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Lecture 3: Neutrino Mass Generation

Outline

® Introduction
® A brief overview of neutrino mass generation

® A special class of models to generate My

e Neutrino mass generation
e (Ovpp decays

e Other physics



® Introduction

Weak eigenstate ——_ ‘Voz> _ E Uai ‘Vz> _— I\/Igss eigenstate
(ax =e, u, T) i=1,2,3)

* PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix
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disappearance of vq [g - mixing angle
Am? : mass squared difference

smz\ / \ L [km] :the distance traveled
E (GeV) : the energy of neutrino
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Neutrino Oscillations

0= Neutrinos have masses and mix with each other.

1 — )
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| _ ro12rr |2 o x x| Ay | , Amy=m;—my
P(\’Ie\’l')—zjlljljl |LI'J| +2'Zj>k L'I,jl/ljtllkl/]¢k| COS( 2p L—qzl'],jk) - -
(Pl'l,-jk:arg(Ul'lelekUl'k )

Vatm SK UP-DOWN ASYMMETRY

0Z-, L/E— dependences of u-like events

Dominant v, = v: K2K, MINOS, T2K; CNGS (OPERA) > |Am,,?|, sin0,,

Vo Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

> Am,,?, sin*0,,

]_)e (from reactors): Daya Bay, RENO, Double Chooz

Dominant ve = vyt

T2K, MINOS (v, from accelerators): vy = ve



Experiments on solar neutrinos

Am2, = = .32— m12>0
Am2, = (7 54+0. 53) x 107 eV’ oum = |ma” =

Neutrinos born in Cosmic ray collisions and on earth

2 2
A 9 (2.43 & 0.06) x 10_3 eV? normal hierarchy' Amiggy = |A1n3l|
m — . . 3
| 31 | (2.38 £0.06) x 103 eV? inverted hnerarchy, Am%l = |m3|2 — |m1|‘
Normal hlerarchy Inverted hlerarchy
|y, | < |my,| < |my, |my, | ~ |my,,| > [my,]
my = 0, m3 =~ Am%, and m3 =~ Amatm m; ~ mi ~ AmZ, > m;

LS o — =115~
A ) ‘ solar~7x10™>eV~- .
atmospheric m T

V2x1073eV? .
atmospheric
my* - r 2x10-3e V2
solar~7x10eV?2 - e J .
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Absolute Neutrino Mass Scale

The Absolute Scale
of Neutrino Mass

A \ 3
} v Oscillation
(Mass)? v

2? } Cosmology, p Decay,
OLloooo . S

How far above zero
is the whole pattern?

Oscillation Data = VAm?, = < Mass|Heaviest v, ]

atm

KATRIN

The Troitzk and Mainz 3H 3-decay experiments my, < 2.05 eV (95% C.L.) )02 eV

r —‘

3H 53 He+ e 4+ e



Improved p energy resolution requires a BIG [ spectrometer.
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Improved f energy resolution requires a BIG 8 spectrometer.
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The cosmological bound on my

* Number density

d’p 3 6¢3) ..
= I )=—n, =—-="T,
n, f(271')3 f..T) 1 n, 12 VB

* Energy density T (AN
120(11) -

d3
o = NP4 ml s T =

Massless

Massive m >»>T




The cosmological bound on my

« Number density The best bound to
absolute values of
d: 3 603 :
el 753 fipT)=n, = % T3 neutrino masses
from Cosmology
0 h*=17x10°  Massless 1 E
Contribution to the energy zm‘
density of the Universe Q R 2 Massive m > T Z . < 023
vi = Y




Matter power spectrumin ACDM and f(R)

R —

PLB740,285(2015)

ACDM with different m,,
4.6 — :
» IrgDR7 data pglrg\:;, —t—
My= 0.094 eV
a2 | | 0.28 eV
$lE. 0.47 eV
— 4l LIz 066eV
2 5 0750V
é 38 iEEHII
p—s 36 N
@ 341
2t ACDM
3 =
2.8 -
0.01 0.1
k[WMpc]
f(R) model Ym,,
ACDM < 0.200 eV
. +0.203
Starobinsky |[0.2487 555 eV
Exponential|| < 0.214 eV
CQG+CC.Lee, J.L.Shen,

P(K) [ (WMpc)’]

46

a4l

42

Exponential f(R) model

— IrgDR7 data points —+—

“ AOl.i
K[WMpc]

p = 1, different m,
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In terms of the PMNS mixing matrix

/ ‘T ’.' ¢ ,lT F / - § . .
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® A brief overview of neutrino mass generation [Fermion Mass Problem I

Mass? fermion masses

.'/—\'.
( My - dese be
' A
m U & cCe te
2.5x 107 eV $
Vl ._’4.V2.V3 ce Le Te
S P ' S 1 A T i . S Y . ) it S 1 - bt Bt 1 e
76x10% eV’ { 4 - ueV meV eV keV MeV GeV TeV
?
0" Normal Inverted
Emction Neubise Vion Heuhmos ou Reutrn
Mot <0 0 é
my; <<< Me,ur,Mqg, ¢ =1u,c,t,d,s,b YR .
J LA I ' s11 108 7 VI
QUARKS
N . | —6 -
For my, S 1 eV My; /My g S 10 . g, =
| e | @

Where do the s (IS s

e guark mass hierachy

e small neutrino masses P& P $+ 742 = + &1

. ;small Iquark mixings and T2 % (1 if (R N FR H B B
e large lepton mixings P A5 RO RF 2 5
originate from? S RSN,



e The standard model: su3): x SU©2); x U(1)y

/)[1' : (/H SR hfi’ I"'ll’ , CR IR TR
Higos : HY Gange Bosons : W*, VAR s

Yukawa interactions: Y = Z/z.g]-@L(j)DR + h; QL()( R + h; LL()ER + h.c.

