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overview Talk:
K Scholberg

i What we know

V@
{ J Yy
Vr

V3 V9 V1 |
See global fits by
Bari group:
AmZ,. = (2.2—2.7) x 1073 eV? Capozzi et al., 2014
5 . 5 Valencia group:
Am@ — (7.1 — 8.2) x 107° eV Forero et al., 2014
GERDA, EXO
(my) < (02—-04) eV KarmLAND-Zen
mg < 2.2 eV Limit still from: Maiinz & Troitsk
> my, < (0.23 -0.68) eV Planck & BAO
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i Open questions
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i Open questions

= Are neutrinos Majorana particles?
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Dirac M,

If Lepton Number is Conserved:

E — ESM + }/;?EiHVR7j

Experimental data requires: |Y, | ~ 10712

Fit fo all oscillation data possible and simple, but ...

= Any “predictions” of this scenario???
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Dirac M,

If Lepton Number is Conserved:

E — ESM + }/;?EZ'HVR7]'

Experimental data requires: |Y, | ~ 10712

Fit fo all oscillation data possible and simple, but ...

= Any “predictions” of this scenario???
(i) No double beta decay
(i) No charged lepton flavour violation

(iii) No Accelerator tests

= Experimentalists only measuring a “bunch of Yukawas”

= To exclude this scenario: MUST ocbserve a AL = 2 process
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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 energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?

m,. OvBs, LFV:
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV

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

= Can we understand flavour structure?

Flavor symmetry

gauge

suU(2) |
doublet

triplet irreducible representation of
a flavor group?

See talks by:
S. Morisi
A. Merle

sin?(Oa¢m) ~ 1/2
sin?(0p) ~ 1/3
sin?(0Rr) ~ €
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV

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

= Can we understand flavour structure?

= Are neutrinos related to DM?

— (keV sterile) Neutrinos could be DM Talk by: T. Asaka
— 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 energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?

= Can we understand flavour structure?

= Are neutrinos related to DM?

= Is there CPV in the lepton sector? Majorana phases? Talks by: H. Minakata
= Can we predict CPV? M.-C. Chen
A. Titov

M. Tanimoto
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV!
= What is the energy scale of LNV?

Direct test: LHC? Or indirect: LFV? 0v 33 decay?
= Can we understand flavour structure?
= Are neutrinos related to DM?
= Is there CPV in the lepton sector? Majorana phases?
= Can we predict CPV?

= Talks by: J. Harz
B. Dev
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV!
= What is the energy scale of LNV?

Direct test: LHC? Or indirect: LFV? 0v 33 decay?
= Can we understand flavour structure?
= Are neutrinos related to DM?
= Is there CPV in the lepton sector? Majorana phases?
= Can we predict CPV?
=

= Are there more than 3 light neutrinos? Talks by: J. Kopp
G. Collin
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Open questions

= Are neutrinos Majorana particles?

A: Observe LNV!
= What is the energy scale of LNV?
Direct test: LHC? Or indirect: LFV? 0v 33 decay?
= Can we understand flavour structure?
= Are neutrinos related to DM?
= |s 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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17

Majorana neutrinos:
A tale of

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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iEffecﬁve operarorsd > 5

Weinberg, 1979

Ow « (LH)(LH) One d=5
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Effective operaftorsd > 5

d = b5: Weinberg, 1979
Ow « (LH)(LH) One d=5
d="T: Babu & Leung, 2001
de Gouvea & Jenkins, 2007
O o< LLLe‘H A d=T
O3 < LLQd°H O « (LH)(LH)(H,Hy)
O4 x LLQu‘H

Og < Le“u“d“H

d=9: many d = 9and d = 11 ops
Os o« LLQA“HHH' Og o< LLLeLe
O¢ x LLQu°HH™H O10 < LLLe‘Qd°
O7 < LQe°QHHHT 011 x LLQdQd°
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E d = 5 free-level: Seesaw

Seesaw type-l, right-handed neutrinos:

Y2’U2
my o = (— ]\ZM , Mr)

For My, ~ 10> GeV =Y, ~ 1

Seesaw type-ll, scalar triplet:

A
my = YT<A%> ~ YT’U2M—2
mA

For ma o~ pa ~ 10 GeV = Yr ~ 1

Type-lll: Replace vy by ¥ = (1,30, 7).

