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Experiments on solar neutrinos

Neutrinos born in Cosmic ray collisions and on earth

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.

m2
1 ≃ m2

2 ≃ ∆m2
atm ≫ m2

3

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 ≃

⎛

⎜

⎝

1 λ Aλ3(ρ − iη)
−λ 1 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞

⎟

⎠

— 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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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.

m2
1 ≃ m2

2 ≃ ∆m2
atm ≫ m2

3

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 ≃

⎛

⎜

⎝

1 λ Aλ3(ρ − iη)
−λ 1 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞

⎟

⎠

— 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.

0.25 eV   95%CL (Planck+other data)

0.2 eVKATRIN

• Introduction





In terms of the PMNS mixing matrix

A global fit yields
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Origin of the neutrino masses: Dirac or Majorana?

Dirac neutrino mass: Majorana neutrino mass:

 Neutrino oscillations measure m2 but they do not provide    
 information about the absolute neutrino spectrum and  
 cannot distinguish pure Dirac and Majorana neutrinos.



Origin of the neutrino masses: Dirac or Majorana?

Dirac neutrino mass:

☺the lepton number L is conserved

Majorana neutrino mass:

•the lepton number L is violated

Forbidden 
in the sm.

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

☞

 Neutrino oscillations measure m2 but they do not provide    
 information about the absolute neutrino spectrum and  
 cannot distinguish pure Dirac and Majorana neutrinos.



“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

u u
e e

  0νββ decay Majorana neutrino mass



“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

u u
e e

  0νββ decay Majorana neutrino mass?

The theorem does not state if the mechanism for 
0νββ from mν is the dominant one.

☞

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

Majorana : loop level 
1980
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● Ma model (with fermion singlet and  
additional scalar doublet).
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● Zee model (with charged scalar singlet 
   and additional scalar doublets).

● Zee-Babu model (with doubly and singly
   charged scalars).

● Other models:

Suppressed 0νββ 
in these models!

Majorana : loop level 

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

2013
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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 No νR added

C L Y

• Models with Majorana Neutrinos:
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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

Forbidden by some symmetry*

No νR added

C L Y

• Models with Majorana Neutrinos:



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

CS.Chen,CQG,PRD82,105004(2010)

LLT
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We will consider higher dimensional multiplets so that 
NO LL-like term is allowed in the Yukawa interactions.

Without Symmetry:
Chen,CQG,Huang,Tsai, PRD87,077702 (2013)

ξ(1,N,2) + Ψ (1,1,4) LLξ  if N>3➨

LLT

N>3 (=4, 5, 6, 7,…) is the quantum # under SU(2)L 
and Y=2 is the hypercharge with Qem=I3+Y/2
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*Symmetry: two Higgs doublets (Φ1 and Φ2) 
                        with Z2-symmetry or T-parity
T-parity:   Φ1 → Φ1 ;  Φ2→ -Φ2; T→ -T ; L→L

CS.Chen,CQG,PRD82,105004(2010)

We will consider higher dimensional multiplets so that 
NO LL-like term is allowed in the Yukawa interactions.

Without Symmetry:
Chen,CQG,Huang,Tsai, PRD87,077702 (2013)

ξ(1,N,2) + Ψ (1,1,4) LLξ  if N>3➨

LLT

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

Multi High Charged Scalars

Higgs            2 photon
enhance 

☞☝
1.6 times of excess at the LHC 

e.g. for N=5

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

N=5, 7, …, odd dimensions 



Constraints on the models:

➨

Two doubly charged scalars: and Ψ++
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Constraints on the models:

➨

Two doubly charged scalars: and Ψ++

or for N=5Mass eigenstates:



Current LHC limit:
200~400 GeV

The P1 state is well within the reach of the LHC;
P2 will be too heavy to be of interest to the LHC.



(i) ν mass generations: The neutrino masses are generated 
radiatively at two-loop level

• TeV Phenomenology:
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normal hierarchy:
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(ii) 0νββ decays:



(ii) 0νββ decays:



(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
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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 ≃

⎛

⎜

⎝

1 λ Aλ3(ρ − iη)
−λ 1 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞

⎟

⎠

— 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)

Black box theorem is irrelevant as 0νββ dominantly arises from the SD contribution☞



dimension-9
L violating O
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(iii) Other physics: Multi Charged Scalars
a. Lepton flavor physics:



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

b. Doubly charged scalars at the LHC:

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

WW fusion processes  similar to 0νββ decays 
+Drell-Yan Annihilation processes



c. Triply charged scalar decays:
ξ +++ ξ ++

W +

W +

W +

ξ +++ ξ ++

W +

X 

++Φ

c
Re

c
Re



d. Same-sign single dilepton signatures: 

 (a) In our model, the final state charged leptons are right- 
       handed. Hence, in principle, helicity measurements can be
       used to distinguish between our model and those whose
       doubly charged Higgs coupling only to left-handed leptons. 

(b) P1±± will directly produce spectacular lepton # violating
      signals from like-sign dileptons such as eµ, eτ and µτ. 

Remarks:

Chen, CQG, Zhuridov,
Eur.Phys.J.C60,119(2009)



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

ξ=(1, N, 2) with N=3, 5, ....

for N=5

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

e.g. 

Chen,CQG,Huang,Tsai, 
PRD87,077702 (2013);
PRD87,075019 (2013)

3

3

1/2 13

2
0 32

( ) | ( , ) ( , )
64 2

( 1) 1                    ( , ) |   ,  
2 2 2

c Z Z Z ZF Z H
f f f f f W W W

f

Z Zs
s s s s

I s

G mH Z N Q Q A Q A

vQ Q A I
m

αα
γ τ λ τ λ

π
µ

τ λ

Γ → = +

− −
+ − ≤ ≤

∑

∑
n n

The correlation among H→γγ and H→Zγ strongly depends on the
Gauge representation of charged scalars



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

• Summary
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♠ Majorana neutrino masses are generated radiatively at
    two-loop level with a normal neutrino mass hierarchy.

♦ The neutrinoless double beta (0νββ) decays can be sizable due
    to the tree exchange processes involving the doubly charged
    scalars (short-range), whereas the long-range contributions 
    from 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 
models from other neutrino models.

☞

♥ Rich TeV phenomenology for lepton flavor processes and
   the LHC physics due to the multi high charged scalars.

• Summary
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