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What do we know?

gl

Amgl > () ﬁmgl <(

Upper limits on neutrino mass scale:

(my) < (0.2 — 0.4) eV
mg SJ 2.2eV

> muy, < (0.23 — 0.68) eV

LNV!

2 Am? and

all 3 Qij
measured with
high precision,
buft ...

GERDA, EXO
KamLAND-Zen

Lirnit still from: Mainz & Troitsk

Planck & BAO
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i Open questions

= Are neutrinos Majorana particles?
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i Open questions

= Are neutrinos Majorana particles?

A: Observe LNV
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV

= What is the origin and energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?

m,. OvBs, LFV:

— 14L
% Tree y—1 10 -A
@ 1-loop L
12|
9- 1o 2-loop A
= . re

y— 1072 10"

1010

0vA3B LFV

108_

T [GeV]

106_

104_

102E EW scale
05 07 09 Oll Opey Oriy Oyeqq
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV

= What is the origin and energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?

Flavor symmetry

gauge

suU(2) |
doublet

triplet irreducible representation of
a flavor group?

Discrete symmetries:
SS, A41 ct e

sin?(Oatm) ~ 1/2
sin?(0p) ~ 1/3
sin?(0R) ~ “e*
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV

= What is the origin and energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?

4

— (keV sterile) Neutrinos could be DM

— Parficles generating m, could be DM
Example: “scotogenic” neutrino model Ma, 2006
Explain flavour as well? “Discrete DM” Morisi et al, 2010
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV!
= What is the origin and energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?
= Can we understand flavour structure?
= Are neutrinos related fo DM?
= Are neutrinos linked to the BAU?
= Is there CPV in the lepton sector? Majorana phases?
= Can we predict CPV?
= Are there more than 3 light neutrinos?

= Normal hierarchy or Inverted Hierarchy?
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV!

= What is the origin and energy scale of LNV? < This talk!
Direct test: LHC? Or indirect: LFV? 0v 33 decay?

= Can we understand flavour structure?

= Are neutrinos related fo DM?

_ < This talk!

= Is there CPV in the lepton sector? Majorana phases?

= Can we predict CPV?

= Are there more than 3 light neutrinos?

= Normal hierarchy or Inverted Hierarchy?
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Trees and Loops
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Theoretical expectation?

Majorana Neutrino mass

(Yv)?
m, =~ . Weinberg, 1979
A
Smollneis of ne.u’rrln”o Mass Minkowski. 1977
can be “explained” by:
= High scale: Large A Yanagida, 1979
“classical” seesaw Gell-Mann, Ramond, Slansky, 1979

Mohapatra, Senjanovic, 1980
Schechter, Valle, 1980

Foot et al., 1988
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Iheorefical expectation?

Majorana Neutrino mass generated from an n-loop dimension d diagram:

= O () ()

Smallness of neutrino Mass
. ” 14
can be “explained” by: _
> Tree y—1
. 8 1012} [ ] 1-loop
= High scale: Large A o 2-loop o
. ” -loop Yy—
classical” seesaw ool e
= Loop factor: n > 1
+ “smallish” Y ~ 0(10=3 — 10~1) e
= Higher order: d = 7,9, 11 10
= Nearly conserved L, 100

i.e. small e ("inverse seesaw”) -

... or combination thereof

Os O; Oy On
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i Diagramatic method

(H) (H) (H) (H) (H) (H)
—+< - +

Ma 1998
Tree-level

+ x L B
\\\ VR Il ~: ’A . 50 II
7 \ T T~ 7 \ 3 diagrams

L
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Diagramatic method

(H) (H) (H) (H) (H) (H)

e | o Ma 1998
‘ Tree-level

/_><_\ /A\ /926\ 3 diagrams
] Bonnet et al., 2012
><>< >< 1-loop level:

6 topologies

>_< >: i ; i 12 diagrams
o 4 genuine diagrams
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i Diagramatic method

(H) (H) (H) () (H) (H)

. ¥ ¥ Ma 1998

~

/_><_\\ /A\ /%Le\ 3 diagrams
><>< >< Bonnet et al., 2012

6 tfopologies
>_< >©< >—< 12 diagrams
e 4 genuine diagrams
I R e e AN
e X T Aristizabal et al, 2015
T—T1 =~ > _~ | 7 79T 29 topologies

; 6 genuine topologies
P = o L2 L oL T many, many

>®< >®< T _P=< o=>=<T T[S diagrams!