YEQUQ
Ms "’
For My ~ 10° GeV = Yy ~ 1

my o = (— My;)

(H) (H)
+ 1
/ \
(H) (H)
_k\ /—zl—
A \I/ 7
A
|
(H) (H)
+ i
\‘\ >0 /,
/ \
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Seesaw: Near EW scale

Seesaw type-l, right-handed neutrinos:

Y2’U2
my o = (— ]\ZM , Mr)

For My, ~ 100 GeV =Y, ~ 10~ 7

Seesaw type-ll, scalar triplet:

A
my = YT<A%> ~ YT’U2M—2
mA

Forma ~ 100 GeVand ua ~1eV=Yr ~1
Type-lll: Replace vy by ¥ = (1,30, 7).
YEQUQ

My,
For Ms. ~ 100 GeV = Ys, ~ 1077

my o = (— My;)

(H) (H)
+ 1
/ \
(H) (H)
_k\ /—zl—
A \I/ 7
A
|
(H) (H)
+ i
\‘\ >0 /,
/ \
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Linear & inverse seesaw

Inverse seesaw, basis (v, v, S):

Mohapatra &

0 mp O Valle, 1986
MI/ — mg 0 M ’
0 MT

Linear seesaw: Akhmedov
0 mp My, et al., 1995

Light neutrino mass:

—1\T —1 T
M, =mp(Mr M~ + (MM~ Ymp
WIN 2014, 08/06/2015 - p.24/74



E O « (LH)(LH)(H,H,)

"Open” d = 7 operator. Two examples: Bonnet et al., 2009
Hu Hd L
o N H, M Ho
. [ , \ /
1 A 4
\ ' ¥ \ 4
\ ] / \ /
> > . < < > > . - - . -~ = H,
VR S S VR VR, S P \
|\
\
\
L L L Hd
Inverse seesaw Linear seesaw

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

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

= Suppression by: g (Hy)(Ha)/m?,

= “Enough” if my ~ 1014 GeV
WIN 2014, 08/06/2015 - p.25/74



Oy x LLLeH

One more example, opend = 7. Babu & Leung, 2001
e’ Only few possible
- ? o < decompositions
S111 Si2-1/2 L Caietal., 2014
|
H

WIN 2014, 08/06/2015 - p.26/74



E O, o LLLe“H

One more example, opend = 7. Babu & Leung, 2001
e’ Only few possible
- Y o < decompositions
S111 Si2-1/2 L Caietal., 2014
|
H

Close using SM Yukawa interaction:
Zee, 1980

f proto-type 1-loop
neutrino mass model

“/ee-model”

m, = d=5 T-loop

__4__?___,__

51,1,1 + S1,2771/2

|
H
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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

L T1iii L WIN 2014, 08/06/2015 - p.30/74



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
N Ma, 1998
! Ma, 2006
TRy
/ \
A
T3 L W L
Systematically:
¢’ ¢ (0
S S F ]i__»____4__ﬁ
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 > ——«
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! WIN 2014, 08/06/2015 - p.33/74



I-4: Loop generated verfices

L - YA )
|
|
|
LA
|
|
|
ol el e - _
H N
NYloop
L I L
\ /
* ¥
\ /
Y
|
AA
R T
H TN
T4-2-1

€Y/ L
Ny
A
Ny
Y, H
~ EIOOpY/
Y L
\
®
\
Ny
A
Ny
Y, H
T4-3-i

Bonnet et al., 2012

Y, L
e <
Ny
Ny
L
Ny
A
Ny
> - — - — — —
Y, H
Y, L
- — = > — — <
vV
Na
Ve
[ 2Mloop
AN
No
N
> - — - — — —
Y, H

self-energy
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i D¢ x LLLeLe€

One example for d = 9: Babu & Leung, 2001
31,1,2 — k++
e’ e 51,1,1 — hT
I
L | S1,1,2 L
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Do x LLLe¢Le°

