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The Model
The breakthrough idea: νR ∈ SU(2) doublets. For one family,
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We call SU(2)W (W ≡Weak Interactions).
The gauge group GEWνR = SU(2)W × U(1)Y

Majorana mass comes from the bilinear lM,T
R σ2 lM

R 3 νT
R σ2 νR

(1 + 3,Y /2 = −1)
The suitable choice is a triplet Higgs χ̃(3,Y /2 = +1)

χ̃ = 1√
2
−→τ −→χ =


1√
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Neutrino Mass

< χ0 >= vM =⇒ MR = gMvM

Z width constraint ( 3 light neutrinos)
=⇒ MR > MZ/2 ∼ 46 GeV ⇒ vM ∼ O(ΛEW )
Dirac mass term comes from: lLlM

R (3 + 1,Y /2 = 0).
The simplest choice is a singlet scalar φS .

LS = gslLlφS lM
R + h.c. (1.1)

< φS >= vS =⇒ mD
ν = gSlvS

Seesaw: mν = (mD
ν )2

MR
< 0.23eV =⇒ gSlvS < O(105eV )
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Scalars

We need ξ(3, Y
2 = 0), < ξ0 >= vM to preserve ρ = M2

W
M2

Z cos2θW
= 1

at tree level

Besides, we also have one complex doublet:

φ =
(
φo? φ+

φ− φo

)
〈Φ〉 = 1√

2

(
v2 0
0 v2

)
The Georgi-Machacek potential have a global SU(2)L × SU(2)R .
After SSB, mW = gv

2 , v =
√

v2
2 + 8v2

M ≈ 246 GeV
Scalar spectrum consists:

1 A quintet: H0
5 , H±5 , H±±5

2 A triplet: H0
3 , H±3

3 Two singlets: H0
1 , H0′

1

VvH Pheno 2016
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A Minimal Extension of the EWνR model

Contributions of NP of EWνR Model to Oblique
Parameters S,T

Chiral doublets usually contribute positively to S. And it need to be
cancelled by a negative contribution from another sector

As shown in [PQH, PRD76: 085002 (2007)]:
"Correction to electroweak S parameter from scalar triplets,
generally, takes negative sign"
So we may expect some cancellation between the two sectors!!!
Define:

S̃ = SEW νR − SSM

Exp constraint : S̃ = 0.02± 0.14
T̃ = T EW νR − T SM

Exp constraint : T̃ = 0.06± 0.14

VvH Pheno 2016
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T̃ − S̃ under EW Precision Constraints
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The Original EWνR Model
Electroweak Precision Constraints

A Minimal Extension of the EWνR model

The EWνR Model and the 125 GeV Higgs Discovery

The 125 GeV Higgs boson candidate?

Neutral scalars
H0

5 = 1√
6
(
2ξ0 −

√
2χ0r) ; H0

3 = ı̇
(
cHχ

0ı̇ + sHφ
0ı̇)

H0
1 = φ0r , H0′

1 = 1√
3
(√

2χ0r + ξ0)
The main production channel of 125 GeV Higgs boson at the LHC:
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The Original EWνR Model
Electroweak Precision Constraints

A Minimal Extension of the EWνR model

A Candidate for 125 GeV Higgs Boson

χ, ξ do not couple to SM and mirror quarks ⇒ H0
5 , H0′

1 Out.

Couplings of the CP even (O+) H0
1 with fermions:

gH0
1 tt̄ = −ig

mt

2mW cosθH
; gH0

1 qM q̄M = −ig
mqM

2mW cosθH

mqM ∼ O(mt), the ratio of production cross section:

σ(gg → H0
1 )

σ(gg → HSM )
≈

|
∑

Q

F (τQ)|2

|F (τtop)|2
≈

72

cos2 θH
Huge Enhancement!!!

The CP-odd (O−) H0
3 couples to quarks as:

gH0
3 tt̄ = ig

mt tM

2mW
γ5; gH0

3 bb̄ = −ig
mbtM

2mW
γ5

gH0
3 uM ūM = ig

muM tM

2mW
γ5; gH0

3 dM d̄M = −ig
mdM tM

2mW
γ5

The ratio of the production cross section:
σ(gg → H0

3 )
σ(gg → HSM )

≈ tan2 θH ; tan2 θH = 1 is allowed

VvH Pheno 2016
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The Original EWνR Model
Electroweak Precision Constraints

A Minimal Extension of the EWνR model

A Minimal Extension

H0
3 is disfavored by the Spin-Parity analysis of ATLAS and CMS by

more than 3σ.
Need an Extension!!!

