos ✓W where ✓W is the Weinberg mixing
angle. The neutralino mass eigenstates are given by a linear
combination of the bino B̃, the neutral wino W̃ 0

3 and two neu-
tral Higgsinos H̃0

u and H̃0
d , �̃a = Na1B̃ +Na2W̃ 0

3 +Na3H̃
0
u +

Na4H̃
0
d . Zab is the mixing matrix for chargino mass eigen-

states, �̃�
a = Za1W̃

� + Za2H̃
�
u . The light and heavy Higgs

mass eigenstates are h0 = � sin↵
p
2Re(H0

d)+cos↵
p
2Re(H0

u)
and H0 = cos↵

p
2Re(H0

d) + sin↵
p
2Re(H0

u) with tan 2↵ =

tan 2�
⇣

m2
A+M2

Z
m2

A�M2
Z

⌘
, and H+ = sin�(H�

d )⇤ + cos�H+
u and

A0 = cos�
p
2Im(H0

d)� sin�
p
2Im(H0

u).

where the second term in m2

⌫̃ comes from the D-term
contribution. In the followings, we use a dimensionless
parameter a⌫ = A⌫/m˜L to parameterize A⌫ .
The relevant interactions for the production of RH

sneutrinos are the Yukawa interactions in Eq. (1), the
corresponding trilinear couplings in Eq. (5), cross terms
involving the µ-term in Eq. (4), and the resultant mixing
between LH and RH in Eq. (6). Even though these inter-
actions are very weak, they are important and must be
kept for the production of RH sneutrinos, since they are
the dominant interactions of RH sneutrinos with the SM
sector. In the case of degenerate masses between LH and
RH sneutrinos, the mixing can be the dominant source
among them. In Tab. I, we summarize the interactions
of RH sneutrnios with other MSSM particles.

III. THERMAL AND NON-THERMAL
PRODUCTION

Cosmic microwave background (CMB) anisotropy and
the large scale structure formation requires that the relic
density of dark matter at present is [15]

⌦
DM

h2 = 0.1188± 0.0010. (8)

Dark matter should have been produced in the early Uni-
verse. The early Universe was dominated by hot thermal
particles that maintains thermal equilibrium through in-
teractions in the expanding Universe. However, the very
weakly interacting particles can not be in equilibrium in
a given Hubble time. The coupling of RH sneutrinos

which vanishes  for T > 150 GeV. 

Enhancement in the mixing due to the 
degeneracy between LH and RH sneutrino
masses.

2

II. MODEL

We consider the extension of the minimal supersym-
metric standard model (MSSM) by adding three singlet
superfields, νcR, for RH neutrinos with a superpotential
in the lepton and Higgs sector;

W ∋ yeL ·Hd E
c
R + yνL ·Hu ν

c
R + µHu ·Hd +H.c., (1)

where Hu = (H+
u , H0

u), Hd = (H0
d , H

−
d ) are up-type and

down-type Higgs doublet, L = (νL, lL) is a LH lepton
doublet, Ec

R is a RH charged lepton and µ in the third
term is the SUSY invariant Higgsino mass. Here, we
omitted the generation indices.
After the electroweak symmetry breaking, the neutri-

nos acquire masses with the small Yukawa couplings as

yν sinβ ≃ 3.0× 10−13

(

m2
ν

2.8× 10−3 eV2

)1/2

, (2)

with the vacuum expectation value (VEV) of Higgs
field ⟨Hu⟩ = v0/

√
2 sinβ, v0 ≃ 246GeV and tanβ =

⟨Hu⟩/⟨Hd⟩. In our evaluation of the RH sneutrino pro-
duction, we take the temperature dependence of Higgs
VEV into account, following Refs. [5], as

v = v(T ) = v0
√

1− T 2/T 2
c for T < Tc, (3)

with Tc = 147GeV according to the SM-like Higgs bo-
son mass mh ≃ 126GeV. For T > Tc, the Higgs VEV
vanishes.
The F-term potential includes

VF ∋
∣

∣yν ν̃Lν̃
∗
R − µH0

d

∣

∣

2
+
∣

∣

∣
yν l̃Lν̃

∗
R + µH−

d

∣

∣

∣

2
. (4)

Soft SUSY breaking terms for leptons and Higgs fields
are given by

Vsoft =m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
L̃
|L̃|2 +m2

ν̃R |ν̃R|
2

+ (ylAlL̃ ·HdẼR + yνAν L̃ ·Huν̃
∗
R −BµHu ·Hd

+H.c.). (5)

The soft trilinear coupling Aν-term in Eq. (5) and the
first term in Eq. (4) together generate mixing between
LH and RH sneutrinos. The mixing angle Θ is given by

tan 2Θ(T ) ≃
2mν(T )| cotβµ−A∗

ν |
m2

ν̃(T )−m2
Ñ

. (6)

Here, ν̃ and Ñ denote the mass eigenstates of almost LH
and RH sneutrinos, respectively. Due to small mixing of
sneutrinos, in the most cases except e.g., the production
in the early Universe as we will show, the LH and RH
sneutrinos themselves can be practically regarded as their
mass eigenstates with eigenvalues,

m2
ν̃ ≃ m2

L̃
+

m2
Z

2
cos 2β, m2

Ñ
≃ m2

ν̃R , (7)

Interaction Coupling

χ0
aνÑ

∗
[

−yνNa3 + e sinΘ√
2swcw

(swNa1 − cwNa2)
]

PL

χ−
a l

−Ñ∗
[

yνZa2 − e
sw

Za1 sinΘ
]

PL

ν̃Ñ∗Zµ
−ie

2swcw
(p− k)µ sinΘ

l̃−Ñ∗W+
µ −i e√

2sw
(p− k)µ sinΘ

ν̃h0Ñ∗ −yν
1√
2
(Aν cosα+ µ sinα)

ν̃H0Ñ∗ −yν
1√
2
(Aν sinα− µ cosα)

ν̃A0Ñ∗ iyν
1√
2
(Aν sin β − µ cosβ)

l̃−H+Ñ∗ yν(Aν cos β + µ sin β)

TABLE I: The interactions of RH sneutrinos. Here sw =
sin θW and cw = cos θW where θW is the Weinberg mixing
angle. The neutralino mass eigenstates are given by a linear
combination of the bino B̃, the neutral wino W̃ 0

3 and two neu-
tral Higgsinos H̃0

u and H̃0
d , χ̃a = Na1B̃ +Na2W̃ 0

3 +Na3H̃
0
u +

Na4H̃
0
d . Zab is the mixing matrix for chargino mass eigen-

states, χ̃−
a = Za1W̃

− + Za2H̃
−
u . The light and heavy Higgs

mass eigenstates are h0 = − sinα
√
2Re(H0

d)+cosα
√
2Re(H0

u)
and H0 = cosα

√
2Re(H0

d) + sinα
√
2Re(H0

u) with tan 2α =

tan 2β
(

m2
A
+M2

Z

m2
A
−M2

Z

)

, and H+ = sin β(H−
d )∗ + cosβH+

u and

A0 = cos β
√
2Im(H0

d)− sin β
√
2Im(H0

u).

where the second term in m2
ν̃ comes from the D-term

contribution. In the followings, we use a dimensionless
parameter aν = Aν/mL̃ to parameterize Aν .
The relevant interactions for the production of RH

sneutrinos are the Yukawa interactions in Eq. (1), the
corresponding trilinear couplings in Eq. (5), cross terms
involving the µ-term in Eq. (4), and the resultant mixing
between LH and RH in Eq. (6). Even though these inter-
actions are very weak, they are important and must be
kept for the production of RH sneutrinos, since they are
the dominant interactions of RH sneutrinos with the SM
sector. In the case of degenerate masses between LH and
RH sneutrinos, the mixing can be the dominant source
among them. In Tab. I, we summarize the interactions
of RH sneutrnios with other MSSM particles.