One example for d = 9: Babu & Leung, 2001
31,1,2 — k++
e e 51,1,1 — h+

I

L I Sl,l 2 L
I
S oL
S111 S111
L ’ " L

Close using SM Yukawa interaction: "Cheng-Li-Babu-Zee” - model
Babu, 1988
/ee, 1986

Cheng & Li, 1980
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imu Q 2-loop and d =5

Aristizabal et al, 2015

L

\_/

T8 T8 T8
T
12 T2F T2F
O J\\J
T2 23" 23t T8 T28 728
2" T2NR gt T8 28 T28
23t T2g® 25" 72T T2r T2t
T2t 23y 72T T2F 727
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m, Q 2-loop and d = 5

Aristizabal et al, 2015

] Out of 29
fopologies
728 _ T2; T23 only 6
T21 727 721
_ BV
O N
Il T P 0 T
~  non-réhormalizable  * infinite ™
> >0 < P o 9T
" T§" 23" T2} 72! 72!
SO S00< T [T DO
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m, Q 2-loop and d = 5

Only three types of genuine diagrams:

WIN 2014, 08/06/2015 - p.39/74



m, Q 2-loop and d = 5

Only three types of genuine diagrams:

P RN = ,’ \\
/, 1 \\ /, ’ \
/ | \ Y4 / PEIIN \
1 [ \ I ,' ,/ \ \‘
1 1 I 1 1 X I
\ 1 L 1 - = == 1 \ L
CLBZ PTBM Rainbow
e T =~
A A 6 diagrams 4 diagrams
) : v CLBZ-1
A A
S v Complete lists
14 1 \
. I \ CLBZ-2 “Recipes”
A (integrals, QNs, etc. etc.) in:

Avristizabal et al., 2015

\ CLBZ3

N LTS
1
1
1
L

in total 10 diagrams WIN 2014, 08/06/2015 - p.40/74



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- =—
Af v

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

WIN 2014, 08/06/2015 - p.43/74



LLL.

OvB 5 decay, LNV and m,

WIN 2014, 08/06/2015 - p.44/74



Ovp s decay

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u
e
o, ¢
d u
(c)
Mass mechanism “long-range” “short-range”

Higher order:

WIN 2014, 08/06/2015 - p.45/74



Black Box Theorem

Schechter & Valle, PRD 1982
Takasugi, PLB 1984

If OvB3

IS observed
the neutrino is @
Majorana particle!

= 4-loop “butterfly” diagram: m, ~ 10724 eV Duerr et al 2011
= Tree-level, 1-loop, - - - 4-loop possible ...
Can we determine if mass mechanism is dominant?

Could we determine which model dominant?

WIN 2014, 08/06/2015 - p.46/74



i Tree-level topologies

Topology-I: Topology-Il:

LR V3 Vy
V4 Vo Va
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Iree-level topologies

Topology-I: Topology-Il:

LR V3 Vy

Examples:

RPV squark exchange:

_ u d i
e i
u d
1 g
d e i
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i I-l: Decomposition S

Mediator (Qem, SU(3).)

#  Decomposition SorV, (0 S or V)

11 (ad)(e)e)(ud)  (+1,1®8) (0,198) (-1,188)
l-i-a  (ud)(u)(d)(ee)  (+1,168) (+5/3,3) (+2,1)
1-i-b  (ud)(d)(u)(ee)  (+1,1®8) (+4/3,3) (+2,1)
2i-a  (ud)(d)(e)(ue)  (+1,1®8) (+4/3,3) (+1/3,3)
2-i-b  (ud)(e)(d)(ue)  (+1,168) (0,1®38) (+1/3,3)
2-ii-a  (ud)(a)(e)(de)  (+1,1®8) (+5/3,3) (+2/3,3)
2-ii-b  (ud)(e)(u)(de)  (+1,1©8) (0,1®38) (+2/3,3)
2-iii-a  (de)(u)(d)(ue) (-2/3,3) 0,198) (+1/3,3)
2-iii-b  (de)(d)(u)(ue) (=2/3,3)  (-1/3.3.®6)  (+1/3,3)

31 (uu)(e)(e)(dd) (+4/3,3.@6s) (+1/3,3.D6s) (—2/3,3,D 65)

