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Seesaw Mechanism

® Standard Model (SM) does not explain I masses

Call for New Physics (NP) > EW

® Model independent approach : effective theories

Lepr = Lsm @

® Lowest order: unique d=5 operator

0 Weinberg operator
0 Neutrino masses

Recent review
A. Abada et al. ‘07
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Seesaw Mechanism
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Seesaw Mechanism

Type I

Minkowski 1977

Yanagida 1979
Gell-Mann et al. 1979

Mohapatra, Senjanovic 1980
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Seesaw Mechanism

Problem :
m, < eV = {

F. Bonnet

H\\ pa //H i H > H
AN /7 /7
\/ \f ZR //
I Yo > YA
AN %/ >
' L
L/ AN L
Type 11 Type 111
2 2
v v
my, xY, Pl m,,ocYT—Y
AMAMX EME >
J g

Y ~
Y ~ 1072, M ~ TeV  small couplings

O(1), M ~ GUT No LHC access
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Way out

Goals : o New Physics @ TeV
0 large couplings (LFV)

Means : need of additional source of suppression

0 Radiative generation of neutrino masses @
0 d>5 operator @
0 Small lepton number violating contributions @@

a5

F. Bonnet 7 6 July 2012 - GGI



Small lepton number violation contributions
- - e - - e T



Inverse/Linear Seesaw

Type 1II : natural

LFV | Y]V,

F. Bonnet | 8 July 2012 - GGI



Inverse/Linear Seesaw

Type II : natural Type I/III : extra fermion
Mohapatra, Valle 1986
V N1 NQ

g 0 Yy O
Inverse Seesaw V1 Yi 0 A

No 0 A .

H ~ v H
\\ . //
Yo Y
N1 N2 M
L L

my Ty |— g%yNUQ
LFV | YIYaA LFV | YiYy
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Inverse/Linear Seesaw

Type II : natural Type I/III : extra fermion
Akhmedov et al. 1995
V N1 NQ

g 0 Ynv @Y
Linear Seesaw V1 Y 0 A

N
&' A 0

No
H ~ s H
N\ /7
T A /.Y,
Y,
N NN N
L L

LFV | YIYaA LFV Y Yy
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d>5 operators



d>5 o E erator arXiv:0907.3143, JHEP 10 (2009) 076

concept :
O%=> = LLHH
0%=" = (LLHH)H'H)
0= = (LLHH)(HTH)?
problem : H H
L/ \ |_/ N\ L
1
LLHH)(H'H LLHH
* g, LLHIHH) < 16WQANP( )
Ayp > 3TeV
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d>5 oEera’ror

concept :
0= = LLHH
0%=" = (LLHH)H'H)
0= = (LLHH)(HTH)?

solufion : s genuine d=D operator as LO with all d<D forbidden

® new U(1) or discrete symmetry
® Pb : HtH singlet -> need new fields

n-+5 n, ohen,de Gouvea, Dobrescu 006
O ~ (LLHH)S™ Gogoladze, Okada, Shafi, 2008
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d>5 oEera’ror

concept :
0= = LLHH
0%=" = (LLHH)H'H)
0= = (LLHH)(HTH)?

solufion : s genuine d=D operator as LO with all d<D forbidden

® new U(1) or discrete symmetry
® Pb : HtH singlet -> need new fields

n-+5 n, ohen,de Gouvea, Dobrescu 006
O ~ (LLHH)S™ Gogoladze, Okada, Shafi, 2008

[(92”+5 ~ (LLHuHu)(Hqu)”]

simplest possibility : d=7 (LLH H,)(H,Hg) with Zs
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d>5 oEera’ror

decomposition : finding all possible heavy fields (mediators) for tree-level
realizations of (LLH, H,)(H,Hy)

SU(2) <

X L~ S Lorentz: S (scalar), V (vector), R/L (fermion)

Y Hypercharge

\_/

F. Bonnet | 12 July 2012 - GGI



d>5 oeerafor

Type I (fermion singlet)

F. Bonnet

Phenom.