III. THERMAL AND NON-THERMAL
PRODUCTION

Cosmic microwave background (CMB) anisotropy and
the large scale structure formation requires that the relic
density of dark matter at present is [15]

ΩDMh2 = 0.1188± 0.0010. (8)

Dark matter should have been produced in the early Uni-
verse. The early Universe was dominated by hot thermal
particles that maintains thermal equilibrium through in-
teractions in the expanding Universe. However, the very
weakly interacting particles can not be in equilibrium in
a given Hubble time. The coupling of RH sneutrinos
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Non-thermal Production of RH sneutrino DM
[Asaka, Ishiwata, Moroi, 2007]

Production from the decay of the MSSM LSP after its freeze-out time.

The MSSM LSP can be neutralino or stau.

Constraints from big bang nucleosynthesis for stau.

10!12. We can see that the neutrino Yukawa coupling
constants are very small in any case, which are much
smaller than those of other quarks and leptons.

Next, we turn to discuss sneutrinos. For this purpose, let
us introduce the soft supersymmetry breaking terms with
sneutrinos as
 

!Lsoft " ~M2
Lj ~Lj2 # ~M2

!R j~!Rj2 # $ ~A!Hu % ~L~!cR

! ~AeHd % ~L~‘cR # H:c:&; (8)

where ~ML, ~M!R , and ~A! are supersymmetry breaking mass
parameters. We parameterize ~A! as

 

~A ! ' y!A! ' y!a! ~ML; (9)

where a! is a dimensionless constant and ja!j is expected
to be of the order of unity in simple models of supergravity.
Because of the smallness of the neutrino Yukawa coupling
constants, the left-right mixing of sneutrinos is very small.
Thus, we can treat the left- and right-handed sneutrinos as
mass eigenstates. Their masses are given by

 m2
~!L ’ ~M2

L # 1
2 cos2"m2

Z; m2
~!R ’ ~M2

!R ; (10)

where we have omitted the negligible contributions of m2
!.

The left-right mixing angle of sneutrinos is denoted by !,
which is found as

 tan2! ' 2m!j cot"#H ! A(!j
m2

~!L !m2
~!R

; (11)

and ! is highly suppressed because of the smallness ofm!.
It can be seen from (10) that masses of right-handed
sneutrinos are determined solely by the supersymmetry
breaking masses, and hence the lightest right-handed sneu-
trino may become the LSP.

III. PRODUCTION OF THE LSP RIGHT-HANDED
SNEUTRINO

As we have shown in Ref. [3], the LSP right-handed
sneutrino is a viable candidate of CDM. This is because it
is stable under the R-parity conservation, and also because
it has only suppressed interactions, i.e., the neutrino
Yukawa interactions and the gauge interactions through
the left-right mixing.

In this section, we discuss production processes of right-
handed sneutrino ~!R in the early universe and calculate the
density parameter of right-handed sneutrino:

 "~!R '
$~!R;0

$cr
; (12)

where $~!R;0 is the present energy density of ~!R and $cr '
1:05) 10!5h2 GeV=cm3 is the critical density.
Importantly, there are two types of production processes
of right-handed-sneutrino LSP; one is the decay of MSSM
superparticles in the chemical equilibrium and the other is
the decay of the MSSM-LSP after freeze-out. We have

considered the former effect in Ref. [3] and found that, in
most of the cases, "~!R via the decay of MSSM super-
particles in the chemical equilibrium becomes smaller than
"DM. Thus, it is probable that the relic ~!R are mostly from
the decay of the MSSM-LSP after freeze-out. So, we first
consider the latter effect in detail although we will also
discuss the former production process later.

A. ~!R production via MSSM-LSP decay

Let us discuss the production of ~!R via decays of the
MSSM-LSP after freeze-out. As we will discuss, the den-
sity parameter of ~!R is sensitive to the MSSM parameters.
In this paper, we will not study the complete parameter
space since it is beyond the scope of our purpose; we rather
illustrate the basic features using a simple model of super-
symmetry breaking. Here we consider, as an example, the
minimal supergravity model with the gauge-coupling uni-
fication at MG ’ 2) 1016 GeV. This model is described
by m0 (the universal scalar mass at MG), m1=2 (the unified
gaugino mass atMG), and ~AG (the universal A-parameter at
MG) together with tan" and the sign of #H. Then, the on-
shell mass of ~!R is given by

 m~!R ' m0; (13)

since the renormalization group (RG) evolution of m~!R is
negligible due to the smallness of y!.

Adopting the minimal supergravity model, three right-
handed sneutrinos are almost degenerate. The mass differ-
ences are mainly from the effects of RG evolution through
y!, and hence they are very small.5 Consequently, all the
three right-handed sneutrinos are stable within the age of
the Universe and contribute to the dark matter density.

Since the neutrino Yukawa coupling constants are neg-
ligibly small, the decay of the MSSM-LSP into ~!R is
extremely suppressed. Detailed value of the lifetime of
the MSSM-LSP depends on MSSM parameters.
However, as we will show later, lifetime of the MSSM-
LSP is long enough so that the decay of the MSSM-LSP
occurs sufficiently after its freeze-out.

The density parameter of ~!R from the decay of the
MSSM-LSP after freeze-out is given by

 "FO
~!R '

m~!R

mMSSM-LSP
"MSSM-LSP; (14)

where "MSSM-LSP is the (would-be) present density pa-
rameter of the MSSM-LSP for the case where it is stable.
"MSSM-LSP is estimated using conventional method since
the neutrino Yukawa coupling constants are very small.6

5Other sources of the mass differences are the neutrino masses
and the contributions from the left-right mixing of sneutrinos.

6In this analysis, we assume that only the thermal relic of the
MSSM-LSP contributes to "MSSM-LSP. The MSSM-LSP might
be produced also via nonthermal processes [15]. Even in this
case, if "MSSM-LSP is given as (15), the ~!R-CDM is realized.

RIGHT-HANDED SNEUTRINO AS COLD DARK MATTER OF . . . PHYSICAL REVIEW D 75, 065001 (2007)

065001-3

[Page, 2007]

[Ishiwata, Kawasaki, Kohri, Moroi, 2010]

Possible collider signatures.
[Banerjee, Belanger, Mukhopadhyaya, Serpico, 2016]

[Banerjee, Belanger, Ghosh, Mukhopadhyaya, 2018]
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Thermal Production from Scatterings
[KYC, Jongkuk Kim, Osamu Seto, 2018]

2-body scatterings can produce RH sneutrinos from thermal particles.

The production rate of RH sneutrinos from scatterings are sub-dominant 
compared to the production from decay and it has been ignored.

However the recent low-bound on the mass of SUSY particles > TeV. 

Some of the decay production are suppressed due to the heavy mass and T-
dependence of mixing.