3 (uu)(d)(d)(ee) (+4/3,3, @ 65) (+5/3,3) (+2,1)
3ii (dd)(u)(u)(ee) (+2/3,34 ® 65) (+4/3,3) (+2,1)

41 (de)(u)(u)(de) (-2/3,3) (0,1&38) (+2/3,3)
dii-a  (uu)(d)(e)(de) (4+4/3,3, @ 6s) (+5/3,3) (+2/3,3)
4ii-b  (uu)(e)(d)(de) (+4/3,3.®6s) (4+1/3,3,D 6) (+2/3,3)

51 (ue)(d)(d)(ue) (—1/3,3) (0,1©8) (+1/3,3)
b-ii-a  (ue)(u)(e)(dd) (-1/3,3)  (+1/3,3.®65) (-2/3,3.®6)
5-ii-b  (ue)(e)(u)(dd) (—1/3,3) (-4/3,3)  (-2/3,3.©6)

WIN 2014, 08/06/2015 - p.49/74



i I-l: Decomposition

Mediator (Qem, SU(3).)

#  Decomposition SorV, (0 S or V)
1-i  (ud)(e)(e)(ud)  (+1,1®8) (0,1 8) (1,18 8) < Mass mechanism
l-ii-a (ad)()(d)(ee)  (+1,1&8) (+5/3,3) (+2,1)
1-i-b  (ud)(d)(u)(ee)  (+1,1®8) (+4/3,3) (+2,1)
2ia  (ud)(d)(e)(ue)  (+1,1&8) (+4/3,3) (+1/3,3)
2-i-b  (ud)(e)(d)(ue)  (+1,148) (0,1®38) (+1/3,3)
2-ii-a  (ud)(u)(e)(de)  (+1,1®8) (+5/3,3) (+2/3,3)
2-i-b  (ud)(e)(u)(de)  (+1,1®8) (0,198) (+2/3,3)

2-iii-a  (de)(a)(d)(ue) (-2/3,3) (0,108) (+1/3,3)
2-iii-b  (de)(d)(u)(ue) (-2/3,3)  (=1/3.3.86,)  (+1/3,3)

3 (uu)(e)(e)(dd) (+4/3,3.865) (+1/3,3.865) (—2/3,3, % 65)
34 (au)(d)(d)(ee) (+4/3,3, @ 65) (+5/3,3) (+2,1)
i (dd)(u)(a)(ee) (42/3,3.@65)  (+4/3,3) (+2,1)

41 (de)(u)(u)(de) (-2/3,3) (0,1®38) (+2/3,3)
dii-a  (uu)(d)(e)(de) (+4/3,3.®65)  (+5/3,3) (+2/3,3)
4ii-b  (uw)(e)(d)(de) (+4/3,3.®65) (+1/3,3,D 6) (+2/3,3)

51 (ue)(d)(d)(ue) (—1/3,3) (0,1®8) (+1/3,3)
bii-a  (ué)(u)(e)(dd) (-1/3,3)  (+1/3,3.®65) (-2/3,3.©65)
5ii-b  (ué)(e)(a)(dd) (-1/3,3) (-4/3,3)  (-2/3,3.©6)
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i I-l: Decomposition

Mediator (Qem, SU(3).)

