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 These are possible only if neutrinos have 
masses and mix with each other.

☞

Neutrino Oscillations: 

New Physics beyond the standard model (BSM)

SNO, Super-Kamiokande, KamLAND ... 

• Introduction



Experiments on solar neutrinos

Neutrinos born in Cosmic ray collisions and on earth

The best bound to their absolute values of the masses comes from Cosmology

Normal hierarchy Inverse hierarchy

1

The smallness of this ratio is due to the fact that in our model,
mee is suppressed not only by a two-loop factor, it is also sup-
pressed by the electron mass factor (me/MW )2 coming from the
doubly charged scalar coupling.
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L̄LTLc
L

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

The observed neutrino masses would require Yν ≤ 10−13 −
10−12 (unnatural)

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model:
VCKM !
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— a unique phase

Where to look for direct T violating effects
in b system,

which are small in the SM and have less
hadronic uncertainty.
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Origin of the neutrino masses: Dirac or Majorana?

Dirac neutrino mass:

☺the lepton number L is conserved

Majorana neutrino mass:

Thus, it clearly does not conserve L

Forbidden 
in the sm.

The present limit  is given by
[H.V.Klapdor-Kleingrothaus]

☞

😛😛



“Black Box” theorem J. Schechter and J.W.F. Valle, Phys.Rev. D 25, 2951 (1982)

Any mechanism inducing the 0νββ decay produces an 
effective Majorana neutrino mass term, which must 
therefore contribute to this decay. 

dd
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e e

 the 0νββ decay Majorana neutrino mass?
The theorem does not state if the mechanism for 
mν from 0νββ is the dominant one;

☞
In some models, the dominant contributions to 
0νββ are generated without directly involving νM.

☞



In terms of the PMNS mixing matrix

A global fit yields
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In the SM:

    No Dirac mass term  (no right-handed neutrino).
    No Majorana mass term either  (νL is an SU(2) doublet). 

O=(λ0/MX)LΦLΦ
Effective Dim-5 operator:S. Weinberg, Phys. Rev. D22, 1694 (1980).

SSB

For λ0∼1, <Φ>∼100 GeV, MX∼MP   →   mν∼10-6 eV  (too small)

(Majorana)



BSM:

1

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model: VCKM "


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Aλ3(1 − ρ− iη) −Aλ2 1




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— a unique phase

Where to look for direct T violating effects in b system,
which are small in the SM and have less hadronic uncertainty.

T Violation in Λb → Λl+l− (l = e, µ)

• All particles: s = 1/2 ⇒ Many T-odd correlations
polarized e.g. %si · (%pj × %pk)

• To analyze the helicity structure of b → sl+l−

– different from those in B decays

• Br(Λb → Λl+l−) ∼ 2 × 10−6

Hadron machines Tevatron
LHC

(a) If the right handed neutrinos νR exist:

1

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

The observed neutrino masses would require Yν ≤ 10−13 − 10−12 (unnatural)

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model: VCKM $
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— a unique phase

Where to look for direct T violating effects in b system,
which are small in the SM and have less hadronic uncertainty.

T Violation in Λb → Λl+l− (l = e, µ)

• All particles: s = 1/2 ⇒ Many T-odd correlations
polarized e.g. %si · (%pj × %pk)

• To analyze the helicity structure of b → sl+l−

– different from those in B decays

• Br(Λb → Λl+l−) ∼ 2 × 10−6

Hadron machines Tevatron
LHC

(b) Majorana mass for νR:
Type-I see-saw mechanism:

(naturally small?+Majorana)

νR=(1,1,0)

?

(c) Without νR:
Majorana : tree level 

Minkowski 1977 Foot, Lew, He, Joshi 1989

= (1, 3, 2) scalar triplet

Type II seesaw
M⇥ =

⇧
2Y�⇤⇥⌅ = Y�

µ�v2

M2
�



● Zee model (with charged scalar singlet 
   and additional scalar doublets).

● Zee-Babu model (with doubly charged 
   scalar singlet).