3

Scattering Process Number of modes

Z + ˜̀
j ! W� + Ñj 3⇥ 3g

W± + ⌫̃j ! W± + Ñj 2⇥ 3g ⇥ 2±

ui(⌫i) + ˜̀
j ! dk(`i) + Ñj 3⇥ 32g(3⇥ 32g ⇥ 3susy)

qi(`i, ⌫i) + ⌫̃j ! qi(`i, ⌫i) + Ñj 3⇥ 32g(3⇥ 32g ⇥ 3susy ⇥ 2l,⌫)

W+ + ˜̀
j ! h(�) + Ñj 3⇥ 3g ⇥ 2h,�

Z + ⌫̃j ! h(�) + Ñj 3⇥ 3g ⇥ 2h,�

TABLE II: Relevant scattering processes for thermal produc-
tion of Ñ with light external particles. i, j, k denote the gen-
eration. In the second column, we show the number of modes
for the process in the left column. There are additional pro-
cesses of charge conjugate.

to the SM particles are very small, which is suppressed
by the Yukawa coupling or by the mixing between LH
and RH sneutrinos. Their interactions are not enough
to make the RH sneutrinos in the thermal equilibrium,
small amount of RH sneutrinos can be produced from the
thermal particles by scattering or decay nevertheless.

For heavy RH sneutrinos with GeV mass, the small
amount of RH sneutrinos of the number density around
10�9 times of photon number density is enough to explain
dark matter. The present relic density of non-relativistic
RH sneutrinos dark matter with the mass m

˜N can be
expressed by

⌦
˜Nh2 ' 0.28

✓
Y

˜N

10�11

◆⇣ m
˜N

100GeV

⌘
, (9)

where the abundance yield Y is defined as Y
˜N ⌘ n

˜N/s
with the number density n

˜N , the entropy density s =
(2⇡2/45)gs⇤T 3 and the relativistic degrees of freedom in
the entropy density gs⇤.

There are two mechanisms for producing RH sneutri-
nos: thermal production (TP) and non-thermal produc-

tion (NTP). TP includes the production via scatterings
or decay processes of the particles in the thermal equi-
librium. NTP is the production from particles that are
already out of the thermal bath, typically by the late
time decay of NLSPs after their freeze out.

A. Thermal production

The number density of RH sneutrinos from TP can be
obtained by solving the Boltzmann equation with scat-
tering and decay processes. Since the number density of
the RH sneutrinos is well below the equilibrium value ini-
tially, which is well justified after inflation, we can ignore
the inverse processes. Thus, we have

dn
˜N

dt
+ 3Hn

˜N '
X

i,j

h�(i+ j ! Ñ + · · · )vrelininj

+
X

i

h�(i ! Ñ + · · · )ini,
(10)

where H is the Hubble parameter and ni is the comoving
number density of i-th particle. The first and the second
term in the RHS are due to the two-body scatterings and
the decay of i-th particle into Ñ and other species. Here
’h· · ·i’ denotes the thermal average, �vrel is the product
of the scattering cross section and the relative velocity,
and � is the decay rate for a process presented in round
brackets.
The solution for the Boltzmann equation Eq. (10) can

be expressed in terms of the abundance of RH sneutrinos,
which has two contributions from scattering and decay
respectively, as

Y TP

˜N
=

X

ij

Y scat

ij +
X

i

Y dec

i , (11)

with

Y scat

ij =

Z TR

T0

dT
h�(i+ j ! Ñ + · · · )vrelininj

sHT
,

Y dec

i =

Z TR

T0

dT
h�(i ! Ñ + · · · )ini

sHT
.

(12)

Here T
0

is the present temperature and TR is the reheat-
ing temperature after inflation. Especially for two-body
scatterings, the abundance of dark matter from scatter-
ing is given by [16]

Y scat =

Z TR

T0

h�vininj

sHT
dT

=
ḡMP

16⇡4

Z 1

tR

dt t3K
1

(t)

Z tTR

(m1+m2)

d(
p
s)�(s)f(s),

(13)

with ḡ = 135
p
10/(2⇡3g

3/2
⇤ ), tR = (m

1

+m
2

)/TR and

f(s) =


(s�m2

1

�m2

2

)2 � 4m2

1

m2

2

s2

�
, (14)

where m
1

and m
2

are the masses of initial state particles,
and T

0

= 0 is taken as usual.
The scattering processes relevant in our scenario are

listed in Tab. II. Here, we show processes dominant
for the production of RH sneutrinos, which include the
light initial particles such as LH and RH sneutrinos,
the charged sleptons, as well as the number of scatter-
ing modes possible for each process in the right column.
The number of modes include the crossing of the process,
three generations, and supersymmetric counterparts. We
note that there is another factor 2 from the processes of
charge conjugate.
The thermal production from decays, when the tem-

perature of the early Universe was much higher than the
decaying particles, can be well approximated by [16]

Y decay '
X

i

3⇣(5)ḡMP gi�i

4⇡m2

i

, (15)

2

II. MODEL

We consider the extension of the minimal supersym-
metric standard model (MSSM) by adding three singlet
superfields, ⌫cR, for RH neutrinos with a superpotential
in the lepton and Higgs sector;

W 3 yeL ·Hd E
c
R + y⌫L ·Hu ⌫

c
R + µHu ·Hd +H.c., (1)

where Hu = (H+

u , H0

u), Hd = (H0

d , H
�
d ) are up-type and

down-type Higgs doublet, L = (⌫L, lL) is a LH lepton
doublet, Ec

R is a RH charged lepton and µ in the third
term is the SUSY invariant Higgsino mass. Here, we
omitted the generation indices.

After the electroweak symmetry breaking, the neutri-
nos acquire masses with the small Yukawa couplings as

y⌫ sin� ' 3.0⇥ 10�13

✓
m2

⌫

2.8⇥ 10�3 eV2

◆
1/2

, (2)

with the vacuum expectation value (VEV) of Higgs
field hHui = v

0

/
p
2 sin�, v

0

' 246GeV and tan� =
hHui/hHdi. In our evaluation of the RH sneutrino pro-
duction, we take the temperature dependence of Higgs
VEV into account, following Refs. [5], as

v = v(T ) = v
0

p
1� T 2/T 2

c for T < Tc, (3)

with Tc = 147GeV according to the SM-like Higgs bo-
son mass mh ' 126GeV. For T > Tc, the Higgs VEV
vanishes.