#  Decomposition SorV, 0 S or V) RPV SUSY:
1-i  (ud)(e)(e)(ud)  (+1,108) (0,19 8) (-1,1868) <«<=e—x—¢€
l-i-a  (ud)(u)(d)(ee)  (+1,198) (+5/3,3) (+2,1)
l-i-b  (ad)(d)(a)(ee)  (+1,1®8) (+4/3,3) (+2,1)
2ia  (ad)(d)(@)we) (+1L,158) (+4/3,3) (+1/3,3)
2i-b  (ud)(e)(d)(ue) (+1,188) (0,14 8) (+1/3.3)  w—e_v—d
2-ii-a  (ud)(u)(e)(de)  (+1,1®8) (+5/3,3) (+2/3,3) . .
2-ii-b  (ud)(e)(n)(de)  (+1,188) (0,14 8) (+2/3,3) SE€—Xx—0U
2-iii-a  (de)(u)(d)(ue) (-2/3,3) (0,198) (+1/3,3) <«u—x/g9—d
iih (de)(d)(m)(@E)  (-2/3,3)  (-1/3,3.88)  (+1/33)
31 (au)(@)(@)(dd) (+4/3,3.B65) (+1/3,3.B65) (—2/3,3. 0 65)
34 (uu)(d)(d)(ee) (+4/3,3. ® 6s) (+5/3,3) (+2,1)
i (dd)(u)(u)(ee) (+2/3,3.®65)  (+4/3,3) (+2,1) o
41 (de(w)(a)(de)  (—2/3.3) (0,1538) (+2/3.3) < u—Xx/g—u
dii-a  (uu)(d)(e)(de) (+4/3,3.®6s)  (+5/3,3) (+2/3,3)
4ii-b  (uu)(e)(d)(de) (+4/3,3.®6s) (+1/3,3, ® 65) (+2/3,3) . L
51 (ae)(d)(d)(we)  (—1/3.3) (0,16538) (+1/33) <d—x/g—d
Siia (ue)(@)(e)(dd)  (=1/3,3)  (+1/3,3.®65) (~2/3,3, 9 6s)
b (@e)(e)(m)(dd)  (—1/3,3) (=4/3.3)  (=2/3,3,©6,)
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i I-l: Decomposition

Mediator (Qem, SU(3).)

#  Decomposition SorV, (0 S or V)

i (ad)(e)(e)(ud)  (+1,18) (0,13 8) (-1,1®8) Leptoquarks
l-ii-a (ad)(u)(d)(ee)  (+1,1&8) (+5/3,3) (+2,1)
1-i-b  (ud)(d)(u)(ee)  (+1,1®8) (+4/3,3) (+2,1)

2ia  (ud)(d)(e)(ue)  (+1,1&8) (+4/3,3) (+1/3,3)

2-i-b  (ud)(e)(d)(ue)  (+1,198) (0,198) (+1/3.3) < Long-range LQ
2-ii-a  (ud)(u)(e)(de)  (+1,1®8) (+5/3,3) (+2/3,3)
2-i-b  (ad)(e)(u)(de)  (+1,1®8) (0,198) (+2/3,3) <« Long-range LQ
2-ii-a (de)(u)(d)(ue) (-2/3,3) (0,108) (+1/3,3)
2-iii-b  (de)(d)(u)(ue) (-2/3,3)  (=1/3,3,®6,)  (+1/3.3)

3 (uu)(e)(e)(dd) (+4/3,3.865) (+1/3,3.865) (—2/3,3, % 65)

34 (au)(d)(d)(ee) (+4/3,3, @ 65) (+5/3,3) (+2,1)

i (dd)(u)(a)(ee) (42/3,3.@65)  (+4/3,3) (+2,1)

41 (de)(u)(u)(de) (-2/3,3) (0,138) (+2/3,3)
4ii-a  (uu)(d)(e)(de) (+4/3,3.®65)  (4+5/3,3) (+2/3,3)
4-ii-b  (au)(e)(d)(de) (+4/3,3.06s) (+1/3,3.865)  (+2/3,3)

51 (ue)(d)(d)(ue) (—1/3,3) (0,1®8) (+1/3,3)
bii-a  (ué)(u)(e)(dd) (-1/3,3)  (+1/3,3.965) (—2/3,3.D 65)
5ii-b  (ué)(e)(a)(dd) (—1/3,3) (-4/3,3)  (-2/3,3.©6)
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i I-l: Decomposition

Mediator (Qem, SU(3).)