TN

~O SO0 > =T DO IMFP 2016, 04/04/2016 - p.18/57




EAL — 2 operators

Weinberg, 1979

Ow %(LiH)(LjH) One d=5
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i AL = 2 operators

d = b5: Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5

Example realization, seesaw type-l:

(H) (H)

+ +

/
\ /
\ rr
\ /

/ \
vy, vy
A ~ M,,Rk

.. vyvuv
Cig O Y Y5
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h AL = 2 operators

d = b5: Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5

Example realization, seesaw type-l: Ov 3B decay:

(H) (H)

+ +

/
\ /
\ vr /

\

AN

vy vy

AN~M

VRk

.. vyvuv
Cig < Y Y5

Mass mechanism!
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Seesaw: Near EW scale??

(H) (H)
Type-l: +\ ,'+
= h, ~ 1077 //96\
(H) (H)
—+ -
Type-ll; \\v/
A
|
= YT ~ 1 /\
(H) (H)
Type-lil: + ,+
Y ~ 1 _7 \\ ZO /
= Y 0 / — <

Tree-level
d =5 Only
3 realizations
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AL = 2 operators

d = b5: Weinberg, 1979
Ciq
Ow TJ(LiH)(LjH ) One d=5
d="T: Babu & Leung, 2001
de Gouvea & Jenkins, 2007
O3 x LLQd°H O o (LH)(LH)(H,Hy)

O4 x LLQu°H
Og x Le‘u“d“H
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i Nearly conserved L?

Mohapatra &

Inverse seesaw, basis (v, v¢, S): Valle 1986
alle,

— T
Ml/_ mD O M Y
0 MT

After EWSB the effective light neutrino mass matrix is given by

1
M, = mDMT ,uM_lmg.

“Inverse” seesaw, because:

M, =0 IF ©w=0
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h O « (LH)(LH)(H,H,)

"Open” d = 7 operator. Just one example:

Inverse seesaw

However: (HHT) is a singlet under any symmetry.
Thus:

Bonnet et al., 2009

Requires at least 2 Higgses, example: H,,, Hy

= Suppression by: pug(Hy)(Ha)/m3
= “Enough” if my ~ 104 GeV
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AL = 2 operators

d = b5: Weinberg, 1979
Ciq
Ow TJ(LiH)(LjH) One d=5
d="T: Babu & Leung, 2001
de Gouvea & Jenkins, 2007
Oy x LLLe“H A(+1)d =T
O3 < LLQd°H O o (LH)(LH)(H,Hy)

O4 x LLQu°H
Og < Le‘ud“H
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E Example d = 7: LLQd°H

Graphically:

IMFP 2016, 04/04/2016 - p.27/57



Example d = 7: LLQd°H

Again, more than one realization.
Example:

Q de

Ssq_ Sz, _
L 31,-1/3 + 32,-1/6 L

S3.1,—1/3 - singlef leptoquark
S3.2.1/6 - doublet leptfoquark

AL = 2,50 ...
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Example d = 7: LLQd°H

Again, more than one realization. OvBB decay:
Example:

Q de

— - — ’_ —_ S —
. S31,-1/3 + S3.2,-1/6 L

53,1,_1/3 - singlet leptoquark (b)
53,2,1/6 - doublet leptoquark Long range contribution!
- 0
AL = 2,50 ... Ao Lo (HO)

2
M31,1/3™3,2,1/6
No helicity suppression!
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Example d = 7: LLQd°H

Again, more than one realization. 1-loop neutrino mass:
Example: "
|
Q dc +

Ssq_ Sz, _
L 31,-1/3 + 32,-1/6 L

__4__’___»_

Ss31,-1/3 + S32.-1/6

S3.1,—1/3 - singlef leptoquark |
S3.2.1/6 - doublet leptfoquark -

AL = 2,50 ...
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Example d = 7: LLQd°H

Again, more than one realization. 1-loop neutrino mass:
Example: H
|
Q g f
D ST
. Suva | Ssaae )

|
H

Ov 3B decay has both contributions: L Saic1s | Sszoue

u
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i m, Q [-loop andd =5

Bonnet et al., 2012
With 4-external legs and no self-energy diagrams,

there is a total of 6 topologies:

T1 T2 T3

T4 TS5 T6

All d = 5 T-loop neutrino mass models covered!
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hmu Q J-loop andd =5

Bonnet et al., 2012
With 4-external legs and no self-energy diagrams,

there is a total of 6 topologies:
@- izable genuine
(n exevel)
T3

T1 T2

1-
esaw
T4

All d = 5 T-loop neutrino mass models covered!

genuin no
(no free-level)

iver

T6
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Topology-1

¢ L ]—l_"_l__‘___"_l_]
| : Dark doublet model
+ I Ma, 2006
| : Kubo, Ma & Suematsu, 2006
|
> e
¢ ®
- Loy L
[ /ee, 1980
]{ - - P P /ee model
|
i Cheng & Li, 1980
Y
: Hall & Suzuki, 1984
——L - R-parity violating SUSY

H_ ! Ma, 1998

A

Hall & Suzuki, 1984
R-parity violating SUSY
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Topology-1

T1

mMany, Many more
references ...

