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Neutrino oscillations measure m? 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: Majorana neutrino mass:

Lp=—-mpVrvgr+ h.c. Ly =—mpmr®r + hee.




Neutrino oscillations measure m? 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: Majorana neutrino mass:

Lp=—-mpTULvg+ h.c. LvM=—mpmr®ry +he & vev

©the lepton number L is conserved ~ ° the lepton number L is violated
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Nuclear OvBB-decay
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“Black Box” theorem| - Schechter and J.W.F. Valle, Phys.Rev. D 25, 2951 (1982)

" “Any mechanism inducing the OvBB decay produces
an effective Majorana neutrino mass term, which must
therefore contribute to this decay.”

Ovf3B decay Majorana neutrino mass



“Black Box” theorem

J. Schechter and J.W.F. Valle, Phys.Rev. D 25, 2951 (1982)

" “Any mechanism inducing the OvBB decay produces
an effective Majorana neutrino mass term, which must
therefore contribute to this decay.”

OvB decay ?

Majorana neutrino mass

The theorem does not state if the mechanism for
OvBp from my is the dominant one.

In some models, the dominant contributions to
OvpBp are generated without directly involving vm.
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In the SM: SU@) @ SU2) & U(1)
Lo = (Var o) 12.-1)
B (1:1;2}
Q. = (ug,d,)T (3,2,1/3)
Ua (3,1,—4/3)
da (3,1,2/3)
o (1,2,1)

Table 1: Matter and scalar multiplets of the Standard Model (SM)

e A SU(2) doublet fundamental scalar

Higgs field is employed to give masses by ( OhO) ey
to BOTH the SU(2) x U(1) gauge S
bosons and fermions.
0 v eV
e Higgs fermion interaction ve (Vel 7[) (ﬁ\%") eg + h.c. — y:_.@ ge + y—ﬁéeho

e Fermion mass ms = % and ffH coupling is proportional to fermion mass




In the SM: SU@) ® SU(2) ® U(1)
L. = (U, )T 1.2.-1)
a (1,1,2)
Qo = (e, da)" (3,2,1/3)
Ua (3,1,—4/3)
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Table 1: Matter and scalar multiplets of the Standard Model (SM)

e A SU(2) doublet fundamental scalar

Higgs field is employed to give masses by ( OhO) ey
to BOTH the SU(2) x U(1) gauge )
bosons and fermions.
0 v eV
e Higgs fermion interaction ve (Vel 7[) (ﬁ\%") eg + h.c. — y:_.@ ge + y—ﬁéeho

e Fermion mass ms = % and ffH coupling is proportional to fermion mass

@ What about neutrinos?

@ Do they get their masses like other fermions?



I n the S M iy SU(3) ® SU(2) @ U(1)
L, = (Va, la)" (1,2,-1)
2 (1;1;2)
Qa = (Uq,d,)" (3,2,1/3)
g (3,1,—4/3)
dq (3,1,2/3)
D (1,2.1)

Table 1: Matter and scalar multiplets of the Standard Model (SM)

e A SU(2) doublet fundamental scalar

Higgs field is employed to give masses by ( OhO) ey
to BOTH the SU(2) x U(1) gauge )
bosons and fermions.
0 v eV
e Higgs fermion interaction ve (Vel 7[) (t\%") eg + h.c. — y;i ge + y—ﬁ@eho

@ Fermion mass ms = % and ffH coupling is proportional to fermion mass

@ What about neutrinos?

@ Do they get their masses like other fermions?

B No Dirac mass term (no right-handed neutrino).

B No Majorana mass term either (vris an SU(2) doublet).




In the SM: SU(3) ® SU(2) ® U(1)
L, = (v,,1,)* (1,2, —1)
e (1,1,2)
Q, = (u,,d,)* (3:2:1/3)
us (3,1,—4/3)
ds (3,1,2/3)
D (1,2.1)

Table 1: Matter and scalar multiplets of the Standard Model (SM)

B No Dirac mass term (no right-handed neutrino).

B No Majorana mass term either (vrpi1s an SU(2) doublet).

S. Weinberg, Phys. Rev. D22, 1694 (1980).
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Dimension five operator responsible for neutrino mass

Effective Dim-5 operator:

O=(A/Mx)LOLD



I n the SM . SU3)® SU(2)® U(1)
L, = (v,, 1) (1,2, —1)
e (1,1,2)
Q, = (u,,d,)* (3.2:1/3)
us (3,1,—4/3)
de (3.1.2/3)
D (1,2,1)

Table 1: Matter and scalar multiplets of the Standard Model (SM)

B No Dirac mass term (no right-handed neutrino).

B No Majorana mass term either (vrpi1s an SU(2) doublet).

