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CMB Anisotropy

T (θ, ϕ) = Σaml Y
m
l (θ, ϕ)

Tl =
[
l(l+1)

2π

] 1
2
< |aml |2 >

1
2

Ωm = 0.32 ΩΛ = 0.8 ΩR = 0
ΩBaryon = 0.05 h = 0.7 m = −1.8
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Baryon asymmetry

Ω = ρ
ρcritical ρcritical = 8 × 10−10Kgm−1s−2

ρb = Ωbρcritical ΩB = 0.05

⇒ ρB = 4 × 10−11Kgm−1s−2

Baryon number density
Non-zero baryon content: nB = nb − nb̄ nB = ρB

mpc2 = 0.03m−3

Also for, TCMB = 2.726K

Photon number density nγ = 4 × 108m−3

Asymmetry Parameter

η = nB
nγ

= 10−10
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Dark matter

Total matter content, 32 %

Baryonic (visible) matter, 5 %
Darkmatter, 27 %

Standard way of quoting the darkmatter relic density:
ΩDMh2 = 0.27 × 0.6652 = 0.1195.

H = h 100 (km/s)/Mpc Hubble constant

Assuming that the DM is a new elementary particle.
To get the right value of ΩDMh2 = 0.1195.
The following possibility can be considered.

WIMP, and FIMP
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A specific model

Additional particles,
All SU(2)Lsinglets Fields Spin Y Z2

S+ 0 +2 +
N1, N2,N3

1
2 0 +

χ+ 1
2 +2 −

ψ 1
2 0 −

Lm = LSM

+ (DµS)
†DµS + χ̄ ıγµDµχ+ ψ̄ ıγµ∂µψ +

∑
i

N̄i ıγ
µ∂µNi

− mχχ̄χ−mψψ̄ψ −
∑
ij

mNijN̄iNj

− (y1χ̄Sψ +
∑
ij

y2ijN̄iSlj +
∑
ij

YNij L̄i ϕ̃Nj + h.c)

− (µ2
SS

†S + λ(S†S)2 + λ1S
†Sϕ†ϕ),

mχ,mψ,mNij

y1, y2ij ,YNij
, µ2

s , λ, λ1
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A specific model

mNij
= mNi

δij(
0 1√

2
vYN

1√
2
vY T

N mN

)

mN = diag(mN1 ,mN2 ,mN3)

(mν = Y T
N m−1

N YNv
2)

m2
S = µ2

S + λ1v2

2
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FERMIONIC FIMP DARK MATTER FREEZE IN VIA TWO BODY DECAY OF χ

FREEZE IN VIA TWO BODY DECAY OF χ
y1χ̄Sψ

mχ > mS +mψ

mχ, mS :150-1000 GeV
χ+

S+

ψ
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FERMIONIC FIMP DARK MATTER FREEZE IN VIA FOUR BODY DECAY OF χ

FREEZE IN VIA FOUR BODY DECAY OF χ

mχ < mS +mψ

χ→ ψS∗ → ψN∗ℓ→ ψℓνϕ,

χ

ψ

ℓ

ϕ

ν
S∗

N∗
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LEPTOGENESIS

t

t

Sakharov condition
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LEPTOGENESIS CP ASYMMETRY

Generating lepton number asymmetry in the
standard set up

t

ϕ

ℓl

Nj

Vertex correction

Ni

ϕ

ℓl

Nj

ϕ

ℓk

t

Self-energy correction

Ni

ϕ

ℓl

Nj

ϕ

ℓk

ϵ1 =
Γ(N1→Lϕ)−Γ(N1→L̄ϕ̄)

Γ(N1→Lϕ)+Γ(N1→L̄ϕ̄)
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LEPTOGENESIS CP ASYMMETRY

Generating lepton number asymmetry in the new
set up

t

S

ℓl

Nj

Vertex-correction

Ni

S

ℓl

Nj

S

ℓk

t

Self-energy correction

Ni

S

ℓl

Nj

S

ℓk

ϵ2 =
Γ(N1→ℓS)−Γ(N1→ℓ̄S̄)

