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Standard Model of Particles

We know that in SM:mν = 0

In our work we consider the Type I Seesaw model to generate the light neutrino
masses.(NR)

−Lν ∼ (Yν)as L̄a Φ̃ νRs +
1

2
(MR)ss′ ν̄Rs ν

c
Rs′ +H.c. . (1)
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After EWSB, the full neutrino mass matrix can be written as:

Mtree
ν =

(
0 MD

MT
D MR

)
(2)

Tree-level neutrino mass matrix as defined as:

Mtree
light = −MDM

−1
R MT

D . (3)
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The complete neutrino mass matrix: M full
ν = Mtree

ν + δMν

δMν =

(
δML δMD

δMT
D δMR

)
(4)
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(δMZ
L )aa′ =

1

8π2
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h,s,s′

(Y ∗
ν )asUsh Mh
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M2

h

M2
Z

− 1

)−1

ln
M2

h

M2
Z

Us′h (Y
∗
ν )a′s′

(δMH0+G0

L )aa′ =
1

32π2
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ν )as Ush Mh[(
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h
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H

− 1

)−1

ln
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H

−
(
M2

h

M2
Z

− 1

)−1

ln
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Z
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∗
ν )a′s′
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M full
ν = Mtree

ν +
(
δMZ

L + δMH0+G0

L

)
−

(
δMG−

D M−1
R MT

D +MD M−1
R δMG− T

D

)

Ua4 = i (UPMNS)a1

√
m1

M4
(5)

Ua5 = z56 Za

√
m3

M5
cosh γ56 e

i z56 ρ56 (6)

Ua6 = i Za

√
m3

M6
cosh γ56 e

i z56 ρ56 (7)

Za = (UPMNS)a3 + i z56

√
m2

m3
(UPMNS)a2 (8)
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(δML)aa′ =
1

2

∑
h,s,s′

(Y ∗
ν )as Ush (Y

∗
ν )a′s′ Us′h f (Mh)

≈ m3

v 2
SM

Z∗
a Z

∗
a′ [M5 f (M5)−M6 f (M6)] cosh

2 γ56 e
−2iz56ρ56

where we have defined the loop function:

f (M) =
M

16π2

[
3

(
M2

M2
Z

− 1

)−1

ln
M2

M2
Z

+

(
M2

M2
H

− 1

)−1

ln
M2

M2
H

]
(9)

We find that this expression is reasonably accurate for γ56 ≳ 4.
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Figure 1: M6=100 GeV(Right)
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M5= 50 GeV M5= 1 TeV
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Figure 2: M6=100 MeV(Left) and M5=100 MeV(Right)
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Figure 3: M6=100 MeV (Left) and M6=100 GeV (Right)

(PUCP) December 2, 2021 10 / 23



Ua4 ≈ −z46 c45 Za

√
m3

M4
cosh γ46 cosh γ56 e

i(z46 ρ46+z56 ρ56) (10)

Ua5 ≈ z46 s45 Za

√
m3

M5
cosh γ46 cosh γ56 e

i(z46 ρ46+z56 ρ56) (11)

Ua6 ≈ i Za

√
m3

M6
cosh γ46 cosh γ56 e i(z46 ρ46+z56 ρ56) (12)

This approximation leads to the following loop correction for δML, valid for γ46 = γ56 ≳ 4:

(δML)aa′ ≈ m3

v 2
SM

Z∗
a Z

∗
a′

[
c245M4 f (M4) + s245M5 f (M5)−M6 f (M6)

]
cosh2 γ46 cosh

2 γ56 e
−2i(z46ρ46+z56ρ56)
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Figure 4: M6=2500 GeV (Right)
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2HDM

− L ⊃ −(Ye)aa L̄a · Hd eRa + (Yν)as L̄a · Hu νRs +H.c. (13)

We parametrize the scalar doublets and their vevs following:

Hu =

(
ϕ+
u

1√
2
(vu + ηu + i ωu)

)
, Hd =

( 1√
2
(vd + ηd + i ωd)