The F-term potential includes

VF 3 ��y⌫ ⌫̃L⌫̃⇤R � µH0

d

��2 +
���y⌫ l̃L⌫̃⇤R + µH�

d

���
2

. (4)

Soft SUSY breaking terms for leptons and Higgs fields
are given by

V
soft

=m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

˜L
|L̃|2 +m2

⌫̃R
|⌫̃R|2

+ (ylAlL̃ ·HdẼR + y⌫A⌫L̃ ·Hu⌫̃
⇤
R �BµHu ·Hd

+H.c.). (5)

The soft trilinear coupling A⌫-term in Eq. (5) and the
first term in Eq. (4) together generate mixing between
LH and RH sneutrinos. The mixing angle ⇥ is given by

tan 2⇥(T ) ' 2m⌫(T )| cot�µ�A⇤
⌫ |

m2

⌫̃(T )�m2

˜N

. (6)

Here, ⌫̃ and Ñ denote the mass eigenstates of almost LH
and RH sneutrinos, respectively. Due to small mixing of
sneutrinos, in the most cases except e.g., the production
in the early Universe as we will show, the LH and RH
sneutrinos themselves can be practically regarded as their
mass eigenstates with eigenvalues,

m2

⌫̃ ' m2

˜L
+

m2

Z

2
cos 2�, m2

˜N
' m2

⌫̃R
, (7)

Interaction Coupling

�0
a⌫Ñ

⇤
h
�y⌫Na3 + e sin⇥p

2swcw
(swNa1 � cwNa2)

i
PL

��
a l

�Ñ⇤
h
y⌫Za2 � e

sw
Za1 sin⇥

i
PL

⌫̃Ñ⇤Zµ
�ie

2swcw
(p� k)µ sin⇥

l̃�Ñ⇤W+
µ �i ep

2sw
(p� k)µ sin⇥

⌫̃h0Ñ⇤ �y⌫
1p
2
(A⌫ cos↵+ µ sin↵)

⌫̃H0Ñ⇤ �y⌫
1p
2
(A⌫ sin↵� µ cos↵)

⌫̃A0Ñ⇤ iy⌫
1p
2
(A⌫ sin� � µ cos�)

l̃�H+Ñ⇤ y⌫(A⌫ cos� + µ sin�)

TABLE I: The interactions of RH sneutrinos. Here sw =
sin ✓W and cw = cos ✓W where ✓W is the Weinberg mixing
angle. The neutralino mass eigenstates are given by a linear
combination of the bino B̃, the neutral wino W̃ 0

3 and two neu-
tral Higgsinos H̃0

u and H̃0
d , �̃a = Na1B̃ +Na2W̃ 0

3 +Na3H̃
0
u +

Na4H̃
0
d . Zab is the mixing matrix for chargino mass eigen-

states, �̃�
a = Za1W̃

� + Za2H̃
�
u . The light and heavy Higgs

mass eigenstates are h0 = � sin↵
p
2Re(H0

d)+cos↵
p
2Re(H0

u)
and H0 = cos↵

p
2Re(H0

d) + sin↵
p
2Re(H0

u) with tan 2↵ =

tan 2�
⇣

m2
A+M2

Z
m2

A�M2
Z

⌘
, and H+ = sin�(H�

d )⇤ + cos�H+
u and

A0 = cos�
p
2Im(H0

d)� sin�
p
2Im(H0

u).

where the second term in m2

⌫̃ comes from the D-term
contribution. In the followings, we use a dimensionless
parameter a⌫ = A⌫/m˜L to parameterize A⌫ .
The relevant interactions for the production of RH

sneutrinos are the Yukawa interactions in Eq. (1), the
corresponding trilinear couplings in Eq. (5), cross terms
involving the µ-term in Eq. (4), and the resultant mixing
between LH and RH in Eq. (6). Even though these inter-
actions are very weak, they are important and must be
kept for the production of RH sneutrinos, since they are
the dominant interactions of RH sneutrinos with the SM
sector. In the case of degenerate masses between LH and
RH sneutrinos, the mixing can be the dominant source
among them. In Tab. I, we summarize the interactions
of RH sneutrnios with other MSSM particles.

III. THERMAL AND NON-THERMAL
PRODUCTION

Cosmic microwave background (CMB) anisotropy and
the large scale structure formation requires that the relic
density of dark matter at present is [15]

⌦
DM

h2 = 0.1188± 0.0010. (8)

Dark matter should have been produced in the early Uni-
verse. The early Universe was dominated by hot thermal
particles that maintains thermal equilibrium through in-
teractions in the expanding Universe. However, the very
weakly interacting particles can not be in equilibrium in
a given Hubble time. The coupling of RH sneutrinos
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Thermal Production from Scatterings
[KYC, Jongkuk Kim, Osamu Seto, 2018]

Our set-up:

Except slepton and sneutrino are light around a few100 GeV

SUSY particles are heavy >> TeV

LH and RH sneutrinos masses are similar

thermal production from scatterings can be important
or comparable to the production from decay and NTP
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Thermal Production from Scatterings

3

Scattering Process Number of modes

Z + ˜̀
j ! W� + Ñj 3⇥ 3g

W± + ⌫̃j ! W± + Ñj 2⇥ 3g ⇥ 2±

ui(⌫i) + ˜̀
j ! dk(`i) + Ñj 3⇥ 32g(3⇥ 32g ⇥ 3susy)

qi(`i, ⌫i) + ⌫̃j ! qi(`i, ⌫i) + Ñj 3⇥ 32g(3⇥ 32g ⇥ 3susy ⇥ 2l,⌫)

W+ + ˜̀
j ! h(�) + Ñj 3⇥ 3g ⇥ 2h,�

Z + ⌫̃j ! h(�) + Ñj 3⇥ 3g ⇥ 2h,�

TABLE II: Relevant scattering processes for thermal produc-
tion of Ñ with light external particles. i, j, k denote the gen-
eration. In the second column, we show the number of modes
for the process in the left column. There are additional pro-
cesses of charge conjugate.

to the SM particles are very small, which is suppressed
by the Yukawa coupling or by the mixing between LH
and RH sneutrinos. Their interactions are not enough
to make the RH sneutrinos in the thermal equilibrium,
small amount of RH sneutrinos can be produced from the
thermal particles by scattering or decay nevertheless.

For heavy RH sneutrinos with GeV mass, the small
amount of RH sneutrinos of the number density around
10�9 times of photon number density is enough to explain
dark matter. The present relic density of non-relativistic
RH sneutrinos dark matter with the mass m

˜N can be
expressed by

⌦
˜Nh2 ' 0.28

✓
Y

˜N

10�11

◆⇣ m
˜N

100GeV

⌘
, (9)

where the abundance yield Y is defined as Y
˜N ⌘ n

˜N/s
with the number density n

˜N , the entropy density s =
(2⇡2/45)gs⇤T 3 and the relativistic degrees of freedom in
the entropy density gs⇤.

There are two mechanisms for producing RH sneutri-
nos: thermal production (TP) and non-thermal produc-

tion (NTP). TP includes the production via scatterings
or decay processes of the particles in the thermal equi-
librium. NTP is the production from particles that are
already out of the thermal bath, typically by the late
time decay of NLSPs after their freeze out.

A. Thermal production

The number density of RH sneutrinos from TP can be
obtained by solving the Boltzmann equation with scat-
tering and decay processes. Since the number density of
the RH sneutrinos is well below the equilibrium value ini-
tially, which is well justified after inflation, we can ignore
the inverse processes. Thus, we have

dn
˜N

dt
+ 3Hn

˜N '
X

i,j

h�(i+ j ! Ñ + · · · )vrelininj

+
X

i

h�(i ! Ñ + · · · )ini,
(10)

where H is the Hubble parameter and ni is the comoving
number density of i-th particle. The first and the second
term in the RHS are due to the two-body scatterings and
the decay of i-th particle into Ñ and other species. Here
’h· · ·i’ denotes the thermal average, �vrel is the product
of the scattering cross section and the relative velocity,
and � is the decay rate for a process presented in round
brackets.
The solution for the Boltzmann equation Eq. (10) can

be expressed in terms of the abundance of RH sneutrinos,
which has two contributions from scattering and decay
respectively, as

Y TP

˜N
=

X

ij

Y scat

ij +
X

i

Y dec

i , (11)

with

Y scat

ij =

Z TR

T0

dT
h�(i+ j ! Ñ + · · · )vrelininj

sHT
,

Y dec

i =

Z TR

T0

dT
h�(i ! Ñ + · · · )ini

sHT
.

