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Motivation

Discovery of ν Oscillations

Massiveness of ν’s
In general Seesaw mechanism:
Right-handed neutrino mass at GUT scale → NOT testable at LHC

mν ∼
(mD

ν )2

MR
≤ 1

Majorana mass

Dirac mass

So
Electroweak scale Majorana masses of Right-handed Neutrinos (EWNR/
EWνR) possible (?)
Within SM group SU(3)c x SU(2)L x U(1)Y (?)

possible! [PQ, PLB 649 (2007)]
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 uL
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lL =

(
νL
eL

)
, eR lM

R =

(
νR
eM

R

)
, eM

L

Majorana
LM = gM

(
lM,T
R σ2

)(
ı̇ τ2 χ̃

)
lM
R + h.c.

MR = gMvM

< χ0 >= vM ∼ ΛEW

χ̃ =


1√
2
χ+ χ++

χ0 − 1√
2
χ+



Dirac
LS = gslLLφSLM

R + h.c.

mD
ν = gSlvS

< φS >= vS << vM

mν ≤ 1eV ⇒ vS ∼ 105−6eV

Z width
⇒ MR > MZ / 2
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ΛEW ∼ 246 GeV ΛGUT ∼ 1016 GeV

Energy scale
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ρ =
M2

W
M2

Zcosθ2
W

= 1 ⇒

add ξ (3, Y /2 = 0)

Tree level
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ρ =
M2

W
M2

Zcosθ2
W

= 1 ⇒ add ξ (3, Y /2 = 0)
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Fermions

SM Fermions EWνR Mirror Fermions

SM Fields SU(2)W U(1)Y Additional Fields SU(2)W U(1)Y

LLi =

(
νL

eL

)
i

2 −1 LM
Ri =

(
νR

eM
R

)
i

2 −1

QLi =

(
uL

dL

)
i

2 (1/3) QM
Ri =

(
uM

R

dM
R

)
i

2 (1/3)

eRi 1 −2 eM
Li 1 −2

uRi 1 (4/3) uM
Li 1 (4/3)

dRi 1 −(2/3) dM
Li 1 −(2/3)

Scalars

Field SU(2)W U(1)Y VEV

χ 3 2 vM

ξ 3 0 vM

Φ 2 −1 v2/
√

2

φS 1 0 vS
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χ =

 χ0 ξ+ χ++

χ− ξ0 χ+

χ−− ξ− χ0?

 Φ =

(
φ0? φ+

φ− φ0

)

V (Φ, χ) = λ1(TrΦ†Φ− v2
2 )2 + λ2(Trχ†χ− 3v2

M)2

+ λ3(TrΦ†Φ− v2
2 + Trχ†χ− 3v2

M)2

+ λ4(TrΦ†ΦTrχ†χ− 2TrΦ†T i ΦT j · Trχ†T iχT j)

+ λ5(3Trχ†χχ†χ)− (Trχ†χ)2.

To make sure it is positive semidefinite the following conditions are imposed:
λ1 + λ2 + 2λ3 > 0, λ1λ2 + λ1λ3 + λ2λ3 > 0, λ4 > 0, λ5 > 0.
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φ0 ≡
1
√

2
(v2 + φ0r + ı̇φ0ı̇), χ0 ≡ vM +

1
√

2
(χ0r + ı̇χ0ı̇),

v =
√

v2
2 + 8v2

M ≈ 246GeV

cos(θH ) = cH ≡ v2/v sin(θH ) = sH ≡ 2
√

2vM/v

SU(2)L × SU(2)R

SU(2)D

H++
5 = χ++, H+

5 =
1√
2

(χ+ − ξ+), H0
5 =

1√
6
(
2ξ0 −

√
2χ0r) ,

H+
3 =

cH√
2

(χ+ + ξ+)− sHφ
+, H0

3 = ı̇
(
cHχ

0ı̇ + sHφ
0ı̇) ,

H0
1 = φ0r , H0′

1 =
1√
3
(√

2χ0r + ξ0) ,
G±3 = cHφ

± +
sH√

2
(χ± + ξ±), G0

3 = ı̇(−cHφ
0ı̇ + sHχ

0ı̇)

with H−−5 = (H++
5 )?, H−5 = −(H+

5 )?,H−3 = −(H+
3 )? and H0

3 = −(H0
3 )?
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Only doublet φ; 0+

doublet φ & triplet χ; 0−
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Electroweak Constraints
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Oblique Parameters

S , T , U
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Oblique Parameters

[Peskin, Takeuchi, PRD 46, 1992]
αS ≡ 4e2[Π′33(0)− Π′3Q(0)]

αT ≡ e2

s2
W c2

W M2
Z

[Π11(0)− Π33(0)]

αU ≡ 4e2[Π′11(0)− Π′33(0)].
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Oblique Parameters

S → Difference between Z self-energy at q2 = M2
Z and at q2 = 0

T →∼
(

1− ρ
)

; Difference between isospin currents Π11 and Π33 at q2 = 0

U → Difference between W and Z self-energies at q2 = M2
Z and at q2 = 0
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Why Oblique Parameters?