# Operator Top. Mediators NU égr 4L
1 (H i L°)(H, ir L)(H T H,) 2 1T T v
2 (HuiT?7Le)(Huit? L)(H4iT*7H,) 2 3, 8L 1k, 1k, 33 v Y
3 (Huir?7L°)(HiT*7L)(H4iT* H,) 2 - TR T T v Y
4 (—ie®)(H ir2m°Le)(H, ir?r*L)(H4ir*°H,) 2 s, 33,35 v
5 (Leit*7L)(H4i7m* H,)(H,iT*7H,,) 2/3 s,,8%,/13 v
6 (=i )LL) (HaiT* " Hy) (Huit*m°Hy)  2/3 _.,3'_,/30 v
7 (H,ir?Le)(Lir*7Hy)(H,ir*7H,) 2 13, 12, 38, 85, 82, v Y
8 (—ie®®)(H, ir?r°L)(Lir*r*Hy)(H,ir*m°H,) 2 3k 3L 3k 3k 3*, v
9 (Huit? L) (ir? Hy) (L) (HaiT* Hy,) 1 1¥, 1%, 2’_‘1/2, 2'_‘1/2, : v
10 (H,ir*7Lc)(ir*7H,)(L)(H,4it* H,,) 1 35, 35, 2%, 5, 25,0, 1§ v Y
11 (H i L) (iT° H,) (FL)(Ha4im 7H,) 1 15, 15, 2%, 2 ., 85 v
12 (H ir*r°Lo) (it H,) (" L) (H i " H,,) 1 35, 35, 2%, .. 2%, .85 v VY
13 (H im?L°)(L)(ir* H,)(H4iT* H,,) 1/4 1§, 15, 22, 45, (13) v
14 (H im*7Le)(FL)(ir* H, ) (H4iT* H,,) 1/4 3¢, 355 2%, 40, (1) v Y
(H T2 L) (L) (it 7H, ) (H4im?7H,) 1/4 1§, 15, 2% ), (33) v
(Huim?m° L) (7° L) (iT*7" Hy ) (HaiT* 7" Hy,) 1/4 S5, 8§, 211/,, (33) v Y
(H ir? L) (Hy) (iT* Hy, ) (H,iT2 L) 1 1§, 15, 28, ,, 2L,,2 v
(H,ir*7L*)(7Hy)(ir*H,,)(H it L) 1 3§, 35, 2%, pe 2'«, S A O A
(Hu it? L) (Hy) (iT*7H, ) (H, ir*7L) 1 18, 1L, 2’_‘,/., 2L ,.88.8F v v
(H it?m°Le)(t*Hy) (it H, ) (H,iT*T°L) 1 3k, 3L, 2K ~1/2) 2"112 v v
(Zji‘r"r"L)(H.,i‘rzr")(r"Hd)(H,,lr " H,) 1/4 37,. 2%, (32,) v
(Leir?ro L) (Haim2 %) (7" Hy ) (HuiT? 7 Hy,) 1/4 3*,, 2;3,,, (3%,) v
(Lcir®7L)(H,ir*7)(H,)(H4ir*H,) 1/4 37, 2%, 5, (13) v
(Fir”r“L)(Huil'zr“)(r"H.,)(Hdi‘r'zrbH,,) 1/4 8%, 2%, 5, (39) v
(HaiT? H,)(L6i72)(FL)(HuiT*7Hy) 1 13, 2%, /0, 28,5, 8%,
(Hair*r°H,)(Leir*7°)(7* L) (H, ir*T" H,) 1 3. 211 sas 251720 3%
(H, ir?Le) (it Hy)(FL)(H iT*7TH,) 1 1§, 15, 2%, 2, 2%, o, 3'_ : v
(Huir?r° L) (ir? 7 Hy)(7* L) (H iT? * H,,) 1 3¢, 3§, 2%, ., 2%, /2 v Y
(H im* L) (L) (ir*7H ) (H iT*TH,) 1/4 15, 13, 2;,,,,( l) v
(H ir?*m°Le)(r° L) (ir* 7 H ) (H, it ™" H,,) 1/4 - L0 t1/20 (3L4) v v
(i_‘cir?.-ﬂH,,)(ir?roH,,)(rbL)(Huir?r‘H,,) 1 8%, 8%, 2%, ,. 2%, ,. 8%, v Y
(Leir?T*Hy)(* L)(iT*m* H ) (H, iT*™*H,) 1/4 3%,,38%,2%,,, (3%)) v Y
(LeiT27Hy)(ir*7H, ) (H, ) (H,irL) 1 3i,,3” 2L /20 2"3,2 1tk v v
(Leir?7r°Hy)(ir?7°*H,)(7*H,)(H ,i*7*L) 1 3L,,38%. 2¢ “3/20 2R Ry /2 3L.3fk v v