(12)

Here T
0

is the present temperature and TR is the reheat-
ing temperature after inflation. Especially for two-body
scatterings, the abundance of dark matter from scatter-
ing is given by [16]

Y scat =

Z TR

T0

h�vininj

sHT
dT

=
ḡMP

16⇡4

Z 1

tR

dt t3K
1

(t)

Z tTR

(m1+m2)

d(
p
s)�(s)f(s),

(13)

with ḡ = 135
p
10/(2⇡3g

3/2
⇤ ), tR = (m

1

+m
2

)/TR and

f(s) =


(s�m2

1

�m2

2

)2 � 4m2

1

m2

2

s2

�
, (14)

where m
1

and m
2

are the masses of initial state particles,
and T

0

= 0 is taken as usual.
The scattering processes relevant in our scenario are

listed in Tab. II. Here, we show processes dominant
for the production of RH sneutrinos, which include the
light initial particles such as LH and RH sneutrinos,
the charged sleptons, as well as the number of scatter-
ing modes possible for each process in the right column.
The number of modes include the crossing of the process,
three generations, and supersymmetric counterparts. We
note that there is another factor 2 from the processes of
charge conjugate.
The thermal production from decays, when the tem-

perature of the early Universe was much higher than the
decaying particles, can be well approximated by [16]

Y decay '
X

i

3⇣(5)ḡMP gi�i

4⇡m2

i

, (15)

There are many scattering modes for the production of RH sneutrinos.

* with light slepton and sneutrinos
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with gi being the degrees of freedom in the rest frame and

ḡ = 135
p
10/(2⇡3g

3/2
⇤ ). The decay modes which produce

RH sneutrinos are well summarized in Refs. [4, 5]. Note
that the abundance from decay, Y decay, is proportional
to �i/m

2

i in Eq. (15). Therefore, for the decay whose rate
is given as �i / mi, the resultant abundance by those is
suppressed for such heavy particles. This is the case for
neutralinos and charginos in our scenario.

Since we consider the temperature dependence of Higgs
VEV, the scattering or decay through mixing are sup-
pressed at high temperature much larger than vc.

B. Non-thermal production and relic density

The NTP of RH sneutrino is obtained from the decay
of LH sneutrino NLSPs. The number of produced RH
sneutrino is the same as that of the original NLSP and
thus we get

Y NTP

˜N
= YNLSP , (16)

where YNLSP = nNLSP /s is the abundance of the LH
sneutrinos.

In our scenario, the two-body decay rate for ⌫̃ ! Ñ Z
is given by

�2�body
⌫̃ ' �(⌫̃ ! Ñ Z)

=
sin2 ⇥

32⇡

A2

⌫

m⌫̃
�3

f ,
(17)

with a kinematic factor

�2

f =
1

m4

x

[m4

x � 2(m2

˜N
+m2

y)m
2

x + (m2

˜N
�m2

y)
2], (18)

for the processes x ! Ñy. If the two-body decay is
knematically not allowed, the three-body decay mediated

by Z boson with the decay rate

�3�body
⌫̃ '

X

f

�(⌫̃ ! Ñ + f̄ + f)

' 0.3⇥ ↵2

em

sin2 ⇥m5

⌫̃

⇡m4

Z

g

✓
m

˜N

m⌫̃

◆
,

(19)

dominates. Here, ↵
em

is the fine structure constant,

g(x) = (1� x4)(1� 8x2 + x4)� 24x4 log x. (20)

is an auxiliary function, and f denotes all kinematically
allowed leptons and quarks. For 1�x ⌧1, the limit gives
g(x) ' 64(1�x)5/5. For the degenerate case, the lifetime
of a LH sneutrino from three-body decay is estimated as

⌧⌫̃ ' 103 sec

✓
300GeV

m
˜N

◆✓
0.1 eV

m⌫

◆
2

✓
0.1

�

◆
3

✓
1TeV

| cot�µ�A⇤|
◆

2

,

(21)

where � = (m⌫̃ � m
˜N )/m

˜N ⌧ 1 assumed. Due to the
small Yukawa couplings and degenerate masses, LH sneu-
trinos would decay late in the Universe after BBN, which
may disturb the abundance of the light elements or a↵ect
the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the

sum of TP and NTP of both Ñ and its antiparticles, Ñ⇤,

Y
˜N+

˜N⇤ = 2(Y TP
˜N

+ Y NTP
˜N

). (22)

In comparison with the critical density, the relic density
of RH sneutrinos is then given by

⌦
˜N+

˜N⇤ = 2.8⇥ 1010
⇣ m

˜N

100GeV

⌘
Y

˜N+

˜N⇤ . (23)

Then the abundance of DM is the sum of three genera-
tions of right-handed sneutrinos.

⌦DM =
X

i

⌦
˜Ni+

˜N⇤
i
. (24)

Note that the heavier RH sneutrinos may decay in the
present Universe and give signatures in the indirect de-
tection experiments [17].
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with gi being the degrees of freedom in the rest frame and

ḡ = 135
p
10/(2⇡3g

3/2
⇤ ). The decay modes which produce

RH sneutrinos are well summarized in Refs. [4, 5]. Note
that the abundance from decay, Y decay, is proportional
to �i/m

2

i in Eq. (15). Therefore, for the decay whose rate
is given as �i / mi, the resultant abundance by those is
suppressed for such heavy particles. This is the case for
neutralinos and charginos in our scenario.

Since we consider the temperature dependence of Higgs
VEV, the scattering or decay through mixing are sup-
pressed at high temperature much larger than vc.

B. Non-thermal production and relic density

The NTP of RH sneutrino is obtained from the decay
of LH sneutrino NLSPs. The number of produced RH
sneutrino is the same as that of the original NLSP and
thus we get

Y NTP

˜N
= YNLSP , (16)

where YNLSP = nNLSP /s is the abundance of the LH
sneutrinos.

In our scenario, the two-body decay rate for ⌫̃ ! Ñ Z
is given by

�2�body
⌫̃ ' �(⌫̃ ! Ñ Z)

=
sin2 ⇥

32⇡

A2

⌫

m⌫̃
�3

f ,
(17)

with a kinematic factor

�2

f =
1

m4

x

[m4

x � 2(m2

˜N
+m2

y)m
2

x + (m2

˜N
�m2

y)
2], (18)

for the processes x ! Ñy. If the two-body decay is
knematically not allowed, the three-body decay mediated

by Z boson with the decay rate

�3�body
⌫̃ '

X

f

�(⌫̃ ! Ñ + f̄ + f)

' 0.3⇥ ↵2

em

sin2 ⇥m5

⌫̃

⇡m4

Z

g

✓
m

˜N

m⌫̃

◆
,

(19)

dominates. Here, ↵
em

is the fine structure constant,

g(x) = (1� x4)(1� 8x2 + x4)� 24x4 log x. (20)

is an auxiliary function, and f denotes all kinematically
allowed leptons and quarks. For 1�x ⌧1, the limit gives
g(x) ' 64(1�x)5/5. For the degenerate case, the lifetime
of a LH sneutrino from three-body decay is estimated as

⌧⌫̃ ' 103 sec

✓
300GeV

m
˜N

◆✓
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m⌫

◆
2

✓
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�

◆
3

✓
1TeV

| cot�µ�A⇤|
◆

2

,

(21)

where � = (m⌫̃ � m
˜N )/m

˜N ⌧ 1 assumed. Due to the
small Yukawa couplings and degenerate masses, LH sneu-
trinos would decay late in the Universe after BBN, which
may disturb the abundance of the light elements or a↵ect
the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the

sum of TP and NTP of both Ñ and its antiparticles, Ñ⇤,

Y
˜N+

˜N⇤ = 2(Y TP
˜N

+ Y NTP
˜N

). (22)

In comparison with the critical density, the relic density
of RH sneutrinos is then given by

⌦
˜N+

˜N⇤ = 2.8⇥ 1010
⇣ m

˜N

100GeV

⌘
Y

˜N+

˜N⇤ . (23)

Then the abundance of DM is the sum of three genera-
tions of right-handed sneutrinos.