S. Weinberg, Phys. Rev. D22, 1694 (1980). Effective Dim-5 Operator:
O=(Ao/Mx)LOLD
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(Majorana)

Dimension five operator responsible for neutrino mass

For ho~1, <®d>~100 GeV, Mx~Mp — my~10°eV (too small)



BSM: (a) If the right handed neutrinos vr exist: vg=(1,1,0)
Ly = Y, LOvgp+hec = m) =Y, <d>

The observed neutrino masses would require Y, < 1071 — 10712 unnatur@




BSM: (a) If the right handed neutrinos vr exist: vg=(1,1,0)
Ly = Y, LOvgp+hc = md =Y, <d>

The observed neutrino masses would require Y, < 1071 — 10712 unnatur@

(b) Majorana mass for vr: A LC 'ug + hee.

Type-1 see-saw mechanism:| 4 _ _ ,m:[r) 1 f§1'77'?p
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(naturally small?+Majorana)




BSM: (a) If the right handed neutrinos vr exist: vg=(1,1,0)
Ly = Y, LOvgp+hc = md =Y, <d>
The observed neutrino masses would require Y, < 10713 — 10712 @natura)

(b) Majorana mass for vr: A LC lug + hee.

Type-1 see-saw mechanism:| 4 _ _ -m{) 'UEI'mD
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(naturally small?+Majorana)

(¢) Without vr:
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Type II seesaw 2
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1980
o Zee model (with charged scalar singlet N’

and additional scalar doublets).
IT‘f'20911;+ + Z I__)‘;,;frH.i.

i=1.2

¢ Majorana : loop level i)



¢ Majorana : loop level
e Zee model (with charged scalar singlet

and additional scalar doublets).

lemiaghﬂ’ + Z l__)‘;,-,frH,-‘.
2006 i=1,2
e Ma model (with fermion singlet and
additional scalar doublet).




¢ Majorana : loop level

1980
e Zee model (with charged scalar singlet

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

1986 1988

e Zee-Babu model (with doubly and singly

charged scalars).
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¢ Majorana : loop level

1980
e Zee model (with charged scalar singlet

and additional scalar doublets).
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additional scalar doublet).

1986 1988

e Zee-Babu model (with doubly and singly

charged scalars).
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e Other models:

Hirsch et al. 1996, Aristizabal et al. 2008 . | o

Leptoquarks Sapl) Ao Sl Sy, B
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¢ Majorana : loop level

1980
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Top quark as a dark portal ,
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¢ Majorana : loop level
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® Models with Majorana Neutrinos:

SU(3).® SU(2),® U(1),
L, =w,1L)Y (1,2, —1)
L

<, (1,1,2)
Qo = (U, d,)T (3,2,1/3)

Uor, (3,1,—4/3)

d, (3,1,2/3)

O (1,2.1)

Table 1: Matter and scalar multiplets of the Standard Model (SM)

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

G.5.Chen+CGQG+1.N.Ng,
PRD75,093004(07)

No vr added



® Models with Majorana Neutrinos:

SU(3).® SU(2).@ U(1)y
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a LR Q.IL
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E'a. I
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— e { _ .‘T
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c
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o [
ds,
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D

(1, 2.1)
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Table 1: Matter and scalar multiplets of the Standard Model (SM)

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

V(d, T, ) = =2t + Ay(dT ) — w2 Te(TTT) + A [Te(TTT)P + AL Te(TTTTIT) + m®WiW + Ay (W)
+ k; Tr(@TSTIT) + k) dTTTT D + kb TOWIW + pTH(TTT VW)
+ MNP THYT) — M(p"TT ) + Hoe.]

New Yukawa term:

Yab[:zR[bR\lj 1y

lepton # for W is 2




® Models with Majorana Neutrinos:

SU(3)® SU((2)@ U(1l)y
L=, (1,2, —1)
L

e, (duil2)
Q. = (u,,d.); (3:2:1/3)

uSy (3,1,—4/3)

ds, (3,1,2/3)

O (1, 2.1)

C.5.Chen+CQG+).N.Ng,
PRD75,093004107)

No vr added

Table 1: Matter and scalar multiplets of the Standard Model (SM)

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

V(d, T, ) = =2t + Ay(dT ) — w2 Te(TTT) + A [Te(TTT)P + AL Te(TTTTIT) + m®WiW + Ay (W)
+ k; Tr(@TSTIT) + k) dTTTT D + kb TOWIW + pTH(TTT VW)
+ MNP THYT) — M(p"TT ) + Hoe.]

