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Standard Model of Elementary Particles

Figure:
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Motivation

Figure:
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Field Content

Particles Spin SU(3)C SU(2)L U(1)Y U(1)′

ℓe 1/2 1 2 -1/2 0
ℓµ 1/2 1 2 -1/2 +x
ℓτ 1/2 1 2 -1/2 −x
H 0 1 2 +1/2 0
Ne 1/2 1 1 0 − x

2
Nµ 1/2 1 1 0 + x

2
Nτ 1/2 1 1 0 − x

2
Nρ 1/2 1 1 0 + x

2
ηµ 0 1 2 +1/2 + x

2
ητ 0 1 2 +1/2 − x

2
S 0 1 1 0 +x
σ 0 1 1 0 + x

2
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Scalar Potential

V (H, ηµ.ητ , σ) =− µ2
H |H|2 + µ2

ητ,µ |ητ,µ|2 − µ2
S |S |2 − µ2

σ|σ|2 + λ1|H|4 + λ2|η|4 + λ3|S |4

+ λ′
3|σ|4 + λSσ|S |2|σ|2 + λ12|H|2|ητ,µ|2 + λ′

12|H†ητ,µ|2 + λ13|H|2|S |2

+ λ′
13|H|2|σ|2 + λ23|ητ,µ|2|S |2 + λ′

23|ητ,µ|2|σ|2 +
λ5

2

(
H†ηµH

†ητ + h.c
)

+ µSσ

(
S(σ∗)2 + h.c

)
+ µHητσ

(
H†ητσ + h.c

)
+ µHηµσ

(
H†ηµσ

∗ + h.c
)

+ λHηµSσ

(
H†ηµS

∗σ + h.c
)
+ λητHSσ

(
η†τHS

∗σ + h.c
)

+ ληµητS

(
ηµη

†
τS

∗ + ητη
†
µS
)
+

λ5

2

(
H†ηµH

†ητ + h.c
)

+ µSσ

(
S(σ∗)2 + h.c

)
+ µHητσ

(
H†ητσ + h.c

)
+ µHηµσ

(
H†ηµσ

∗ + h.c
)

+ λHηµSσ

(
H†ηµS

∗σ + h.c
)
+ λητHSσ

(
η†τHS

∗σ + h.c
)

+ ληµητS

(
ηµη

†
τS

∗ + ητη
†
µS
)
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Scalar Fields

H =

(
H+

1√
2
(v + h + iA)

)
,

ηµ,τ =

(
η+µ,τ

1√
2

(
ηRµ,τ + iηIµ,τ

)) ,

S =
1√
2

(
vS + sR + is I

)
σ =

1√
2

(
vσ + σR + iσI

)
. . (1)
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Scalar Fields that acquire VEV

The mass matrix for scalars that acquire VEV:

m2
h =

(
−µ2

H + 1
2λ13v

2
s − 3λ1v2

2 λ13vvs
λ13vvs −µ2

s +
3
2λ3v

2
s + λ13v2

2

)

that is diagonalized by a unitary transformation ZHm
2
hZ

T
H = m2

h,diag, such that:(
h0
S0

)
= ZH

(
h1
h2

)
=

(
cos θ sin θ
− sin θ cos θ

)(
h1
h2

)
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Lagrangian for Right-Handed Neutrinos

− LN = Yee ℓ̄e η̃τNe + Yeµℓ̄e η̃µNµ + Yeτ ℓ̄e η̃τNτ

+ Yeρℓ̄e η̃µNρ + Yµµℓ̄µη̃τNµ + Yµρℓ̄µη̃τNρ

+ Yττ ℓ̄τ η̃µNτ + Yτe ℓ̄τ η̃µNe + Yτµℓ̄τ η̃τNµ

+ Yτρℓ̄τ η̃τNρ +
1

2
heeNc

eNeS +
1

2
hµµNc

µNµS
∗

+
1

2
hττNc

τNτS +
1

2
hρρNc

ρNρS
∗

+
1

2
heτ
(
Nc
eNτ + Nc

τNe

)
S +

1

2
hρµ

(
Nc
ρNµ + Nc

µNρ

)
S∗

+
1

2
Mρτ

(
Nc
ρNτ + Nc

τNρ

)
+

1

2
Meρ

(
Nc
eNρ + Nc

ρNe

)
+

1

2
Mµτ

(
Nc
µNτ + Nc

τNµ

)
+

1

2
Meµ

(
Nc
eNµ + Nc

µNe

)
+ h.c.
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Mass Matrix for Right-handed Neutrinos

The mass matrix MN :

MN =


hee

vS√
2

Meµ heτ
vS√
2

Meρ

Meµ hµµ
vS√
2

Mµτ hµρ
vS√
2

heτ
vS√
2

Mµτ hττ
vS√
2

Mρτ

Meρ hµρ
vS√
2

Mρτ hρρ
vS√
2
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Effective λ5 coupling I

ητ

H

ητ

H

σ

S
σ
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Effective λ5 coupling II

ηµ

H

ηµ

H

σ

S

σ
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Direct Detection

N1 N1

q q

S

H
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Dark Matter Relic Abundance

N1

N1

Z ′

l

l
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Dark Matter Relic Abundance II

N1

N1

Z ′

Z ′

N1

15 / 17



Dark Matter Relic Abundance III

N1

N1

h2

h2

N1
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Thank you!
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