Γ(N1→ℓS)+Γ(N1→ℓ̄S̄)
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LEPTOGENESIS CP ASYMMETRY

t ϵ1 = ϵsϕ + ϵvϕ

ϵ2 = ϵsS + ϵvS ,

Vertex contributions

ϵvϕ =
1

8πK11

∑
j=2,3

ℑ
(
K 2

1j

)
F

(
m2

Nj

m2
N1

)
,

ϵvS =
1

8πκ11

∑
j=2,3

ℑ
(
κ2
j1

)
F

(
m2

Nj

m2
N1

)
,

t

Self-energy contributions

ϵsϕ =
1

8πK11

∑
j=2,3

[
mN1

m2
N1

−m2
Nj

ℑ
(
mNj

K 2
1j +mN1 κ1jK1j +mNj

κj1K1j
)]

,

ϵsS =
1

8πκ11

∑
j=2,3

[
mN1

m2
N1

−m2
Nj

ℑ
(
mNj

κ2
j1 +mN1 K1jκj1 +mNj

Kj1κj1
)]

,

F(x) =
√
x
[
1 + (1 + x) ln x

1+x

]
,

κij =
(
y †
2y2

)
ij
,
Kij =

(
Y †
NYN

)
ij
,
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LEPTOGENESIS Boltzmann equations

Decays: N1 → ϕL, N1 → ϕ̄L̄, N1 → Sℓ, N1 → S̄ ℓ̄;
Inverse decays: ϕL → N1, ϕ̄L̄ → N1, Sℓ→ N1, S̄ ℓ̄→ N1;

Scattering processes:
∆L = 1 s-channel processes: ℓN1 → dū, ℓ̄N1 → d̄u;
∆L = 1 t-channel processes: N1u → d ℓ̄, N1ū → d̄ℓ,

N1d → uℓ, N1d̄ → ūℓ̄;
standard ∆L = 1 processes involving gauge boson A: N1ϕ→ AL,

N1A → ϕL;
new ∆L = 1 processes involving S : N1ℓ→ Sϕ, N1ℓ̄→ S̄ ϕ̄;

new ∆L = 1 processes involving χ, ψ: N1ℓ→ χψ, N1ℓ̄→ χ̄ψ̄.
Standard ∆L = 2 processes: ℓℓ→ ϕ̄ϕ̄, ϕℓ→ ϕ̄ℓ̄;

New ∆L = 2 processes: Sℓ→ S̄ ℓ̄, ϕℓ→ ℓ̄S̄ , ϕ̄ℓ̄→ ℓS .
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LEPTOGENESIS Boltzmann equations

Boltzmann equations and the solution

t

dYN1

dz
= D(−YN1 + Y eq

N1
) ,

dYL

dz
=

(
ϵ1ΓD1 + ϵ2ΓD2

Hsz Y eq
N1

) (
YN1 − Y eq

N1

)
− S YL ,

t

Solution B.E.

YN1 = e−
∫
Ddz

(∫
Y eq
N1

D e
∫
Ddzdz ′ + const.

)
,

YL = ϵ1ζ1 + ϵ2ζ2 ,

Where

ζi = e−
∫
Sdz

{∫ ΓDi

Hsz Y eq
N1

[
e−

∫
Ddz

(∫
Y eq
N1

D e
∫
Ddz dz

)
- Yeq

N1
+ const.e

∫
Sdzdz + const
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Numerical Analysis

t R =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1



t

K12 ∼ mN3m3

v 2 sin θ23 cos θ13 sin θ13 e−iδCP

K13 ∼ mN3m3

v 2 cos θ23 cos θ13 sin θ13 e−iδCP ,

K11 ∼ mN3m3

v 2 sin2 θ13
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Numerical Analysis Comparison

t
YB-L

S 0

YB-L
0

YB-L
S

YB-L
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t η S 0

η 0

η S

η

η Exp
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mN1

T

η κ11 κ12

0.018 (2 + .055 ι)× 10−3

mN1 = 10TeV
mN2 = 103TeV
mN3 = 105TeV
mχ = 200GeV
mψ = 60GeV
mS = 175GeV
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