=Dn=(-112/2)\ )12 AT ar yd _ diag. :
d=d S(SLILB/”\-) ‘ ;\[({" = \[ s DL(R); (‘ L(R) ji L(R);
‘ U+ \[U“ JU ‘,\[(l'l,(lg- [vL(R)J — ( ‘zl( R) )]Z[ L( R)

B What about neutrinos?

B Do neutrinos get their masses like charged fermions?




Neutrino masses: Dirac or Majorana

Dirac neutrino mass: Majorana neutrino mass:
Lp=—mpVLvgr+ h.c. Ly =—mmr®ry +he. UV U
i>= Introduce vr 1a~FORBIDDEN
(not in the SM) UNE 112 =0
©the lepton number L is conserved * the lepton number L is violated

Neutrino oscillations measure nm?, but they do not provide
information about the absolute neutrino spectrum and

cannot distinguish pure Dirac and Majorana neutrinos.
Il’l the SM . SU(3)¢® SU(2)® U(1)
. Lo = s, 12)5 (1,2, -1)
B No Dirac mass term - A
(no right-handed neutrino). Qo = (tay da)] (3,2,1/3)
UoL (3,1,—4/3)
B No Majorana mass term either st 3,1,2/3)
(vpis an SU(2) doublet). k )

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



S. Weinberg, Phys. Rev. D22, 1694 (1980).

0 Effective Dim-3 operator:

< <>
~ g

O=(Mo/Mx)LOLOD P
l SSB : . ?

O . 2 . | . '
m, = Ap Vo (MaJ ()I'ana) Dimension five operator responsible for neutrino mass
M x

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

/ 2 ~ -5 '2 / y ‘ — .'r2
Amy, ~ 7Tx107° eV? |Am3,| ~ 2x 1072 eV

Neutrino masses beyond the SM:

B If there are right handed neutrinos vr : vr=(1,1,0)

Ly = Y, L®vgp+hc = m) =Y, <d>

The observed neutrino masses would require Y, < 1071% — 1071* @atur@

MuEC v the

B Majorana mass for vr:

Type-I see-saw mechanism:| A\ L= — mg‘.\ [Elm D-

(naturally small?+Majorana)




The Seesaw Mechanism

T —

The Seesaw mechanism refers to the neutrino mass matrix of the form:

1, 0 mp VL
L = —§(I/L,I/R,) ( my, Mp ) ( vy )

For one generation, if Mz>>mp , the diagonal masses are M, = mE /M

My = mﬁ_ /Mp

2
~ 17T My, = m, [Mpg
my = —mDM,{lmf), my & Mp "
How large M needs to be?

For m,, = 0.1eV, Mp = 2.5TeV

A very nice way to explain why light neutrino masses ™" ™ =0V Ma = 107G
are so much lighter than their charged lepton partners '

(Minkowski (1977); Gell-Mann, Ramond, and Slansky (1979); Yanagida (1979); Glashow
(1980); Mohapatra and Senjanovic(1980))

I ———




Inverse Seesaw

T— S

0 mp 0O

. . Mohapatra & Valle,
BaSlS (v, Vc, S) ° AII/ — 7715 0 AI ) 1986

0 MYy

After EWSB, the effective light neutrino mass matrix is given by

M, =mpM T M~ 1 -m.g :
“Inverse” seesaw, because:

M, =0 IF =0



Effective Operators

. ——

Ow %(LiH)(LJ-H)

Oy oc LLLe“H
O3 < LLQd°H
Oy oc LLQu°H
Og o< Le“uCd°H
O o< (LH)(LH)(HuHy)

Os o LLQA“HHH'
O¢ < LLQuHH'H
07 o< LQe°QHHHT
Og ox LLLeLe"
@10 < LLLeQd°
011 x LLQdQd®

Weinberg, 1980

Babu & Leung, 2001
de Gouvea & Jenkins, 2007



Example realization:

C‘ij

d=5: OWO(T

(L:iH)(L;H)

J'\ : 4‘\[1/ I?,\

. SV

d=7: O o (LH)(LH)(HuHg)

O3 o< LLQd“H Q

d=9: O xLLQAQd°

d©

d u
(H) (H) \V
> e
+\ il Hx. |
\ VR / el
\ / @0,
o L
1 \ H> *
< ;/.\}\e-
Vi, vy, G
d F u
H, Hy
H b ’ H
: \_/ :
\\ .l II
\ . /
\ 1 /
- —Q—
R S S
I. 1
dC Q dc
—_— e — ,— [ - <
I Ss1,-1/3 + Ss2-1/8 L
|
L

d®

OvB decay:

H

Sa3,1,—1/3 - singlet leptoquark
S3,2,1/6 - doublet leptoquark



® & MajoranaP f4F&F = i

€ Tree level

Minkowski 1977; ... | Xiao-Gang He et al 1989

H

H
1 1
4 ¥ Nysdl. 1. 0)
Type (I,III) seesaw D SO S
N1 3 Nis \ .\'3 ; (130)
L L

Without vr

B ——

Type-111 See-Saw
Xiao-Gang He

- - AE( H- —\/if’o) =(1,3,2) scalar triplet

vV2H-- H

u,/J\m E'rypo“ — TI‘(DPA)r(D”.ﬁ) - (Y;, li C iOQ A l[_. + h.(:.) - I(II A)

V(H,A) = M{TrATA + (p H iog ATH + h.e)+ XN (HH)TrA'A

Ma~ 250 GeV, u~0.1¢eV, Yy~ 1

Type II seesaw
Schechter & Valle, 1980, 1982 2 2
Cheng & Li, 1980 + Ay (TrATA) + Xy Tr (ATA)" + A HTAATH.
Mohapatra, Senjanovic, 1981
2
I T oa fHv
M, =v2Y, vs =

B —

—= M, ~0.1¢eV



Type Il seesaw Foot, Lew, X.G.He and Joshi, 1989

the triplet X=(1, 3, 0)

L

/‘\

1=
~

g
~
\\
=
N—

1 - _ e _ i
L =Tr[Sipx] - STr[EME" + EMGY) - H'SV2Ys Ly, - T V2Ys'S°H

The mass terms are given by:

7 my 0 L\ v 0 Yy H/O\/)
Ly=—(Ig Vg) ( Yev My ) ( vy, ) i) ( Vou/2v2 My/2

v=V2(¢") =246 GeV. U =T/ + 3,

Ms ~ 100 GeV = Yy ~ 10—7

vy,

v
=L

|



¢ Loop level

1-loop:

1980

a. Zee model (with charged scalar singlet
and additional scalar doublets).
le:iOQ[I]_*' + Z l—fth

i B
2006

b. Ma model (with fermion singlet V; and
additional scalar doublet 7).

hoi(Val” — lan™)N;

2-loop:

1986 1988

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

T flgt + 1Lhlgkt™

o




' ul : i el ‘ M.Aoki,S.K ,O.Seto, PRL102,051805(2009
3-100p: Ql u‘R d;? L! elR q)l (D?_ g n Ng o anemura eto ( )

Z, (exact) + 4+ 4+ 4+ 4+ 4+ 4+ - I -
Z, (softly broken) + — — + + + — +  — +

Dark Matter

TOp quafk as a dark portal L.Krauss,S.Nasri,and M.Trodden, 2002

John N. Ng, Alejandro de la Puente 2013 ~

5
o A (Xo) (o)
s Fa
\(]\ N s ‘ X0
A= = M o e nyfy,
5 E L S NEN & ;N 7
v rd '\ raY rd FaY rd : ' Y 7’ \
| § i ! i " h +\ 5 /h+ \‘
X X h;' - 2 \Y 2 ‘ h.{
! . ' \
C.S.Chen,K.L.McDonald,S.Nasri, 2014 v : - '
A \
—— 8 ~ ,' : lt \
’ ~ . ' \
Ver ¢ N ¢ verr i I," \\\ s ! NS : NS )
) o - ) -~ “ ) V A [ /\ (, (, /\ {‘ i U
S p/ Ny NS (1,1,2) L L 'R 'R 'L L
- J \ ~
p ’ - ( l N 3. 2 ) ' h “ . . . . .
L’ ! \\ . Hatanaka,Nishiwaki,Okada,Orikasa,
— VI — arXiv:1412.8664
Ve, e % E R €L vi
(1,3,0)

4-loop: ;

er, /1 Ur, Gu, 2011 ... because d = 9 4-loop
e 1o, Needs (Quasi)-Dirac v's
v ’ - ” fo explain oscillation data
’ W dy, dp, ‘
é (]
o e Jux Helo et al., 2015

. \ CL‘

) .
u w
6 Ly U, :
vy, d - 4 3¢ v vy,

dp ~ dp W :

b]

%

L
P S

»




Other models with loops:

I;.' f;: 1
Hirsch et al. 1996, Aristizabal et al. 2008 . i ! P

Leptoquarks “—2*3";‘,.--’--.‘ji?g—z'sb 1;3‘_1,3;),/_.:..\{:‘5-1;3:»1 Sig,7 1 g 0

Suppressed Ovpp in all these loop models!

Double beta decay: (4.2) = (4.2 +2)+e +e +7. +7.

Neutrinoless double beta decay: /

Ovpp (A,2) > (A, Z+2)+e +e AZ )

e e i
Nucl 7-“’7 Nucl Majorana nature of v UV U




“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

= The multi-loop with OvBp to my is too small,

~ ()(1 0-25) eV. M.Duerr, M.Lindner, A.Merle, JHEP1106, 091 (2011) .....

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

In some models, the dominant contributions to Ovpf
are generated without directly involving vm or My. |



® A special class of models to generate My

C.5.Chen+CQG+J.N.Ng,
PRD75,053004(2007)

No vr added

. (e LRI
SU3)® SU(2)®@ U(1),
7 e ) (1,2, —-1)
Qo = (tta, )] (3,2,1/3)
ey (3,1,—4/3)
dey (3,1,2/3)
i) (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)

V(d, T, ) = =T + Ay(dT ) — u Te(TTT) + A [Te(TTT)P + AL To(TYTTIT) + m>WiWw + Ay (W)
+ Kk, Tr(ptdTIT) + 1y TTT T + kT dVIW + pTHTTTWTW)

+[A@pTTdY) — M("TT ) + Hee.]