Chiral Fermion doublet generally has positive contribution to S

Very important to check whether the S̃scalar cancels S̃Fermion

Although T̃ can be made small by having degenerate multiplets, it will be
useful to see whether

|Multiplet Mass splitting| ↑ ⇒ |Contribution| ↑
T̃scalar negative enough to cancel positive T̃Fermion
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EWNR Contributions to Oblique Parameters

α̂

4̂s2
W ĉ2

W

S̃ =
1

M2
Z

[
ΠZZ (M2

Z ) −

(
ĉ2

W − ŝ2
W

ĉ2
W ŝ2

W

)
ΠZγ (M2

Z ) − Πγγ (M2
Z )

]EW νR

−
1

M2
Z
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ΠZZ (M2

Z ) −

(
ĉ2

W − ŝ2
W

ĉ2
W ŝ2

W

)
ΠZγ (M2

Z ) − Πγγ (M2
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α̂T̃ =
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M2
W
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Π11(0) − Π33(0)
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W

− ĉ2
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ΠZZ (M2
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M2
Z

− 2̂sW ĉW
ΠZγ (M2

Z )

M2
Z

− ŝ2
W

Πγγ (M2
Z )

M2
Z

]SM
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Types of contributing loops (one loop)

W±, Z, γ

Si

Sj W±, Z, γ

W±, Z, γ

Si

W±, Z, γ

W±, Z, γ

W±, Z, γ

Si

W±, Z, γ

W±, Z, γ

(fM
L,R)i

(fM
L,R)j

W±, Z, γ
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Examples of NP Scalar loops

Lkin =
1
2Tr

[
(DµΦ)† (DµΦ)

]
+

1
2Tr

[
(Dµχ)† (Dµχ)

]
+ |∂µφS |2 (1)

W+

H++
5

H+
3

W+

2c2HB22(q
2; m2

5++ , m2
3+)

Z

H0
3

H0
1

Z

s2H
c2W

B22(q
2; m2

30 , m
2
10)

Z

H++
5

W− Z

−2s2HM2
WB0(q

2; M2
W , m2

5++)

Z

H++
5

γ

−4
sW
cW

c2WA0(m
2
5++)
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S̃scalar = SEWνR
scalar − SSM

scalar

=
1

M2
Zπ

{
4
3

s2
H

[
B22(M2

Z ; M2
Z ,m

2
50 )−M2

Z B0(M2
Z ; M2

Z ,m
2
50 )
]

+ 2 s2
H

[
B22(M2

Z ; M2
Z ,m

2
5+ )

− M2
W B0(M2

Z ; M2
Z ,m

2
5+ )
]

+ c2
H

[
B22(M2

Z ; M2
Z ,m

2
10 )−M2

Z B0(M2
Z ; M2

Z ,m
2
10 )
]

+
8
3

s2
H

[
B22(M2

Z ; M2
Z ,m

2
10′ )−M2

Z B0(M2
Z ; M2

Z ,m
2
10′ )
]

+
4
3

c2
H B22(M2

Z ; m2
50 ,m

2
30 )

+2 c2
H B22(M2

Z ; m2
5+ ,m2

3+ ) + s2
H B22(M2

Z ; m2
30 ,m

2
10 ) +

8
3

c2
H B22(M2

Z ; m2
30 ,m

2
10′ )

− 4 B22(M2
Z ; m2

5++ ,m2
5++ )− B22(M2

Z ; m2
5+ ,m2

5+ )− B22(M2
Z ; m2

3+ ,m2
3+ )

−
[

B22(M2
Z ; M2

Z ,m
2
H )−M2

Z B0(M2
Z ; M2

Z ,m
2
H )
]}
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T̃scalar = T EWνR
scalar − T SM

scalar

=
1

4πs2
W M2

W

{
1
2
F(m2

5++ ,m2
50 ) +

3
4
F(m2

5+ ,m2
50 ) +

1
4
F(m2

3+ ,m2
30 ) +

c2
H
2
F(m2

5++ ,m2
3+ )

+
c2

H
4
F(m2

5+ ,m2
30 ) +

c2
H

12
F(m2

50 ,m
2
3+ )−

c2
H
2
F(m2

5+
,m2

3+ )−
c2

H
3
F(m2

50 ,m
2
30 )

+
s2

H
4

[
F(m2

3+ ,m2
10 )− F(m2

30 ,m
2
10 )
]

+
2
3

c2
H

[
F(m2

3+ ,m2
10′ )− F(m2

30 ,m
2
10′ )
]

+
s2

H
2
F(M2

W ,m
2
5++ )−

s2
H
4
F(M2

W ,m
2
5+ )−

s2
H
4
F(M2

W ,m
2
50 )

+ M2
W s2

H B0(0; M2
W ,m

2
50 ) + M2

W s2
H B0(0; M2

W ,m
2
5+ )−M2

W s2
H B0(0; M2

W ,m
2
5++ )