Apologies for
not citing YOUR
model here!

il il
e e E
| I
Y |
| |
> e
L Tl L
i L

F N

——L -
L Tl H
1
] I

Dark doublet model
Ma, 2006
Kubo, Ma & Suematsu, 2006

/ee, 1980
/ee model

Cheng & Li, 1980

Hall & Suzuki, 1984
R-parity violating SUSY

Ma, 1998

Hall & Suzuki, 1984
R-parity violating SUSY
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E Topology-3

H H
) Ma, 1998
Vo Ma, 2006
RY
/ \
A
T3 L W L
Systematically:
/
R H o, . _H
g 32—{—04 21—|—a /\
25 | 25, . | ¥, |=Ifa=-1and /o
25 | 25, | 3, » has a Majorana 0 ) \\¢
S S F mMass (v = N) / .
3a 12—|—a 21—|—a . / \
1-loop correction to > < 4
35’ 33 2F
@ | "24a | Tlta type-I, unless Z L N L

symmetry forbids v
Dark Matter!
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E Topology-3

H H
/ \\ Ma, 1998
A Ma, 2006
oF N
/ \
A
T3 L W L
Systematically:
¢’ ¢ (5 i I
15 | 35,4 | 2144 S
\
2§ 228—|—a 1f—|—a / \
25 | 25, | 3144 |=Ifa=—1and has O / \\(I)
33 125+a 2f+a a Majorana mass (¢ = %) / \
35 | 3S oF 1-loop correction to T
67 24« 1+ ) L L
type-lll, unless Zo y

symmetry forbids v
Dark Matter! IMFP 2016, 04/04/2016 — p.37/57



I-4: Loop generated verfices

Bonnet et al., 2012

L YA L H Y L H Y L
: N2 le
| N,
LA i j
[ Ny
| A
. N, N,
_——— e — - - .« - - = > - — - — — — > - — - - — =
H LA H L Y, H L Y, H
:YIOOP ~ ¢loopy/
L A L bzl c v L H Y, L
= > < —— = — > - R <
\ / \ "Nl
* ¥ ® N2
\ 7/ \ /
Y [ 2loop
| No N H
A 4 N2
| Ny vy
—_———_— - - - - - - - > - — - - - - > - — - - - -
H LA H L Y, H L Y, H
T4-2-1 T4-3-i self-energy

= If tree coupling vanishes

Y1ooP o 43 /(1672)
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AL = 2 operators

d=5:
d=T:
d=09:

Ow

O x LLLe“H
O3 x LLQd“H
O4 x LLQu°H
Og x Le‘u“d“H

Os o« LLQI“HHH'
O¢ < LLQu°HHTH
O7 «x LQeCQHHHT

A (L;H)(L;H)

Weinberg, 1979

One d=5

Babu & Leung, 2001
de Gouvea & Jenkins, 2007

4(+1)d="7

O o (LH)(LH)(HyHy)

many d =9 and d = 11 ops

Og ox LLLe®Le”
O10 < LLLecQd*
011 x LLQdA Qd°
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E Example d = 9: LLQdQ)d°

True d = 9 operator; Many, many realizatfions ...

Q Q
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Example d = 9: LLQdQ)d°

True d = 9 operator; Many, many readlizations ...
One example:

Q Q

dc d® " | S6,3,1/3 de

t=

Se,3,1/3 - Triplet diquark
S3.2.1,6 - doublet leptoquark
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Example d = 9: LLQdQd"

True d = 9 operator: Many, many readlizations ...
One example:
Q Q ur, ur,
Q Q
d¢ d*
| (4/3
| S 1/3 de
|
e & — — —
- >s(2/3 g2/3)
32,-1/6 32—1/6 er

Se,3,1/3 - Triplet diquark
S3.2.1,6 - doublet leptoquark

Ov BB decay without neutrino!

AL = 2,50 ...
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Example d = 9: LLQdQ)d°

True d = 9 operator: Many, many readlizations ...
One example:

Q Q

dC

Se,3,1/3 - Triplet diquark
S3.2.1/6 - QOUDIET lepToquark

2-loop neutrino mass!
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Example d = 9: LLQdQ)d°

True d = 9 operator; Many, many readlizations ...
One example:

Q Q

dC

L

d u

-

o, e

d u
(c)
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E m, @ 3-loop?