New Yukawa term:  YoplSplpr¥Y <

No Yukawa coupling for the triplet:

lepton # for W is 2

\

”

Forbidden by a symmetry

®; and P, Z> or T-parity: ®; — ®D1; Br— D2 T— -T; L—L C.5.Chen+CQG,

PRD82,105004(2010)




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

T-parity: ®; — ®;; Dr— -Dy; T— -T ; L—L M

V=—uld!d; + (] d1)? — uddlds + A(dld,)?
i To(TYT) + A [THTIT)P + AL Te(THTTT)

F PV A (W) 4 iy TH(D o, T1T)
bl GITT G, + kg, Dl WY
b kg, TH( DI, TIT) + &y SITTY &,
bk, &3 W + Ayl o, 0 6,
F AT ol + p THTITYI) + (MPTT B,
t

Asdl drdl by + ASITHV + He), Chen,COG,Huang, Tsai, PRD87,077702 (2013)

No eftect for other couplings

Without Symmetry: E(1,N,2) +%¥ (1,1,4) DI{ if N>3

There are only three possible new renormalizable Yukawa
interactions involving SM fermions with non-Higgs scalars:

£ _TCT _ gc [ . Jc
Tttty , (Yalp brY) Gmietrt (Colorless scalars)
Zee model Zee-Babu model Type-11 seesaw

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

L T1EVETD



@ We replace S=(19192) and T=(19392) by §=(19N92) 2238(7;%?717{0’4261?5011&;1

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 eg.forN=5 @& ¢— (¢ .ct¢.¢¢)

enhance

¢ The scalar potential reads
V(®,6,0) = —pg|®* + Aa|®|* + pglé|” + AZIElq + 1y [¥[° + Ae|P|*
+ A3 (IP12[€]°)5 + Aow| @[T + Aew|¢[*| 0|
+ €€V + h.c.]

No N=4, 6, 8, 10.,..., even dimensions
due to their antisymmetric products
T — ——RIR

- N=5, 7, ..., odd dimensions

T — e




Some detail calculations: oublet D(1,2,-1) + triplet T (1,3,2) + singlet W (1,1,4)

0 T-
 — T .
¢ -1 V2 r —2

V(6, T, 0) = —p¢'o + As(¢'9)* — u7Tr(T'T) + A [Tr(T'T)* + NpTr(T'TT'T)
+m* P + Ay (V'Y)? + ki Tr(¢'¢T'T) + k120" TT ¢ + Ky 0T
+pTr(TTTY ) + A" Toy + h.c.)

= —i* (670 +18°1%) + Ao (1”1 + 218" "¢ T ™ + (6767)7)
— (| TP+ 7T~ +T7T7)

The must general potential is

+(Ap + AP T+ 2IT°)PT T + (T ) + 2T T T7T7]
+(Ar + %)(T*T‘)’“’ + Mo (T°THHT-T~ + THT—T+T)
+m ( o 077) + (¥ ) ——)2
+(kr1 + £12)(|0°P|T°)° + 0T T T77)
+(kr1 + —)(|¢> T+ ¢" ¢ THT) + ke (|T° P79~ + |¢°PTTT77)
':ff(cp‘)if%*T + T T™~ + hoe) + ky(|¢°1 + ¢H 67 )ty
+p(|T° + T T +T T )Tt

FANT" ¢ v + V26" T ¢ + ¢™ ¢ T v+t + hec.) (4)



2

The vacuum energy _r2v* , Ao ok ot

2 4 2
Tad Ole terms vvF , v vT
P +H—p*v + Arv® + (k1 + hTz)—]CDl + [~pfor + (Ar + Mp)vp + (k11 + K12) ——|Th
2 2 2 2
The mass terms —;ﬂ(@’ ; P2 +oTd7) + ’\77“(31,2& + 203 + 2030 7) — y%(Tl JQF d’ + T~ +T77T )
A N,
- T: L (6032 + 205T2 + 4027 T7) + m? (v )
B :ll_ i (W (T? + T3) + vi(¢7 + 03) + dvvrd Th] + (k71 + hgz) 5 T+T_
+ ( 2 + + T++T——) Rr2 U ( R A + T+) + AV 2(T—— ++)
KT1 5 oaoN 5 \/5 ¢ N 5 Y
.2 2
e (7)

Trilinear couplings /\I 1063 + Aoy 82 + Sudyp+é) + 21 ! AT (40r T3 + dop Ty T2 + 8orTTHT-)

/ o + K , : :
+ ﬂ(v T T T 0T THT) 4 22 > (061 (TP + T2) + vrTy(62 + ¢2)]
+(F€-T1 + %)U(ﬁ)lT*—T_ + K11 (‘U-TT1¢+(,Z5_ + ’U(Z‘)1T++T__)

K v S

\}"3[ (T} + zT2)¢+T + —(¢1 +ide)dTT™ + ﬁT+¢+T + h.c)]

yHgh

+(kyvdy + porTy )Y

@ O VT + T o U 4 v(dy — i) T "¢ + h.cl]

A= \/_



A
ot + 61+ 6163 + 41076 + 43076 +4(67¢7)7)
|
+(Ar + A7) [Z(Tl‘ + T+ T+ (T + T5)T T~ + (T T )+ 2T T+T]