12
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d>5 operator : first example
[{u 'Hd
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d>5 operator : first example
[{u 'Hd

Masses @TeV -> Y, ~ 10~

F. Bonnet | 14 July 2012 - GGI



d>5 operator : first example
}[u Hd

X4

F. Bonnet 7 14 July 2012 - GGI



d>5 operator : second example
L

H, ’Hu o
AR . @ ~Y 2+1/2
N, N ~1F
H,
L H,,
4 -
\_ J

( 0

0 V) @Y.
Y, (H,) Y, (H?) 0 A
C(HY) (HO)? <) Mg — o0 Y/ A
| SEEeY. A 0 ) ELNV 1), 0
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d>5 oEera’ror :

\
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d>5 oEercn‘or :

\

/<A
1/eLNy < O
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d>5 operator : Type II

A 3 X 4
L S 4
1 4 R4
1 v
A L@ L
4
-------iI ------- -('
L 3
L 3
A
L 3
L 3
L 3
<
L
Hu Hd
I_ 1 1
1 1
: : R
4
ArE
1 1 X4
R '.---.('
_ .
L 3
Y
L 3
L 3
L 3
L 3
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d>5 oEera’ror

F. Bonnet

1/ELNV <

1/Y A

Mseesaw @TeV
Mother @TeV
Yukawa large

Mseesaw @TeV
Mother > TeV
Yukawa large

d-5

1 [Type 1/111]

Mseesaw @TeV
Mother > TeV
Yukawa large

> 1/11NV

<

Mseesaw @TeV
Mother @TeV
Yukawa large

~"'0
=0~
~
:\
oy
=
<

d-5

() [ Type 11 j

Mseesaw @TeV
Mother > TeV
Yukawa large

> /1A
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Radiative neutrino masses




One-lOOE d_5 arXiv:1205.5140, to be published in JHEP

concept :

H H

N\
N\

/7
/7
\’(\ 1 loop only, no self-energy
L/ L

L L 4
L L
T1 T2 T3
7N\ \
\ l_//l
/
T4 T5 T6
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one-loop d=5

Other mechanism

H H H L
. il Bt ol i - — - - - -
| |
l
Include Dark doublet . | | Include Zee Model
Ma, 2006 4 Y 4 Zee 1980
Kubo, Ma, Suematsu 2006 : | |
~ e | - o -—apm oo mg = -
L T1-i L L T1-ii o
H H H H
> 5 > == o g -
4 > Y A
L ~4 ~4 L — ey = o— ~4
L T-3 L L T1-iii L

Partially Studied in Ma 1998
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one-loop d=5

Analogous Type 11

Analogous Type I/III

g H L _ o’ g  _ H
\/ ~ o/ Loy
v A\ \ A
L T4-1-i L H T4-2-i H L T5 L
}:{—-»————-b————o—{{ L - - - - L H———-b————
\‘ /‘ i v
\\/ \\__/:_<___'[_1-
' A AN A
L T4-1-ii L H T4-2-ii H L T6 L
F. Bonnet 21