New Yukawa term:

No Yukawa coupling for the triplet: J}Kf

Yab[:zR [I)R‘p 1y

lepton # for W is 2

Tnd

éForbidden by some symmetry*




*Symmetry: two Higgs doublets (@1 and ®3) S Chen,COG.PRD82,105004(2010)

with Z>-symmetry or T-parity
T-parity: ®;— ®;; ®r— -@z; T— -T; L-L M



*Symmetry: two Higgs doublets (@1 and ®;) €S- Chen.COG.PRDS2,105004(2010)
with Z;-symmetry or T-parity

T-parity: ®;— ®;; ®r— -@y; T— -T; L—L }Xf

Chen,COG,Huang, 1sai, PRD87,077702 (2013)
Without Symmetry:  £(1,N,2) + ¥ (1,1,4) m» LK if N>3

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

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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Higgs —# 2 photon 1,6 times of excess at the LHC
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*Symmetry: two Higgs doublets (@1 and ®;) €S- Chen.COG.PRDS2,105004(2010)
with Z;-symmetry or T-parity

T-parity: ®;— ®;; ®r— -@y; T— -T; L—L }Xf

Chen,COG,Huang, 1sai, PRD87,077702 (2013)
Without Symmetry:  £(1,N,2) + ¥ (1,1,4) m» LK if N>3

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

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 e.g forN=5 & ¢= (¢t e8¢

enhance

Higgs —# 2 photon 1,6 times of excess at the LHC
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& The scalar potential reads

V(D& T) = _;[;;,|<1>|'3 + A | O + gl + AZIELE + pd| )P+ MgVt Ne N=4, 6, 8, 10,..., even dimensions
due to their antisymmetric products
(B21E12)5 + Moo @[22 + Aco[€[2] T2 y P

[T

+ ¥ + h.c.
[;155 1.c.] —@=— N=5, 7, ..., odd dimensions




Constraints on the models:
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Constraints on the models:
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Two doubly charged scalars:




Constraints on the models: VEVs: (¢Y) = —5 and (TY) = ol
g’ g’
l\[n,-’ = T(l’ -+ 2l'T) . A[Z = 4 Coq2 9“? ('U — —ll'T) .
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Figure 1: Maximum value of Mp, for vy = M =4 GeV, and |Af| set to 4.

Mp (GeV)
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Figure 2: Mp, as a function of m for |x2| = 0.5, 0.25, 0.125 in units of 47, with vr = M =4GeV
and A = -2y = 1.
The P; state is well within the reach of the LHC; Current LHC limit:
P> will be too heavy to be of interest to the LHC. 200-400 GeV




® TeV Phenomenology:

(i) Vv mass generations:

The neutrino masses are generated
radiatively at two-loop level

a.b=e u,T.



® TeV Phenomenology:

(1) Vv mass generations:

The neutrino masses are generated

radiatively at two-loop level
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3 a.b=e,u. 7.
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4 4, .
| w5 | e e Mg Al ﬁﬁlgz(%)
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memrYer mrm,Yyr m2 Y,

30 ¢ 107" Yoo Bl 56 107" Yoy 9.1 X 1074 Yo
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5 ndr (98
o e V2%rsin(28) | 1 o/Mw\ 1 . oMy
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-
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® TeV Phenomenology:

(1) Vv mass generations:

The neutrino masses are generated
radiatively at two-loop level
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(i1) OvppP decays:
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Figure 9: O35 decays via exchange of: (a) doubly charged Higgs and (b) light Majorana neutrinos.
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(i1) OvppP decays:
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The smallness of this ratio is due to the fact that in our model,
Mee 1S suppressed not only by a two-loop factor, it is also sup-
pressed by the electron mass factor (m./Mjyr)* coming from the
doubly charged scalar coupling.

&= Black box theorem is 1rrelevant as OvBf3 dominantly arises from the SD contribution
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(iii) Other physics: Multi Charged Scalars
a. Lepton flavor physics:

: . : . _ _ YeeYy
1. Muonium anti-muonium conversion p%ve~ — pu~et Hyy= T;x»ﬁeR;z vuer + h.c.,
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2. Effective ete— — ITl—,l =e,u,7, contact interactions S77— ERV eRERER

3. Rare i — 3e decays and its T counterparts
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4. Radiative flavor violating charged leptonic decays Br(p — evy) 37{2 Z ( ;}‘Ei)
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4. Radiative flavor violating charged leptonic decays

b. Doubly charged scalars at the LHC: -«
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c. Triply charged scalar decays:
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d. Same-sign single dilepton signatures: r» — ¢ it fl
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Rémarks:

(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:) P* will directly produce spectacular lepton # violating
~ signals from like-sign dileptons such as ep, et and pr.



e. Multi charged scalar contributions to H— yy and H— Zy :
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The correlation among H—yy and H—Z2y strongly depends on the
Gauge representation of charged scalars
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¥ Models with multi high charged scalars are proposed with
an SU(2)1., multiplet and a doubly charged SU(2).. singlet.

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

¢ The neutrinoless double beta (OvBf}) 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.

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

(<™ | Future data on Ovpf decays and the
LHC searches would distinguish our
models from other neutrino models.
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