⌦DM =
X

i

⌦
˜Ni+

˜N⇤
i
. (24)

Note that the heavier RH sneutrinos may decay in the
present Universe and give signatures in the indirect de-
tection experiments [17].

2

II. MODEL

We consider the extension of the minimal supersym-
metric standard model (MSSM) by adding three singlet
superfields, ⌫cR, for RH neutrinos with a superpotential
in the lepton and Higgs sector;

W 3 yeL ·Hd E
c
R + y⌫L ·Hu ⌫

c
R + µHu ·Hd +H.c., (1)

where Hu = (H+

u , H0

u), Hd = (H0

d , H
�
d ) are up-type and

down-type Higgs doublet, L = (⌫L, lL) is a LH lepton
doublet, Ec

R is a RH charged lepton and µ in the third
term is the SUSY invariant Higgsino mass. Here, we
omitted the generation indices.

After the electroweak symmetry breaking, the neutri-
nos acquire masses with the small Yukawa couplings as

y⌫ sin� ' 3.0⇥ 10�13

✓
m2

⌫

2.8⇥ 10�3 eV2

◆
1/2

, (2)

with the vacuum expectation value (VEV) of Higgs
field hHui = v

0

/
p
2 sin�, v

0

' 246GeV and tan� =
hHui/hHdi. In our evaluation of the RH sneutrino pro-
duction, we take the temperature dependence of Higgs
VEV into account, following Refs. [5], as

v = v(T ) = v
0

p
1� T 2/T 2

c for T < Tc, (3)

with Tc = 147GeV according to the SM-like Higgs bo-
son mass mh ' 126GeV. For T > Tc, the Higgs VEV
vanishes.

The F-term potential includes

VF 3 ��y⌫ ⌫̃L⌫̃⇤R � µH0

d

��2 +
���y⌫ l̃L⌫̃⇤R + µH�

d

���
2

. (4)

Soft SUSY breaking terms for leptons and Higgs fields
are given by

V
soft

=m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

˜L
|L̃|2 +m2

⌫̃R
|⌫̃R|2

+ (ylAlL̃ ·HdẼR + y⌫A⌫L̃ ·Hu⌫̃
⇤
R �BµHu ·Hd

+H.c.). (5)

The soft trilinear coupling A⌫-term in Eq. (5) and the
first term in Eq. (4) together generate mixing between
LH and RH sneutrinos. The mixing angle ⇥ is given by

tan 2⇥(T ) ' 2m⌫(T )| cot�µ�A⇤
⌫ |

m2

⌫̃(T )�m2

˜N

. (6)

Here, ⌫̃ and Ñ denote the mass eigenstates of almost LH
and RH sneutrinos, respectively. Due to small mixing of
sneutrinos, in the most cases except e.g., the production
in the early Universe as we will show, the LH and RH
sneutrinos themselves can be practically regarded as their
mass eigenstates with eigenvalues,

m2

⌫̃ ' m2

˜L
+

m2

Z

2
cos 2�, m2

˜N
' m2

⌫̃R
, (7)

Interaction Coupling

�0
a⌫Ñ

⇤
h
�y⌫Na3 + e sin⇥p

2swcw
(swNa1 � cwNa2)

i
PL

��
a l

�Ñ⇤
h
y⌫Za2 � e

sw
Za1 sin⇥

i
PL

⌫̃Ñ⇤Zµ
�ie

2swcw
(p� k)µ sin⇥

l̃�Ñ⇤W+
µ �i ep

2sw
(p� k)µ sin⇥

⌫̃h0Ñ⇤ �y⌫
1p
2
(A⌫ cos↵+ µ sin↵)

⌫̃H0Ñ⇤ �y⌫
1p
2
(A⌫ sin↵� µ cos↵)

⌫̃A0Ñ⇤ iy⌫
1p
2
(A⌫ sin� � µ cos�)

l̃�H+Ñ⇤ y⌫(A⌫ cos� + µ sin�)

TABLE I: The interactions of RH sneutrinos. Here sw =
sin ✓W and cw = cos ✓W where ✓W is the Weinberg mixing
angle. The neutralino mass eigenstates are given by a linear
combination of the bino B̃, the neutral wino W̃ 0

3 and two neu-
tral Higgsinos H̃0

u and H̃0
d , �̃a = Na1B̃ +Na2W̃ 0

3 +Na3H̃
0
u +

Na4H̃
0
d . Zab is the mixing matrix for chargino mass eigen-

states, �̃�
a = Za1W̃

� + Za2H̃
�
u . The light and heavy Higgs

mass eigenstates are h0 = � sin↵
p
2Re(H0

d)+cos↵
p
2Re(H0

u)
and H0 = cos↵

p
2Re(H0

d) + sin↵
p
2Re(H0

u) with tan 2↵ =

tan 2�
⇣

m2
A+M2

Z
m2

A�M2
Z

⌘
, and H+ = sin�(H�

d )⇤ + cos�H+
u and

A0 = cos�
p
2Im(H0

d)� sin�
p
2Im(H0

u).

where the second term in m2

⌫̃ comes from the D-term
contribution. In the followings, we use a dimensionless
parameter a⌫ = A⌫/m˜L to parameterize A⌫ .
The relevant interactions for the production of RH

sneutrinos are the Yukawa interactions in Eq. (1), the
corresponding trilinear couplings in Eq. (5), cross terms
involving the µ-term in Eq. (4), and the resultant mixing
between LH and RH in Eq. (6). Even though these inter-
actions are very weak, they are important and must be
kept for the production of RH sneutrinos, since they are
the dominant interactions of RH sneutrinos with the SM
sector. In the case of degenerate masses between LH and
RH sneutrinos, the mixing can be the dominant source
among them. In Tab. I, we summarize the interactions
of RH sneutrnios with other MSSM particles.

III. THERMAL AND NON-THERMAL
PRODUCTION

Cosmic microwave background (CMB) anisotropy and
the large scale structure formation requires that the relic
density of dark matter at present is [15]

⌦
DM

h2 = 0.1188± 0.0010. (8)

Dark matter should have been produced in the early Uni-
verse. The early Universe was dominated by hot thermal
particles that maintains thermal equilibrium through in-
teractions in the expanding Universe. However, the very
weakly interacting particles can not be in equilibrium in
a given Hubble time. The coupling of RH sneutrinos
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with gi being the degrees of freedom in the rest frame and

ḡ = 135
p
10/(2⇡3g

3/2
⇤ ). The decay modes which produce

RH sneutrinos are well summarized in Refs. [4, 5]. Note
that the abundance from decay, Y decay, is proportional
to �i/m

2

i in Eq. (15). Therefore, for the decay whose rate
is given as �i / mi, the resultant abundance by those is
suppressed for such heavy particles. This is the case for
neutralinos and charginos in our scenario.