Ii—f————-»—— L
\\
N/X¥
L T4-3-i H
g L
/‘/
N/X
L T4-3-ii H

July 2012 - GGI




one-loop d=5

\

Analogous Type II

L

Analogous Type I/III

F. Bonnet

21

H

e e

N/Y

L T4-3-i

L
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one-loop d=5

Other
problem : { . . H H ) L
- | | - | -
| |
Forbid tree-level d=5 | T " T
- | > L -~ e e e = e = -
| T1. L L H
solution :
Ill' depends cen ) H H . . H
. i I I
Loop Seesaw
g I L . . L S
x ¥ - )
‘A N/Y
L T4-1-ii H T4-2-i H T4-3-i
F. Bonnet 22 July 2012 - GGI




one-loop d=5

Diagram Diagram Fields
¢ Y
e it I 5 3
HY ¢ u HY i 32+a | 21+a
— e wpe = e e wgn e 2S 15
| %+Q .lg-{»-a
'd 22+a 31+a
; 15, 28
| %+a .15'+a
> I
T1-1
H_° Y ¥ y v
I
|
to
|
e L R s
v ¢' " 110
T1-2
H_" y ' v Y _H"
Y
U—o—— - —';— — —y—d—u
T1-3
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one-loop d=5

Diagram Diagram Fields
HY A mw | ¢ ¢ | ¥
- - = - - - F | 25 3
H" 7 ¥ Iy H ,T\ la 32-{-07 2
- e g = g = oy g - j " ' 25 25(}%»
L l AL oF 125 (35.)
o} o - a \\ it 3%‘ 1§+a ?S'éy;'
| | v / Y v o 24+a 1+
< i 3 S v 3F | 35 23
v y " Y v T3 o 24a 1+a
T1-1
H_" Y ¥ y v
I
"] ] |
v to
|
i el e i 5w Byt v
v Yy ¢ u H'
T1-2
H_o y' v Y _H°
V'] U
YT Ty
T1-3
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one-loop d=5

Diagram Diagram Fields
HY A HY ¢F' 35 ;l)
0 : 0 Sl it 15735 12
- F-S-b - A ) 2F 2?%’
| I / o (a1
‘ | ST LA oF 25, } 3 y
0, fd R 4 \ 3F 1.5' 25'_‘
| [ v Y v Y v Q 2+a 1+o
s i) R - 3F 135 25
o y v ' & v T3 (¢ 2+a 1+ao
T1-1
H_"_’_ Y ¥ y v
|
V| o simple Z2 symmetry is enough
SRR S N —
v Yy ¢ u H'
T1-2
H_"_» y' v Yy N _H"
Y| 1)
Y e Ty v
T1-3
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one-loop d=5

Ly, : ©loop = singlet
\ loop = tree

L
v v solution : o No LNV couplings
6 0 Fermion in loop : Majorana
0 Zo to prevent scalar vev
H°
L vy L
oE; N Y CONNCY
I il B Y X X
i & A ! I
ol U N L, v ¥
H H
” »
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one-loop d=5

Diagram Fields 7 .
. * a =
(F o m #8107 0 n - loop = singlet
RO AR AN .
6 Spo’ & 5, 2 25,15, loop = tree
Y 352 23' 2§+a 3‘IS'+¢:t
A 32, | 33 [ 154 | 20,
L = A - L 352 33' 3§+a 2‘154-0
Ya
\ T4-1-ii ., .
v,y v v v [[A] ¢ | o | ¥ solution : o No LNV couplings
'\ ) 35 | 15 135,12F - L :
N e R T 0 Fermion in loop : Majorana
@ He,” @ 32 2a 20—'2 | ]'a'—l
Y 35 | 25 |25, 1 3F 0 Zo to prevent scalar vev
¥a 35 | 35 |los |20
P (318 (8, 2
: L v Y L
T4-2-i e T i S
V[ 6 | & | ¢ b~2% X /¢ (6 (¢°)
H" Ho 1(1)7 1?—{-& lg 25 Y X X
S T 1o |20 | 2, | 1g . | |
¢ My 1o |20, ] 25 | 3, | L v v
TE A S D S e
o fa Q H H
3(1)7 ]'ng-{-a 32 25
3 | 2040 | 22 | L
35 2§+a 22 35
3 3.l 15 | 25
3 [3%a ] 32 | 2
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one-loop d=5

[ Type 1I j [Type I/IIIJ
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one-looE d=5 # loops

Mseesaw @TeV A
Mother @TeV
Yukawa large

Mseesaw @TeV
Mother > TeV
Yukawa large

[Type 1/111]

‘IIIIII."{;:

> 1/1LNV

[ Type 11 j

Small YA = suppressed LFV

1/cLNV <
# loops
Mseesaw @TeV A
Mother @TeV
Yukawa large
Mseesaw @TeV
Mother > TeV
Yukawa large
S8
1/ YA <€ \L‘
F. Bonnet | 26
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one-looE d=5 # loops

Mseesaw @TeV A
Mother @TeV
Yukawa large

Mseesaw @TeV
Mother > TeV
Yukawa large

‘Illlllilft':

[Type 1/111]

> 1/1LNV

[ Type 11 j

Small YA = suppressed LFV

1/ELNV <
# loops
Mseesaw @TeV A
Mother @TeV
Yukawa large
Mseesaw @TeV
Mother > TeV
Yukawa large
1/€LNV 4
AL < ——0
F. Bonnet 26

> 1/uA
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Is there a pattern here?



Global view

f

# loops
A
[Type I/III]

1/ELNV <€ > 1/1LNV

# loops

A
[ Type 11 j
1/€LNV < / > 1/1A

d-5
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Global view

f

# loops
A
[Type I/III]

1/ELNV <€ > 1/1LNV

# loops

A
[ Type 11 j
1/€L.NV < / > 1/1A

d-5
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Global view

ﬁ
# loops ?
[Type I/III]
®
1/€LNV 1/piNy
# loops

[ Type 11 j
2 1/eLNV 1/pA

d-5
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Global view

/——§
0
Lorr = Lsu ——M%(%E) ! 56%5 ! 55%5
FORalSa ¥ Obusa 0Ly
FOLGLg +0Lg g +0L G2, -
1/t size) < >
F. Bonnet d-5 30

1/ size)
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Introduction

x

Lorr =Lsum ——M%E) + 56%5 + 5£%5 T
6L +octt o+
FOLDg + 6Ly + L2 + .

# loops

1/ size) <« — > 1/ size)

F. Bonnet | d-5 30 July 2012 - GGI



Introduction

x

Lorr =Lsum ——M%E) + 56%5 +oL 4+
2

__5£d027 T 5£d:7 1T 5£&:)7 T e e

FOLD + 0L + L2 + ..

# loops

1/ size) > 1/ size)
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Global view

p

1/ELNV <

F. Bonnet

d-5

# loops
A

v

[Type I/III]

> 1/ULNV

00pS

A
- [ Type 11 j

1/YA <

d-5

32

> 1/UA
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Global view

f

Hu Hd Hu Hd

H, Hgy
 d=9, 2-loop|
Y
S: 'H'Uz
Hi s e s
m(fzbc:;) Y]%H%) (eY;)(t~loop)T N gbi e
YN H L ree A ; : :
(gyl)(l—clioop) AT Iutree Hd: : EHd
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Conclusions

f

H#

1/ELNV

00pS
A

I/111

> 1/ULNV

1/ LNV <

0 Inverse/Linear Seesaw = Effective root for d=7/1-loop

generalization of Type I, II, III Seesaws

0 €NV and ur,Nv can discriminate loop Vs tree level

F. Bonnet

34

> 1/UA
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Conjecture

f
“ HA L
MLNV ' ‘
e & ELNV A

With

Inverse/Linear Seesaw

Effective theory of all Type I, IT and III models

F. Bonnet 7 35 July 2012 - GGI



Global view

”
s“~~~‘ MA ,"""
MLNV @
J . ELNV E N
y .
e S
AO

With eﬂc‘\.

F. Bonnet 7 35 July 2012 - GGI



Back up

F. Bonnet | 3 May 24™ 2012 - KIT



Global view

f

# loops

[Type I/III]

1/cLNV 1/ULNV

# loops

A
[ Type 11 j
1/Y A < / > 1/1A

d-5




Global view

f

# loops

[Type I/ III]

1/cLNV 1/ULNV

# loops

A
T [ Type 11 j
1/Y A < / > 1/1A

d-5




Global view

f

# loops

[Type I/ III]

1/cLNV 1/ULNV

# loops

[ Type 11 ]

1/Y A 1/

d-5



Global view

m

1/cLNV

d-5

# loops

A
'
’
’
’
' -
’
'
l. j
\
’
'
’

[Type I/ III]

1/ULNV

1/Y A

1/pA