AI /
+0 + ST + LT, +T)THTT- + (T, — )T T4T)

o+ wr2)[§(6 + (TP +T3) + 676 THT ]

+(ors + "‘;“’)("’f - BT 4 ¢t TT) + ST+ e 6 + (8 + )T T
_':;‘52[(4317"1 ;¢2T2 N i¢2T1 ';¢1T2 V6T~ + P1 jg"sz* 6T + h.c]

+['°"’¢+¢T + 5@+ 63) + ST+ T3) + T T +pT Tty

d \‘/Q'T’w-w + (6 — ib)T- gyt + A0y )

(¢1 . ) (_;:2_9 + %/\¢v2 + gm-:mz,% g-lwm! |
1

+A[

2
.(mlvvr — 5+ %(z\r + Np)vd + L'Wl-:m! o2

2 A
(¢2 Tz) (—%'l'—ztvz-[-!"Tx:_)"’” v.?, 0
2 ’
0 —tr  Ordde) 2 o (erutera) 2

9
—5Z2vor —uF + (Ar + Mp)vg + (52 + 522)0?

(7++ v++) (—%+AT#v%+%*v’




D,T = 8,T —i([g - W, T + [ - W,]*) —iLYB,T
Tr((D.T)N(D*T)] = (8. T™)(9"T°) + (.T7)(@T™) + (9.1 )(@"T*)
+ ("TO)ig(T"W,; + T*W,) —ig’'B,T"] + h.c.
+ (*TH)[—ig(T—~W, +T°W,) +ig'B,T"] + h.c.
+ (T [—igW, T~ =T~ W;) +ig'B,T" | + hc.
+ [g(T"WS + T W) — ¢'B,T"T?
+ [gWST~ +T°W,) —ig'B,T|?
+ (W, T~ =T W?) —¢'B,T
(Do) (D*) = (8,9°)(0"6™) + (0.67)(8"¢™)
+ (0,0Mlig(Ws™ — VW, ¢°) +ig Bug] + hec.

+ 2 (0uig(VEW gt + W) —ig B¢ + hc.

1
+ (V2w ¢ —WieT) — g B T

+ Tg(VAW 6" — W36™) — g Bg™T

(D) (D#P) = (B )@ 9+) + 2ig' B~ (0*4+) + he.
+ 49'2 Bp B”¢__¢++




The masses of gauge bosons are 77w, W = (7 + 203) W W+

Mg = = (v? + 2v%)
The mixing matrix | (1w (202 +ad) —202—ad) | (W)
! (wz 5,) ,
) H / ‘ ”2 2 9
2 \ —£(*—4}) L(*+47) |\ B* )
Z, cos By — sin Oy w3 Z, cos By — sin By 1%
Ay sin By cos By B, A, sin By cos By B,
29_1 l,-i _j-u,lr:), ,
tan 20y = —2 T \ 2 g 2, 4.2
"~ M, = v 4v
1- gg'_2 4 cos? Oy (v + dvr)
M ‘% )2 — 21:%
P= Zcos? Oy v? + 4dvd
- 1 z V2vr P~




Gauge-scalar trilinear interactions :

Wi —T+—T°:

Wit —T+ T

Z,(A,) =T+ —T-

L0 rr—prs A - , 9 <xr—nise o\
EH’ “(0,T))TT — (0,T7)T)] + EW “0,T7)T5 — (0,)T"] + h.c.

igW (0, T~ )T — (8, T)T™ "]+ h.c.
ig' sin O (0, T~ )T+ ZF —igsinOw (0,7 )T A* + h.c

—i—J (0, T )T+ A+ Z,—TO°—1T0° 7

cos By H cos By

ZH(0,T1)T5 — (8,15)T7]

2cost

(0,07 )™ A* + h.c.

29 o N/ SR oy
gﬂJKWQ)%—%dvd@]+§WJW%@)@—%dbﬂ@]+hc



T+

Gauge-scalar trilinear interactions :

_(C)

)T ] + h.c.

Z*(0,T1)T: —

COS 0

2

vrZ, 24T
cos? Oy H

vr e

—T "W A* + h.c.
2

2

I_orT"WHW} + he

V2

— g2 sin OW

g°v
4 cos By

W A,d" + h.c

g2

Wi —T+—T°: z/gﬁn H[(8,T,)T* — (8,TH)T] + ﬁ” (0, THT,
WH—T+—T:  igW*[@,T )T — (3,T)T ] + hec.
Z,(A) =T+ —-T" ig' sin Oy (0,1~ )T+ Z* — igsin by (0,17 )TTA* + h.c
. — —1 0, T )T+ A —T0 _ 70
A, —T+ -T Zcosﬁu( r—)rA Z,—T°—T
A, — ¢t — “)pTA* + h.c.
. 20080( k99 The
2/ YSNENG VI NN S
o= WO )6 — @006+ IWH )62 — (062)67] + e
Z, — ¢ — ¢° 2 cos O ZH[(8, 1) P2 — (0,02)91] Z,—Z,—T°
2 1 2 ain2
g° + g°sin” Oy , vp N
_W- — ZEW T h.c. t W — /
W — 2, cos Ow (\/5) g e T W = A
TO — W+ — W Por LW W, T-— — W+ — W+
0 — W — W, 970+
? " 3 VW W — A, — ¢t
0 g*v +
0 _ 7p _ A -u_ 7 _
6" — 28 =2, 4 cos? Oy u®1 " =9

W*Z,¢% + h.c.