}
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Z

uM
R

uM
R

Z

= −
4

c2
W

(TuM
3 − s2

W QuM )2
[

(
q2

6
−

m2
uM

2
)∆

−q2B2(q2 ; m2
uM , m2

uM ) + m2
uM B1(q2 ; m2

uM , m2
uM )

]

Z

uL

uL

Z

= −
4

c2
W

(Tu
3 − s2

W Qu )2
[

(
q2

6
−

m2
u

2
)∆

−q2B2(q2 ; m2
u , m2

u ) + m2
uB1(q2 ; m2

u , m2
u )

]

Z

uM
R uM

L

uM
R uM

L

Z

= −
2

c2
W

m2
uM (TuM

3 − s2
W QuM )s2

W QuM

×
[

∆ − 2B1(q2 ; m2
uM , m2

uM )

]

Z

uL uR

uL uR

Z

= −
2

c2
W

m2
u (Tu

3 − s2
W Qu )s2

W Qu
[

∆ − 2B1(q2 ; m2
u , m2

u )

]
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S̃lepton = SEWνR
lepton − SSM

lepton

=
(NC )lepton

6π

3∑
i=1

{
− 2 Ylepton xνR i + 2

(
−4

Ylepton

2
+ 3
)

xeM i − Ylepton ln
( xνR i

xeM i

)

+
(

1− xνR i
) Ylepton

2
G(xνR i ) +

[(
3
2
−

Ylepton

2

)
xeM i −

Ylepton

2

]
G(xeM i )

}

T̃lepton = T EWνR
lepton − T SM

lepton

=
(NC )lepton

8πs2
W c2

W

3∑
i=1

F (xνR i , xeM i ),
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S̃quark = SEWνR
quark − SSM

quark

=
(NC )quark

6π

3∑
i=1

{
2
(

4
Yquark

2
+ 3
)

xuM i + 2
(
−4

Yquark

2
+ 3
)

xdM i − Yquark ln
( xuM i

xdM i

)

+

[(
3
2

+ Yquark

)
xuM i +

Yquark

2

]
G(xuM i ) +

[(
3
2
− Yquark

)
xdM i −

Yquark

2

]
G(xdM i )

}

T̃quark = T EWνR
quark − T SM

quark

=
(NC )quark

8πs2
W c2

W

3∑
i=1

F (xuM i , xdM i )
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S̃quark = SEWνR
quark − SSM

quark
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(NC )quark

6π

3∑
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(

4
Yquark
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)
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3
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)
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Yquark

2

]
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}

T̃quark = T EWνR
quark − T SM

quark

=
(NC )quark

8πs2
W c2

W

3∑
i=1

F (xuM i , xdM i )

= 3 ⇒ Large Contribution

Always positive

=
m2

uM i
M2

Z
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Experimental Constraints on S̃, T̃

At SM mH = 125GeV [PDG, 2012 and work of Tim Tait] (1σ)

S̃ = 0.02± 0.14

T̃ = 0.06± 0.14
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Summary so far

We have a model with Electroweak-scale Right-handed Neutrino
(EWνR/EWNR) with Majorana mass

Scale like 1016GeV not required

Theoretically predicts
Mirror Fermion sector with opposite chirality to SM Fermions

BSM Higgs sector with doubly charged Higgs

BSM contributions to the oblique parameters
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Stay tuned for next talk!
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To forbid left-handed ν’s from getting large Majorana mass (terms like
gLlT

L σ2τ2χ̃lL) and lT
L σ2τ2χ̃lM

R )
U(1)M symmetry,

(lM
R , eM

L ) → e ı̇θM (lM
R , eM

L ),

χ̃ → e−2ı̇θM χ̃,

φS → e−ı̇θMφS

Terms like qLqM
R , uRuM

R , dRdM
R also don’t occur
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SM Fermions Yukawa couplings:

L = −hijΨLi ΦΨRj + h.c.

Feynman Rules [PQ, Aranda, Hernández-Sánchez, JHEP11, 2008]

gH0
1 qq = −ı̇ mqg

2MW cH
....(q = t, b)

gH0
3 tt = ı̇

mtgsH
2MW cH

gH0
3 bb = −ı̇ mbgsH

2MW cH

gH0
3−tb = ı̇

gsH
2MW cH

(mt(1 + γ5)−mb(1 + γ5))

Similar couplings for SM leptons and mirror quarks.
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Mirror Fermions’ kinetic Lagrangian

(LF M )int

=
g√
2

[(
uMi

R γµdM
Ri + ν i

R γµeM
Ri
)

W +
µ +

(
dM i

R γµuM
R i + eM i

R γµνM
R i

)
W−
µ

]

+
g

cW

 ∑
f M = uM ,dM ,νM ,eM

(
T f M

3 − s2
W Qf M

)
f M i

R γµf M
R i

+
∑

f M = uM ,dM ,eM

s2
W Qf M f M i

L γµf M
L i

Zµ

+ e
∑

f M = uM ,dM ,eM

Qf M

(
f M i

R γµf M
R i − f M i

L γµf M
L i

)
Aµ
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