Keep the fermion and the gauge sectors the same
Add another complex doublet, Φ2M .
Introduce a new symmetry U(1)SM × U(1)MF . Under which

1 (Φ2, lL, qL) → e iαSM (Φ2, lL, qL)
2 (Φ2M , lM

R , qM
R ) → e iαMF (Φ2M , lM

R , qM
R )

3 φS → e−i(αMF−αSM )φS
4 All other fields are singlets under U(1)SM × U(1)MF

Φ2 only couples to the SM fermions, Φ2M only couples to the mirror
fermions

VvH Pheno 2016
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The Original EWνR Model
Electroweak Precision Constraints

A Minimal Extension of the EWνR model

The Extended Scalar Spectrum

Unders SU(2)D , the physical states are classified as:

1 A quintet: H0
5 ,H±5 ,H

±±
5

2 Two triplets: H0
3 ,H±3 , and H0

3M ,H±3M
3 Three singlets: H0

1 ,H0
1M ,Ho′

1

Two CP-even 0+ H0
1 ,H0

1M couple to the SM fermions and the Mirror
fermions, respectively:
gH0

1 fSM f̄SM
= −ig mfSM

2MW s2
; gH0

1M fMF f̄MF
= −ig mfMF

2MW s2M
Three CP-even states can mix: H̃

H̃ ′
H̃ ′′

 =

 a1,1 a1,1M a1,1′

a1M,1 a1M,1M a1M,1′

a1′,1 a1′,1M a1′,1′

  H0
1

H0
1M

H0′
1

 . (3.1)

H̃ = a1,1H0
1 + a1,1MH0

1M + a1,1′H0′
1 is the candidate for the 125

GeV Higgs boson.

VvH Pheno 2016
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The Original EWνR Model
Electroweak Precision Constraints

A Minimal Extension of the EWνR model

The Dual Nature of H̃

SMσ / σBest fit 
0 0.5 1 1.5 2 2.5

 = 125.7 GeVHm
CMS preliminary

 = 125.7 GeV0

1H
~m

 "Dr. Jekyll" Ex. 1RνEW
 = 125.8 GeV0

1H
~m

 "Mr. Hyde" Ex. 1RνEW

 = 125.7 GeV0

1H
~m

 "Dr. Jekyll" Ex. 2RνEW
 = 125.2 GeV0

1H
~m

 "Mr. Hyde" Ex. 2RνEW

 = 125.6 GeV0

1H
~m

 "Mr. Hyde" Ex. 3RνEW

 0.29± = 1.00 µCMS: 
 ZZ               →H 

 0.21± = 0.83 µCMS: 
            -W+ W→H 

 0.24± = 1.13 µCMS: 

   γγ →H 

 0.27± = 0.91 µCMS: 
   ττ →H 

 0.49± = 0.93 µCMS: 
               b b→H 

 WW / ZZ→ 
0
1H

~

f f → 
0
1H

~

γγ → 
0
1H

~

Dr .Jekyll ≡ SM-like H̃
Ex: H̃ = 0.99999 H0

1 − 0.003 H0
1M

−0.002 H0′
1

Mr .Hyde ≡ SM-unlike H̃
Ex: H̃ = 0.187 H0

1 + 0.115 H0
1M

+0.976 H0′
1

� CMS 1σ result
� EWνR "Dr. Jekyll" Ex. 1
� EWνR "Dr. Jekyll" Ex. 2
� EWνR "Mr. Hyde" Ex. 1
� EWνR "Mr. Hyde" Ex. 2
� EWνR "Mr. Hyde" Ex. 3
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The Original EWνR Model
Electroweak Precision Constraints

A Minimal Extension of the EWνR model

Conclusions

Seesaw mechanism is the most attractive way to explain a tiny mν

The EWνR model brings down the seesaw scale to the current high
energy colliders.
The EWνR model satisfies the electroweak precision measurements
The EWνR model with a minimal extension in the scalar sector can
accommodate the 125 GeV Higgs boson
The 125 GeV Higgs boson candidate has the dual nature: SM-like vs
SM-unlike
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Examples of Scalar Loops

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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UnconstrainedT̃ − S̃ of EWνR

Here, we want to have a clearer view on the scatter plots by including the 1 and 2 σ
experimental constraints. So, the T̃MF − S̃MF space is limited up to ±2

Again, it is obvious that contribution of mirror fermions to S̃ and T̃ go outside the allowed
region, even up to 2σ.
However, the negative contribution from scalar sectors can give a cancellation.