Since we consider the temperature dependence of Higgs
VEV, the scattering or decay through mixing are sup-
pressed at high temperature much larger than vc.

B. Non-thermal production and relic density

The NTP of RH sneutrino is obtained from the decay
of LH sneutrino NLSPs. The number of produced RH
sneutrino is the same as that of the original NLSP and
thus we get

Y NTP

˜N
= YNLSP , (16)

where YNLSP = nNLSP /s is the abundance of the LH
sneutrinos.

In our scenario, the two-body decay rate for ⌫̃ ! Ñ Z
is given by

�2�body
⌫̃ ' �(⌫̃ ! Ñ Z)

=
sin2 ⇥

32⇡

A2

⌫

m⌫̃
�3

f ,
(17)

with a kinematic factor

�2

f =
1

m4

x

[m4

x � 2(m2

˜N
+m2

y)m
2

x + (m2

˜N
�m2

y)
2], (18)

for the processes x ! Ñy. If the two-body decay is
knematically not allowed, the three-body decay mediated

by Z boson with the decay rate

�3�body
⌫̃ '

X

f

�(⌫̃ ! Ñ + f̄ + f)

' 0.3⇥ ↵2

em

sin2 ⇥m5

⌫̃

⇡m4

Z

g

✓
m

˜N

m⌫̃

◆
,

(19)

dominates. Here, ↵
em

is the fine structure constant,

g(x) = (1� x4)(1� 8x2 + x4)� 24x4 log x. (20)

is an auxiliary function, and f denotes all kinematically
allowed leptons and quarks. For 1�x ⌧1, the limit gives
g(x) ' 64(1�x)5/5. For the degenerate case, the lifetime
of a LH sneutrino from three-body decay is estimated as

⌧⌫̃ ' 103 sec

✓
300GeV

m
˜N

◆✓
0.1 eV

m⌫

◆
2

✓
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�

◆
3

✓
1TeV

| cot�µ�A⇤|
◆

2

,

(21)

where � = (m⌫̃ � m
˜N )/m

˜N ⌧ 1 assumed. Due to the
small Yukawa couplings and degenerate masses, LH sneu-
trinos would decay late in the Universe after BBN, which
may disturb the abundance of the light elements or a↵ect
the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the

sum of TP and NTP of both Ñ and its antiparticles, Ñ⇤,

Y
˜N+

˜N⇤ = 2(Y TP
˜N

+ Y NTP
˜N

). (22)

In comparison with the critical density, the relic density
of RH sneutrinos is then given by

⌦
˜N+

˜N⇤ = 2.8⇥ 1010
⇣ m

˜N

100GeV

⌘
Y

˜N+

˜N⇤ . (23)

Then the abundance of DM is the sum of three genera-
tions of right-handed sneutrinos.

⌦DM =
X

i

⌦
˜Ni+

˜N⇤
i
. (24)

Note that the heavier RH sneutrinos may decay in the
present Universe and give signatures in the indirect de-
tection experiments [17].
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with gi being the degrees of freedom in the rest frame and

ḡ = 135
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3/2
⇤ ). The decay modes which produce

RH sneutrinos are well summarized in Refs. [4, 5]. Note
that the abundance from decay, Y decay, is proportional
to �i/m

2

i in Eq. (15). Therefore, for the decay whose rate
is given as �i / mi, the resultant abundance by those is
suppressed for such heavy particles. This is the case for
neutralinos and charginos in our scenario.

Since we consider the temperature dependence of Higgs
VEV, the scattering or decay through mixing are sup-
pressed at high temperature much larger than vc.

B. Non-thermal production and relic density

The NTP of RH sneutrino is obtained from the decay
of LH sneutrino NLSPs. The number of produced RH
sneutrino is the same as that of the original NLSP and
thus we get

Y NTP

˜N
= YNLSP , (16)

where YNLSP = nNLSP /s is the abundance of the LH
sneutrinos.

In our scenario, the two-body decay rate for ⌫̃ ! Ñ Z
is given by
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for the processes x ! Ñy. If the two-body decay is
knematically not allowed, the three-body decay mediated
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dominates. Here, ↵
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is the fine structure constant,

g(x) = (1� x4)(1� 8x2 + x4)� 24x4 log x. (20)

is an auxiliary function, and f denotes all kinematically
allowed leptons and quarks. For 1�x ⌧1, the limit gives
g(x) ' 64(1�x)5/5. For the degenerate case, the lifetime
of a LH sneutrino from three-body decay is estimated as
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where � = (m⌫̃ � m
˜N )/m

˜N ⌧ 1 assumed. Due to the
small Yukawa couplings and degenerate masses, LH sneu-
trinos would decay late in the Universe after BBN, which
may disturb the abundance of the light elements or a↵ect
the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the

sum of TP and NTP of both Ñ and its antiparticles, Ñ⇤,

Y
˜N+

˜N⇤ = 2(Y TP
˜N

+ Y NTP
˜N

). (22)

In comparison with the critical density, the relic density
of RH sneutrinos is then given by

⌦
˜N+

˜N⇤ = 2.8⇥ 1010
⇣ m
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100GeV

⌘
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˜N+

˜N⇤ . (23)

Then the abundance of DM is the sum of three genera-
tions of right-handed sneutrinos.

⌦DM =
X

i

⌦
˜Ni+

˜N⇤
i
. (24)

Note that the heavier RH sneutrinos may decay in the
present Universe and give signatures in the indirect de-
tection experiments [17].

LH sneutrino decay to RH sneutrino after freeze-out

For three-body decay (when 2-body is disallowed),
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FIG. 1: The abundance of RH sneutrinos from thermal production (scattering + decay) with mÑ = 300 GeV (Left) and the
total abundance including nonthermal production with breakdown of contribution for a⌫ = 6 (Right). Three lines in the left
panel correspond to di↵erent values of a⌫ = 1, 6, 10 from bottom to top.
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⇤ ). The decay modes which produce

RH sneutrinos are well summarized in Refs. [4, 5]. Note
that the abundance from decay, Y decay, is proportional
to �i/m
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i in Eq. (15). Therefore, for the decay whose rate
is given as �i / mi, the resultant abundance by those is
suppressed for such heavy particles. This is the case for
neutralinos and charginos in our scenario.