4 cos By

(0uT2)T1]



—g?sin® Oy T+ T~ 2" Z,

g% cos? Oy THT-A* A,

—2¢” sin by cos O T T~ Z* A,
T —T+—WHi— 7,

99’ sin Oy W Z,T'T"" + h.c.

T —T+ - W+ — A,

~(99' cosb + —L WA T + hc

cos By
T"—T"-W*’"—W;

e

1+ sin” 9“')'1""2 WH(T, +iT}) + h.c.

75(

_g'sinbw

T3 T AW T, +iT) + he

—iT)T " WHW,} + he.

9’
Vo

T -T°—2Z,— 2Z*

i (TF + T3)2* Z,

2 cos? By
T =T W -—Ww/
2*WHW, T T
T+ —T-- — W+ — W,
FWHW THT
TH —T — A — A,
92
ot M AT
ot =6~ — A - A,
T A"
30— — W — W,
Cow W (63 + )
P-ot—Wr -4,
2
-3 wg‘ oW A (1 + i) + he.
@ - -2 -7

%Z“Z, (7 +3)

gt =g —WH— Wi

%w"w;.pw-

@ -6t~ W -2,

P
4 cos By

ZHA) = Zu(Ay) =TT =T

49" sin? Oy Z2¢ Z, 0 4 497 cos? Oy AP At Ty

WHZ,6" (61 +idy) + h.c.

— 84 sin By cos b AV Z,,



Constraints on the models:

2
.) .)
=), Mz = _
< 4 cos? Gy

. a< . |
M ‘21 = J—(JU‘? - 2vT
+0.0007 W - < 4.41 GeV

9
(- o
4y (.UZ o 41}) :

HETA002 E et
70 T_
Two doubly charged scalars: = 7= - v*
¢ I
; or for N=5
Mass eigenstates:
B cosd sind\ [T+ e
= . e , - 2m? + (2
zi:t 110 () COS () \I!:}::E sin 28 = 1+( I 2)\1’2
V2 — 1 . /412 (o Y2
Mp , = 3 a+cF 4+ (c —a) W
L

2
—_

/\l'

b =

b | =

f ¢ R / 2
= —(2w — Kg)v° — A\pvT,

a =

bo | =

9
c=1m- +
)

—

g v? + pr% ).



® Neutrino mass generation:
The neutrino masses are generated
radiatively at two-loop level

Val. ”,".I‘
e a.b=e,pu, 1
| 1 9 2 2 ~
(My)ab = —= g Mg Mp VT Yapbsin 246 [I M3, \Ip1 Mgq,mp) — I(Miy, Mp,, ma, mb,)]
V2
(M3, M}, m2,md) = M Pia = My
diq 14k 1 1 1 1 1 {1 1 A
/ ol | Tord 52 — a2 12 , B — 7 I(M3,M3,0,0) ~ —rlog ol
(2m)d J (2m)d k2 —m2 k2 — M3, 2 — M3, ¢2 — mi (k — q)? \! Uy 2 @)tz (Mi’.)
M2 Yee memp)"ep MelrYer
my, = f(Mp, ,Mp,) x | megm,Y,, m- & Y S ‘nr..'z.nu}";n normal hierarchy:
MeMYer mMem,Y,r mg j ¢ , \
D . -Tv B A -5 v -4 v 5 E =
| | 2.6 x 10 : },.ee 9.4 x 10 ; ),.ep 9.1 x 10 .. o oA e
= f(Mp,,Mp,) X | 54 xX107°Y,, 1.1 x 1074Y,,, 0.19Y,,
= - > -51-|-1)1+n)
9.15107%Y,,: 0D19Y. $ATY-
}:W [0 M) — V"§gdt‘r sin(24) 1 log? Mw 1 l My \
(_‘ Pyy4 p’_) — 128‘,'74 “1}2’1 Og Alpl \1) Og .\IPQ )’CE o “l‘—’ }:j“ & ||';)‘ }:j_’_ < ();’
Y,. <35, Y, <0.2, Y,, < 0.02]

f = f x (1GeV?)



The neutrino masses are generated radiatively at two-loop level

Tr((D,T) (D))
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The neutrino masses are generated radiatively at two-loop level

Vi AR It

LLIEED

) WEWPFF

vy R T— —




The neutrino masses are generated radiatively at two-loop level

L TR T ————
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New model: a multiplet & (1,5,2) + a singlet ® (1,1,4)

By

WiW= P+ F

P —

Chen,CQG,Huang, Tsai,

PRDS87, 077702 (2014)

Without Symmetry:

LES

M. Gustafsson,J. M.No,M.A.Rivera,

PRDY0, 013012 (2014)

— 2
dimension-9 | 0°=C\) 7y 0p, [(D,,H )l iooH ]

L violating O

T

Ce o Lr, W W

(€%)

Uy, L

S.FE. King,A.Merle,L. Panizzi,
JHEPI411, 124 (2014)

O = @ (H @ H)s ((D,H) ® (D*H)

dimension-7 O
P—m—

®[(D,H)® Hy [(D"H)® H]
= @((D,H) ® Hls [(D'H) ® H|:




(My)ap < mampY ap

— T

For Y ~ O(1) (My)ee < (My)ep < (My)er < (My)pp < (My)pr < (My)r

................................................................................................................................................................................... Z.-z. Xing,PLB530,159(2002); PLB539,85(2002);

‘ y Frampton,Glashow,Marfatia,PLB536,79(2002);
Normal h l er ar Ch y W.L.Guo,Z.-7.Xing,PRD67,053002(2003);

With (M,)ee = (My)en = 0 and the center values of PDG2014 :

sin® fy5 = 0.308 & 0.017 , sin®fys = 0.4371 5053 , sin” B3 = 0.02341 50010

Am2, = (7.541‘3;33) x 107%eV , Am2, = (2.43 £ 0.06) x 10~%eV,

CQG+L.H.Tsai, Annals Phys. 365,210 (2016)
0 0 1.0e=™ CQG, MPLA30,1530018(2015)

— M, ~ 0 24¢e3tT)  23e'3 x 1072 eV
1.0e” ™ 23¢e'% 28¢HF+F)

Dirac and Majorana phases:

3 2 2 3 1 Agree well with
6=§7r—§77, 21 = 7f+§77a 31 =§7T—§77, (n =~ 0.07) —>5/7r= 1,391’8‘33
Global Best-Fit '




At three-loop level

THE COCKTAIL MODEL FOR NEUTRINO MASSES

M. Gustafsson,J.M.No,M.A. Rivera, Ho A
FITP—— —— PRL110, 211802 (2013); Erratum, S
SU©2)L U(l)y Zs PRL112, 259902 (2014). \ /
o 2 1 - v S N 2w
ST 1 2 - —‘Cdark — —((I)td.)Q) +h1d)f) 20'2‘1) S~ -+ h2p++S S~ p":
pr 1 4+ —+—£<I)2 109D S+ T+ Cabfcanfbnp++ + h.c., : 7” - Z j/;.
o ,, COG,D.Huang,L.H. Tsai,
(M0 )ap = (ZaCapT) § 6,,r E A+ Ael2), oo 113005 (2014)
2\2 A2
A = [h«zszg +§§U)02’3]( m+2) QAmO, Ami:mi{l—m}{l, AIII(Q):IIIio—III?Ho
mp myv
A, = 51; Am? 2Amo Xa=ma/v, I;~ I~ 0(1)
e T / E— ;—(—"'s \
~0 =~0 10.1 ~0 ~0 0.23
For Cap~ O(1) \
m, = | ~0 =501 0.0980 | x10+i| ~0 —2.37 —2.33 | x 1072 eV
“
\10.1 0.0980 —4.77) \0.23 —2.33 —2.74/
( < 0(10—2) < 0(10—2) L2241 \
Cap=1] < (’)(10“2) 1.90 x 10~ 1e1-78 1 08 x 102156 | x |CeT|
60.2247: 108 % 10—26—1.562' 773 % 10—46—1.742' /

\



, C.S.Chen-COG+JN.Ng,
¢ Ovpp decays: Yee PRD75,053004(2007)
(a) —_— H)
W= = LA
_o— — {:1— — T 2 ) T

Figure 9: Ov 33 decays via exchange of: (a) doubly charged Higgs and (b) light Majorana neutrinos.

A g‘ Yeevr Sin 20 1 1 T gd Mee
P 16v2M38 \ME M} >) Y MR, < p>2 < p >~ 0.1GeV

&&= Black box theorem 1s irrelevant as Ovpp dominantly arises from the SD contribution

No other strong constraint on Ye. except the rate of 0v[33 itself. So the rate
of 0v[3f3 can be very large, which would correlate with the LHC searches.



, C.S.Chen-COG+JN.Ng,
¢ Ovpp decays: Yee PRD75,053004(2007)
) o I () J
W [ = L
S sl W ok |
O — == Hige X
W= '

Figure 9: 033 decays via exchange of: (a) doubly charged Higgs and (b) light Majorana neutrinos.

A (rl Yeetr sin 20 1 1 1 (I4 Mee
e 16y2ME  \ME MR >») M < p>2 < p >~ 0.1GeV
A, /A p—- 10‘7 The smallness of this ratio is due to the fact that in our model,
7 Fa

Mee 18 suppressed not only by a two-loop factor, it is also sup-
pressed by the electron mass factor (m./My)* coming from the
doubly charged scalar coupling.

&&= Black box theorem 1s irrelevant as Ovpp dominantly arises from the SD contribution

No other strong constraint on Ye. except the rate of 0v[3{3 itself. So the rate Currently, Y.< 0(10-2)
of 0V can be very large, which would correlate with the LHC searches.  for Mp~ 0(1) TeV



- . (9) M. Gustafsson,J.M.No,M.A.Rivera, d >
Dimension-9  C, PRDY0, 013012 (2014)

2 Top L, WS W

L Violating O e ..
r‘ G2
[:Ouﬂﬂ = 27:: eq JH J,‘ é(l — ’75)6’C
p
J#t = ay(1 — y5)d €= —2mp A3 G d >
Dimension-7 O eff _ _Clee = e
++ @
S.F. King,A.Merle,L.Panizzi, -.?.--_ foe @
JHEPI411, 124 (2014) U
-
Clee
<4.0x103TeV >
M¢2A3
Cocktail model ! - > Texp(107y1) _ |Ceelmax
——— f?{z- | GERDA-1("6Ge) [22] 2.1 0.0015
Gustafsson,No,Rivera, I g KamLAND-Zen(13¢Xe) [23] 1.9 0.0011
PRDY0, 013012 (2014) BN
T v B . NEMO-3('%°Nd) [24] 0.0018 0.0060
yD.Huang,L.H. Tsai, < .
PRDY0, 113005 (2014) —— CUORICINO(!3Te) [25] 0.3 0.0016
d !
NEMO-3(32Se) [26, 27] 0.036 0.0059
NEMO-3(1Mo) [27] 0.11 0.0021