No systematic analysis, but several example models exist:

7’ < I s ~
o ¢ ;o "N, Krauss, Nasri & Trodden, 2002
II S 1 \ Sa \\
/ ;N \ Similar diagrams by:
I I \ \
! ! . ; Aoki et al, 2008 & 2011
e Culjac et al., 2015
| |
H H
HO/AO
\- 7’
N o7 Gustafsson et al, 2012
W- Ht S 7 H" W-
Y Similar (but scalar) diagram in:
i
Py Kajiyama et al., 2013
1 (T~ flavour model)
—_— ——
Ut eL er VL
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E m, @ 3-loop?

No systematic analysis, but several example models exist:

7’ < ' s A Y
o ¢ ;o - Krauss, Nasri & Trodden, 2002
II S2 1 S2 \\
/ S v Dark Matter! Similar diagrams by:
] 1 \ \
! K . ; Aoki et al, 2008 & 2011
wo e e N en, e n Culjac et al., 2015
| |
H H
HO/AO
\- 7’
N o7 Gustafsson et al, 2012
W- Ht S 7 H" W-
Y Similar (but scalar) diagram in:
g
Py Kajiyama et al., 2013
1 (T~ flavour model)
— —— e ——
Ut eL er VL
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i m, @ 4-loop?

From d = 9 operator;

1

ee‘uucdcde

O =
AL Nv

Ov 33 decay variant TIl-5: Bonnet et al., 2013

Gu, 2011

... because d = 9 4-loop
Needs (Quasi)-Dirac v's
5 5 tfo explain oscillation data

A few more examples in;
Helo et al., 2015

v
L

vy
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LLL.

Leptogenesis and LHC
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Leprogenesis

Sakharov’'s conditions:

o
(i) Baryon number violation N; /

(i) C and CP violation W,
(i) departure from thermal equilibrium .

(e) Tree

In Leptogenesis:

(i) Convert L to B through SM sphalerons
(i) CP violation through interference tree « 1-loop
(i) L out of equilibrium via right-hnanded neutrino decay
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LNV @ [HC
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LNV @ [HC

Example:

ud = W5E — TN — I+t

qi g4 fl
" v~/
81 8> Y
/s
q;
g
’ fs
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LNV @ [HC

q; 4 /i
Y Y />
& 8,
Y
Y >y,
Example: Example:
UJ-) W}{F — l+N — l+l+jj uu — S6,3,1/3 — 2‘93,2,1/6 — l+l+]]

S

S
ug — S 1,173 + 1T = 11555 94 — 9 = Ve 21/6 T Ve21/6 = 1115557
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OvBps and LHC (/s = 14 TeV)

J.C. Helo et al,
PRD88 (2013)

- - ~DQ
Uuu - S43

_____ aa - 85?3

........ l] d- é]_
..... = l] g% 8&93 e

_ -LQ
d g — S2/3 e’

Jer - Mean coupling
Mg - mean mass

= Assumed upper limit on o(pp — X): 1072 fb
= mpr = 1000 GeV (realistic (?) case)

= Full lines: Br= 10—1, dashed lines Br= 102
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Lepfogenesis and LHC

Deppisch, Hartz
& Hirsch (2014)

pblue lines
washout factor I'yy,
- Suppression of L oc 10~ Tw

Observation of

LNV @ LHC implies:
(High-scale) Leptogenesis
is ruled out!

Loopholes???

(i) Resonant LG
with my < mx?

(i) Hide LG in 7's?

IMFP 2016, 04/04/2016 - 0.54/57



LG and OvB 5 decay

1010

T [GeV]
S

10°

104

102

10142

1012i

future

current

0vGps

LFV

£ LHC reach

“ 5! Il

05 7 9 011

1 1 1 i
Ou67 Oﬂ”y Oﬂeqq

Deppisch et al.,
2015

If Ov35 is found
and demonstrated to be

LG ruled out above
scale \
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Conclusions

LNV & Ov358 decay:

= Maqjorana neutrino mass and
Ov 3B decay always related

= What is the scale of LNV?

= Observation of LNV at LHC
implies high-scale
leptogenesis ruled out

Tree

1-loop
2-loop
3-loop

y—1
I y — 1072

IMFP 2016, 04/04/2016 - p.56/57



A PLANCK 2016

From the Planck Scale to the Electroweak Scale

23-27 May 2016, Valencia, Spain

International %/M&’Wy Committze

I. Antoniad ole Poll\'technique? M. Quirés (Barcelona)
G. )

Local 0@}«/{/2/}(} Committee

E. J. Botella V. A. Mitsou  J.W. E Valle
M. Hirsch (B) S. Pastor
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