ϕ−
d

)
, (14)
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(δML)aa′ ≈ m3

v 2
SM sin2 β

Z∗
a Z

∗
a′ [M5 g(M5, MA, tanβ)−

M6 g(M6, MA, tanβ)] cosh
2 γ56 e

−2iz56ρ56
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One Loop Contributions in SUSY

W = WMSSM + (Y ∗
ν )as L̂a · Ĥu ν̂

c
Rs +

1

2
(MR)ss′ ν̂

c
Rs ν̂

c
Rs′ (15)

In addition, the following soft SUSY-breaking terms are allowed:

V soft = V soft
MSSM + (m2

ν̃R )ss′ ν̃
c ∗
Rs ν̃c

Rs′ +(
1

2
(Bν̃)ss′ ν̃

c
Rs ν̃

c
Rs′ + (T ∗

ν )as L̃a · Hu ν̃
c
Rs +H.c.

)
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Lmass
ν̃ = LLNC

ν̃ + LLNV
ν̃

− LLNC
ν̃ = ν̃∗

La

(
(m2

L̃)aa′ +
v 2
u

2
(Yν)as(Y

∗
ν )a′s +

1

2
m2

Z cos 2β δaa′

)
ν̃La′

+ν̃c
Rs

(
(m2

ν̃)s′s +
v 2
u

2
(Y ∗

ν )as(Yν)as′ + (MR)ss′′(M
∗
R)s′′s′

)
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(
vu√
2
(T ∗

ν )as −
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2
µ∗(Y ∗

ν )as

)
ν̃La

+ν̃∗
La

(
vu√
2
(Tν)as −

vd√
2
µ(Yν)as

)
ν̃c ∗
Rs

− LLNV
ν̃ = ν̃c

Rs

(
1

2
(Bν)ss′

)
ν̃c
Rs′ + ν̃∗

La

(
vu√
2
(Yν)as′(MR)s′s

)
ν̃c
Rs

+ν̃La

(
vu√
2
(Y ∗

ν )as′(M
∗
R)s′s

)
ν̃c ∗
Rs

�

F

S1

S2 S3
...

Sn−1 SnV1 V2

∆1 ∆2 ∆3 ∆n−2 ∆n−1

1
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Thanks
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Backup

U =

(
Uaℓ Uah

Usℓ Ush

)
. (16)

Uaℓ = UPMNS H , Uah = i UPMNS H m̂
1/2
ℓ R†M̂

−1/2
h ,

Usℓ = i W̄ H̄M̂
−1/2
h R m̂

1/2
ℓ , Ush = W̄ H̄ , (17)

H =
(
I + m̂

1/2
ℓ R† M̂−1

h R m̂
1/2
ℓ

)−1/2

(18)

H̄ =
(
I + M̂

−1/2
h R m̂ℓ R

† M̂
−1/2
h

)−1/2

. (19)

R =

 c̃45 s̃45 0
−s̃45 c̃45 0
0 0 1

 c̃46 0 −s̃46
0 1 0
s̃46 0 c̃46

 1 0 0
0 c̃56 s̃56
0 −s̃56 c̃56

 . (20)

MD = −i U∗
PMNS H

∗m̂
1/2
ℓ

(
m̂ℓR

† + RT M̂h

)
M̂

−1/2
h H̄ (21)

MR = H̄∗
(
M̂h − M̂

−1/2
h R∗ m̂2

ℓ R
†M̂

−1/2
h

)
H̄ . (22)
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(δML)aa′ =
∑
(i,j)

U∗
ai (BL)ijU

∗
a′j (23)

(δMD)as =
∑
(i,j)

U∗
ai (BL)ijU

∗
sj (24)

(δMR)ss′ =
∑
(i,j)

U∗
si (BL)ijU

∗
s′j (25)

∑
r

U∗
ar mr U

∗
a′r = 0 U∗

aℓ mℓ =
∑
s

(mD)as Usℓ U∗
ah Mh =

∑
s

(mD)as Ush (26)
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