● Other models:

No 0νββ in 
these models

Majorana : loop level 

● Ma model (with fermion singlet and  
additional scalar doublet).

2013

See also the talk
by Seto (3-loop?)



C.S.Chen+CQG+J.N.Ng,
PRD75,053004(07)

New scalars:  a triplet T (1,3,2) + a singlet Ψ (1,1,4)

L

L

L

L

L

New Yukawa term: lepton # for Ψ is 2

No Yukawa coupling for the triplet: LLT

Highly suppressed or  forbidden by some symmetry*

No νR added

C L Y

• Models with multi high charged scalars:



LLT

*For example: two Higgs doublets (Φ1 and Φ2) 
                         with Z2 discrete symmetry or T-parity
T-parity:   Φ1 → Φ1 ;  Φ2→ -Φ2; T→ -T ; L→L

No effects for other couplings

C.S.Chen,CQG,PRD82,105004(2010)

We will consider higher dimension multiplets so that 
no LL-like term is allowed in the Yukawa interaction

(Colorless scalars)



We replace s(T)=(1,1(3),2) by ξ=(1,N,2) 

N>3 (=4, 5, 6, 7,…) is the quantum # under SU(2)L 
and Y=2 is the hypercharge with Qem=I3+Y/2

The scalar potential reads    

No N=4, 6, 8, 10,…, even dimensions 
due to their antisymmetric products

Multi High Charged Scalars

Higgs            2 photon
enhance 

☞☝

C.S.Chen,CQG,D.Huang,H.H.Tsai, 
PRD87,077702 (2013)

1.6 times of excess at the LHC 

N=5, 7, …, odd dimensions 

e.g. for N=5



Constraints on the models:

➨

Two doubly charged scalars: and Ψ++

Mass eigenstates: or for N=5



(i) Neutrino masses: The neutrino masses are generated 
radiatively at two-loop level

normal hierarchy:

• Majorana neutrino mass generations:



(ii) 0νββ decays:

»
1

The smallness of this ratio is due to the fact that in our model,
mee is suppressed not only by a two-loop factor, it is also sup-
pressed by the electron mass factor (me/MW )2 coming from the
doubly charged scalar coupling.

L̄LTLc
L

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

The observed neutrino masses would require Yν ≤ 10−13 −
10−12 (unnatural)

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model:
VCKM $
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−λ 1 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1


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— a unique phase

Where to look for direct T violating effects
in b system,

which are small in the SM and have less
hadronic uncertainty.

T Violation in Λb → Λl+l− (l = e, µ)

No Black box theorem, 0νββ is from P-- tree diagram without νM.



(iii) Phenomenology: Multi Charged Scalars
a. Lepton flavor physics:

b. Doubly charged scalars at the LHC:

The WW fusion processes similar to 0νββ decays +
the Drell-Yan annihilation processes:

 

C.S.Chen+CQG+J.Ng+ J.Wu, JHEP0708, 22 (07)



c. Multi charged scalar contributions to H→ γγ and H→ Zγ :

ξ=(1, N, 2) with N=3, 5, ....

for N=5

C.S.Chen,CQG,D.Huang,H.H.Tsai, 
PRD87,077702 (2013)

I3=(-N+3)/2 to (N+1)/2

e.g. 



♠ Majorana neutrino masses are generated radiatively at
    two-loop level with a normal neutrino mass hierarchy.
♦ The neutrinoless double beta (0νββ) decays predominantly 
    arise from exchange processes involving the doubly charged 
    Higgs, whereas the long range contributions due to Majorana 
    neutrinos are negligible.

♥ Models with multi high charged scalars are proposed with 
   an SU(2)L multiplet and a doubly charged SU(2)L singlet.  

Future data on 0νββ decays and the 
LHC searches would distinguish our 
model from other neutrino models.

☞
♥ Rich physics for lepton flavor processes and unique signatures 
   at the LHC due to the multi high charged scalars.

The Black box theorem is irrelevant here, i.e., 0νββ decays 
originated from the Majorana neutrino mass term can be ignored.

• Summary