2
l AmZ 85+
Agupp = ggmz Cee{[Am? 529+ — Ev(cGemyy. + 5. ”’f;;)][FHr.H;.Ho = Fuz g a =60 My, Fur iz my = M3 F oty 4]}
2 ;




® Other physics:

a. Lepton flavor physics:

Multi Charged Scalars

T

. , . : . . _ YeeY,
1. Muonium anti-muonium conversion pte~ — pu~et Hyy= -—\T—-ﬂ’}u('}zﬂ’}p(f}g +he.,
_ . _ | . v2
2. Effective ete— — [Tl~,l =e,u, 7, contact interactions S77— PRV E€RERER
3. Rare i — 3e decays and its T counterparts
: Y Yie \ 2
. i . . O o
4. Radiative flavor violating charged leptonic decays Br(p—e7) = 3—= T ( ‘\1}‘2’ )
e o l=ep, 7 *  —
b. Doubly charged scalars at the LHC: -«
1 Production of the doubly charged Higgs o
The WW fusion processes similar to Ovpp decays + e
the Drell-Yan annihilation processes: |
(1(7 — ‘."*.Z* — P1++P1__ (q = U.(I) 1
00 - 300 @00 500 600 hi%eY
2 The decay of P+ P (GeV) or = 4GeV sind = 0.12
1 P Fh IE ,b=e,u,7),
(‘ ) . RibRi(_u e, j1.T) 10[;.. ‘) Wt pt
(2) Pt — WEW | anl? o
(3) P - prw =
(4) PEE P*P* 2 ST ¥
(5) plzhi: — WEWEX0, X0 — Y‘B.hU.PO 0.01 WEWE WEETO
(6) Pt — pEpxx0, . '
........................................................................................................................................................... .01
(4) and (6) are not allowed in our model T T T T T T T s el

| C.5.Chen+CQG+).Ng+ 1. Wu, JHEP0708, 22 (07)




| . . . . % pt v
c. Same-sign single dilepton signatures: rr — £

TJJ
u(d) d(u)
- = - Chen, CQG, Zhuridov,
(I"-}-t—l P1++"'__"' ( {‘z'.R ,
., heyg e s s _'_.._:......---
.::-_'_. . ‘ | ‘
| SWH-) gt )
u(d) d(u) {J'R
> -
(-[gip A ()i 2 P A= (_;‘_[“ =50 ab, A¥ = \/2 =5, |Y;;| csss,
(_[ (ﬂ(').\(') : (/ ! ) + HY = T | /1i /lﬂ lﬂz (z,x8)p (1 ﬂ“’)/ _) h . )
. o = \Mw) Jo 2 )i v Uy i U Y, Mp,
Remarks:

(i) 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 (LLT).

(ii:) P1= will directly produce spectacular lepton # violating
~ signals from like-sign dileptons such as ep, et and pr.



d. Triply charged scalar decays:

395 v3M3

D@t — 3W) =
( ) 204872 mfy,

D(OH+ — WHetet) = @ Mps,m?
614473 v(%

_— 6 3
g O worr' M0=500Gev
—
105k |7 oUW MeTO0GeY |
E: | | mimim O WHPP,M=700GeV| LeestttT
) ‘. .......
104 &= .
10° =
102 ; ................
=
[
L8
10




e. Multi charged scalar contributions to H— yy and H— Zy :

f

Gra’mj, , ANANNANL ¢

IH— yy) = —=2 | S NsQ2Au(r)) + A e ——
H—y7) =T ps ; $QFALTf) + Ay(Ty) [

2 H | H
+ Y+ 122 Ea iy, < ve  —e—eShee- .

T 2 m; . i
‘\ I

€ -

W '3

&=(1, N, 2) with N=3, §, ....

2.2 P
e.g. {= (e e e )" for N=5 2 -
1.8 —
I:=(-N+3)/2 to (N+1)/2 :i -
1.2 _
1 —
Chen,CQG,Huang, Tsai, 0.8 -
PRD87,077702 (2013) 0.6 T T T S
R — 150 200 250 300 350 400 450 500

mg(GeV)

FIG. 4 (color online). R,,=1(H— yy)/I'(H— yy)m
and Rz, =I1'(H—Zy)/I'(H— Zvy)gy as functions of the
degenerate mass factor m, of the multicharged scalar states

with n =35 and the universal trilinear coupling to Higgs,
p, = —100 GeV.



© Open questions in neutrino physics:

1. What are the masses of the neutrino
mass eigenstates (vi)?

2. Are the neutrino mass eigenstates
Dirac or Majorana particles?

3. If OvBp is observed, is v a Majorana particle?

4. Can we understand the mixing angles in the neutrino
sector? Is there a symmetry behind them?

5. Is there CP violation in the neutrino sector?

6. Others: sterile neutrino, dark radiation?

New field: Astro-Neutrino PhYSiCS A real window for new physics
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