Since we consider the temperature dependence of Higgs
VEV, the scattering or decay through mixing are sup-
pressed at high temperature much larger than vc.
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sneutrino is the same as that of the original NLSP and
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˜N )/m

˜N ⌧ 1 assumed. Due to the
small Yukawa couplings and degenerate masses, LH sneu-
trinos would decay late in the Universe after BBN, which
may disturb the abundance of the light elements or a↵ect
the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the
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Note that the heavier RH sneutrinos may decay in the
present Universe and give signatures in the indirect de-
tection experiments [17].
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is an auxiliary function, and f denotes all kinematically
allowed leptons and quarks. For 1�x ⌧1, the limit gives
g(x) ' 64(1�x)5/5. For the degenerate case, the lifetime
of a LH sneutrino from three-body decay is estimated as
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where � = (m⌫̃ � m
˜N )/m

˜N ⌧ 1 assumed. Due to the
small Yukawa couplings and degenerate masses, LH sneu-
trinos would decay late in the Universe after BBN, which
may disturb the abundance of the light elements or a↵ect
the CMB anisotropy. We will examine this issue later.
The total relic abundance of RH sneutrinos is then the

sum of TP and NTP of both Ñ and its antiparticles, Ñ⇤,

Y
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In comparison with the critical density, the relic density
of RH sneutrinos is then given by
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Then the abundance of DM is the sum of three genera-
tions of right-handed sneutrinos.
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Note that the heavier RH sneutrinos may decay in the
present Universe and give signatures in the indirect de-
tection experiments [17].
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Constraints from Big Bang Nucleosynthesis
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FIG. 2: The BBN constraint on lifetime vs yield plane for mÑ = 300 GeV. The BBN disallowed region has grey shading.
The lines represents the relation between EvisY⌫ which is determined by the NLSP freeze out and the lifetime for di↵erent a⌫ .
In this plot, we vary m⌫̃ for a range 301.3 GeV  m⌫̃  500 GeV. The solid and dashed lines stand for the two-body and
three-body decay, respectively.

IV. PRODUCTION OF RIGHT HANDED
SNEUTRINOS IN THE EARLY UNIVERSE

We consider that the LH sleptons and RH sneutrinos
are light and degenerate with mass around 100 GeV and
all other SUSY particles are heavy between 1 TeV and
5 TeV to be consistent with LHC bounds. We note, for
information, the typical mass spectrum we use are as
follows; the mass of the lightest neutralino is about 1
TeV, those of squarks are about 2 TeV to be consistent
with mh ' 126 GeV and the gluino mass is about 5
TeV. In this case, the thermal production from decay
can be sub-dominant and the production from scatterings
become dominant sources for producing RH sneutrinos.

In the previous studies, the scattering processes have
been neglected since they are considered to be subdom-
inant and cannot produce enough RH snuetrinos. It is
true when we consider only single scattering mode. How-
ever as we can see in Tab. II we find that there are more
than 300 scattering modes which can contribute to the
production and the total contribution is not negligible
anymore. In our calculation, the abundance is computed
by using the code micrOMEGAs5.0 [18].

In Fig. 1, we show the relic density of RH sneutrinos
vs LH sneutrino mass for m

˜N = 300GeV. In the left
panel, we show the thermal production from both ther-
mal scatterings and thermal decays for di↵erent trilinear
couplings a⌫ = 1, 5, and 10 for comparison. In the right
panel, the total relic density of RH sneutrinos and con-
tributions from thermal scattering, thermal decay and
non-thermal production are shown respectively. Here we
take a⌫ = 5.

For a smaller LH sneutrino mass, m⌫̃ . 370GeV, the
thermal scattering dominates the contribution to the relic
density of RH sneutrinos, and non-thermal production
becomes the leading contribution for heavier LH sneu-
trino mass. The thermal decay is comparable or sub-

dominant.

V. COSMOLOGICAL AND ASTROPHYSICAL
IMPLICATIONS

A. Constraints from BBN

Due to the small mixing and degeneracy, a LH sneu-
trino decay to a RH sneutrino after BBN, around 1 sec to
1010 sec as in Eq. (21). The decay products of LH sneutri-
nos contains the electromagnetic and/or hadronic parti-
cles, and they can change the abundance of light elements
or a↵ect the distribution of CMB. To avoid these prob-
lems, the abundance of LH sneutrinos are constrained
depending on its lifetime. According to Ref. [19, 20], the
product of visible energy produced from decay and the
abundance is constrained by

EvisY⌫̃ < 10�13 � 10�14 GeV, (25)

for ⌧ = 103 sec�1010 sec. Considering Evis ' (m2

⌫̃ �
m2

˜N
)/2m⌫̃ ' 10GeV, the abundance is constrained by

Y⌫̃ . 10�12 � 10�15.
In Fig. 2, we show the constraint from BBN on EvisY⌫̃

for di↵erent lifetime (grey region is disallowed) and the
prediction in our model for a⌫ = 1, 5, 10 (blue, red, brown
lines respectively). We find that for a⌫ = 1, it is al-
most disfavored. For a⌫ = 5, two-body decay may avoid
the BBN constraint. For a⌫ = 10, two-body decay and
also small region of three-body decay might be available
where the lifetime is short enough as ⌧ . 100 sec.
The heavier RH neutrinos may decay at present Uni-

verse with the lifetime around 1030 sec with charged lep-
ton pairs. This may be detected in the cosmic rays
searches [5].
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most disfavored. For a⌫ = 5, two-body decay may avoid
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1 Introduction
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The axino is the supersymmetric particle of axion, which is introduced to explain the strong
CP problem in the standard model. When R-parity is imposed, the lightest supersymmetric
particle (LSP) is stable and can be a good candidate for dark matter if it has a relic density
required by the cosmological and astrophysical observations. The recent Planck 2018 [1]
result is

⌦
CDM

h2 = 0.120± 0.001. (2)

At low energy, the e↵ective interaction of axion is given by the coupling to gluons and
suppressed by the Peccei-Quinn scale fa. The astrophysical and cosmological consideration
constrains fa as

1010 GeV . fa . 1012 GeV, (3)

though the upper bound may be relaxed depending on the energy scale of inflation. Since
axino is the superpartner of the axion, the interaction of axino, gluon and gluino is also
suppressed by the same scale fa. Because of this large suppression of the interaction, the
freeze-out of axino from the thermal plasma happens at high scale around Tf ⇠ 1011 GeV
and makes the abundance of axino sensitive to the early Universe dynamics.

One of the important variable is the reheating temperature T
reh

, which is defined roughly
the beginning of the radiation-dominated (RD) era after early matter domination (eMD).
For example, after inflation, the oscillations of inflaton dominate the energy density of the
Universe and makes the early matter domination. Finally when the expansion rate of the
Universe, H, similar to the decay rate of inflaton ��, H ⇠ ��, all the inflatons decay and
the transition from eMD to RD happens.

When the reheating temperature is su�ciently high to satisfy T
reh

> Tf , the axinos
could be in the thermal equilibrium and decoupled when it is still relativistic. In this case,
the axino with mass around keV can play as warm dark matter [46].

When the reheating temperature is lower than the axino freeze-out temperature, T
reh

<
Tf , the axinos could not be in the thermal equilibrium while just a small amount could
be produced from thermal particles, which is called E-WIMP, super-WIMP or FIMP in
the Literature. In this case, the abundance of axino depends on the reheating temperature
and/or the heaviest mass of particles which participate in the scattering or decay to produce
axino [5].

The other possibility is to produce axino non-thermally. The heavier particles freeze-out
first at higher temperature and decay later producing axino. For heavy axinos around GeV,

1
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Summary

• Production of RH sneutrino dark matter

• Neutrino mass and dark matter
: pure Dirac-type neutrino mass and RH sneutrino as dark matter

: thermal (decay+ scattering) + non-thermal

• For light slepton, sneutrino and heavy SUSY spectrum

: thermal scatterings of RH sneutrino DM can be important
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