MFS
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M
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S
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Dependence of S̃MF on the Mass Spitting
If we want to have small value of S̃ then we need large mass splittings among mirror quark and
mirror lepton doublets
Here, X =

mũ

md̃
− 1, and Y =

mẽ

m
νR

e

− 1, md̃ = 160GeV , and m
νR

e
= 60GeV .
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Dependence of T̃MF on the Mass Spitting

So, we need non-degeneracy in fermion doublets to get an acceptable S̃!
Unfortunately, T̃ can be very positive:
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Dependence of S̃S on the Mass Spitting

Here X =
mH+

3
mHo

3

− 1,Y =
mH+

5
mHo

5

− 1, mH++
5

= 200GeV , sin θH = 0.1 on the left, and sin

θH = 0.89 on the right
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Dependence of S̃S on the Mass Spitting
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The Dependence of T̃ and S̃ on sin θH under the
Constraints

We see that the EWνR model is consistent with electroweak precision data for the entire range of
sin θH
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Relation between mass splitting between scalar quintet and
mirror fermion sectors at 1 σ constraint
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Relation between mass splitting between scalar triplet and
mirror fermion sectors at 1 σ constraint
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Additional Materials

Dr .Jekyll Ex2

Fixed parameters: λ1 = 0.0329, λ2 = 14.2, λ3 = 15.4, λ4 = 0.0056, λ5 =
15, λ8 = −1, mH+

5
= 590 GeV, mH++

5
= 600 GeV

Mass Mixing Matrix:(
H̃
H̃′

H̃′′

)
=

( 0.99999... −2.49× 10−3 −1.60× 10−3

2.49× 10−3 0.99999... −5.30× 10−4

1.60× 10−3 5.26× 10−4 0.99999..

)( H0
1

H0
1M

H0′
1

)
.

(4.1)

Mass Eigenstates: m
H̃

= 125.7 GeV, m
H̃′

= 420 GeV, m
H̃′′

= 599 GeV.
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Additional Materials

Dr .Jekyll Ex2

SM EWνR µΓH→gg Γ BR ΓH̃→gg Γ BR
∝ σgg→H ∝ σgg→H

H̃ →W +W− 3.55E-04 9.42E-04 2.26E-01 3.46E-04 7.63E-04 1.72E-01 0.74
H̃ → ZZ 3.55E-04 1.17E-04 2.81E-02 3.46E-04 9.49E-05 2.13E-02 0.74
H̃ → bb̄ 3.55E-04 2.36E-03 5.66E-01 3.46E-04 2.79E-03 6.26E-01 1.07
H̃ → τ τ̄ 3.55E-04 2.59E-04 6.21E-02 3.46E-04 3.06E-04 6.87E-02 1.07
H̃ → γγ 3.55E-04 9.51E-06 2.28E-03 3.46E-04 1.26E-05 2.82E-03 1.21
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Additional Materials

Mr .Hyde Ex3

Fixed parameters: s2 = 0.401, s2M = 0.900, sM = 0.151,
λ1 = 4.76, λ2 = 3.41, λ3 = 7.71, λ4 = −1.29, λ5 = 4, λ8 = −1

Mass Mixing Matrix:(
H̃
H̃′

H̃′′

)
=

(
0.187 0.115 0.976
0.922 0.321 −0.215
0.338 −0.940 0.046

)( H0
1

H0
1M

H0′
1

)
, (4.2)

Mass eigenstates: m
H̃

= 125.6 GeV, m
H̃′

= 454 GeV, m
H̃′′

= 959 GeV
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Additional Materials

Mr .Hyde Ex3

SM EWνR
µ

ΓH→gg Γ BR ΓH̃→gg Γ BR

∝ σgg→H ∝ σgg→H

H̃ →W +W− 3.54E-04 9.30E-04 2.24E-01 5.75E-04 1.64E-04 1.23E-01 0.89

H̃ → ZZ 3.54E-04 1.16E-04 2.79E-02 5.75E-04 2.04E-05 1.53E-02 0.89

H̃ → bb̄ 3.54E-04 2.35E-03 5.67E-01 5.75E-04 5.07E-04 3.79E-01 1.06

H̃ → τ τ̄ 3.54E-04 2.58E-04 6.22E-02 5.75E-04 5.42E-05 4.06E-02 1.06

H̃ → γγ 3.54E-04 9.46E-06 2.28E-03 5.75E-04 2.04E-06 1.53E-03 1.09
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Additional Materials

Special signal of H0
3

H0
3 →WW is strongly suppressed.

Consider two-stage decay process: H0
3 → l̄M lM → l̄φS lφ∗S , which

mimics : H →W +W− → l̄νlν.
Here, φS is invisible, and considered as EMiss

T .

Γ
(
H0

3 → l̄M lM) = 1
32πg2

lM s2
HmH0

3

√
1−

4m2
lM

mW

In analogy to previous comparisions, we define a ratio of signal
strength:
µ = σ(gg→H0

3 )Br(H0
3→l̄M lM)Br(lM→lφS)

σ(gg→Hsm)Br(H→W +W−)Br(W→lν)
Br
(
lM → lφS

)
= 1. While Br (W → lν) = 0.108
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