#  Decomposition SorV, 0 S or V)

i (ud)(e)(e)(ud)  (+1,1®8) (0,1 8) (-1,1®8) Di-quarks
e (ud)(u)(d)(ee)  (+1,1®8) (+5/3,3) (+2,1)
1-i-b  (ud)(d)(u)(ee)  (+1,148) (+4/3,3) (+2,1)
2ia  (ud)(d)(e)(ue)  (+1,198) (+4/3,3) (+1/3,3)
2i-b  (ud)(e)(d)(ue)  (+1,1®8) (0,1®38) (+1/3,3)
2-ii-a  (ud)(u)(e)(de)  (+1,18) (+5/3,3) (+2/3,3)
2-i-b  (ud)(e)(u)(de)  (+1,1®8) (0,198) (+2/3,3)
2-iii-a  (de)(u)(d)(ue) (-2/3,3) (0,1e8) (+1/3,3)
2-iii-b  (de)(d)(u)(ue) (-2/3,3) (=1/3,3a @ 65) (+1/3,3)

31 (uu)(e)(e)(dd) (+4/3,3,86s) (+1/3,3.86s) (—2/3,3,®6)

3 (au)(d)(d)(ee) (+4/3,3.965)  (+5/3,3) (+2,1)
i (dd)(u)(a)(ee) (4+2/3,3.©65)  (+4/3,3) (+2,1)

41 (de)(u)(u)(de) (-2/3,3) (0,1®38) (+2/3,3)
4ii-a  (uu)(d)(e)(de) (+4/3,3,®65)  (+5/3,3) (+2/3,3)
4-ii-b  (uu)(e)(d)(de) (+4/3,3,®65) (+1/3,3, @ 65) (+2/3,3)

51 (ue)(d)(d)(ue) (—1/3,3) (0,1©8) (+1/3,3)
Si-a (ué)(u)(e)(dd) (-1/3,3) (+1/3,3. 9 65) (—2/3,3, % 6;)
-ii-b  (ué)(e)(a)(dd) (—1/3,3) (-4/3,3)  (-2/3,3.®6)
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i I-l: Decomposition

Mediator (Qem, SU(3).)

#  Decomposition SorV, 0 S or V)

i (ud)(e)(e)(ud)  (+1,1®8) (0,19 8) (1,14 8) Coloured fermions/
l-i-a  (ud)(@)(d)(ee)  (+1,1®8) (+5/3,3) (+2,1) .
Lich  (ad)(d)(@)(ee) (+1,1®8)  (+4/3,3) (2,1) vector-like quarks
2i-a  (ud)(d)(e)(ue)  (+1,18) (+4/3,3) (+1/3,3)

2-i-b  (ad)(e)(d)(ue)  (+1,1®8) (0,1®38) (+1/3,3)
2-ii-a  (ud)(u)(e)(de)  (+1,1®8) (+5/3,3) (+2/3,3)
2-ii-b  (ad)(e)(u)(de)  (+1,1®8) (0,198) (+2/3,3)
2-iii-a  (de)(u)(d)(ue) (=2/3,3) (0,198) (+1/3,3)
2-iii-b  (de)(d)(u)(ue) (-2/3,3)  (-1/3,3.©6)  (+1/3,3)

31 (uu)(e)(e)(dd) (+4/3,3.®65) (+1/3,3,86s) (—2/3,3. 6)

34 (au)(d)(d)(ee) (4+4/3,3.965)  (+5/3,3) (+2,1)

i (dd)(u)(a)(ee) (4+2/3,3.®65)  (+4/3,3) (+2,1)

41 (de)(a)(u)(de) (—2/3,3) (0,1®38) (+2/3,3)
dii-a  (uu)(d)(e)(de) (+4/3,3.®65)  (+5/3,3) (+2/3,3)
4ii-b  (uu)(e)(d)(de) (4+4/3,3.®65) (+1/3,3, @ 65) (+2/3,3)

51 (ue)(d)(d)(ue) (—1/3,3) (0,168) (+1/3,3)
Sii-a  (ue)(a)(€)(dd) (-1/3,3)  (+1/3,3.®65) (—2/3,3. D 65)
5ii-b  (ue)(e)(a)(dd) (—1/3,3) (—4/3,3)  (-2/3,3.®6)
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Bonnet et al.,
2013

i I-ll: Decomposition

For completeness:

Mediator (Qe, SU(3).))
Decomposition Sor'V, SorV) S or V7
ud)(ad)(ee)  (+1,188) (+1,168) (-2,1) < LR A=~ (Rizzo, 1982)
(ue)(ed)  (+1,198) (-1/3,3) (-2/3,3) <= (New) LQ
(dd)(ee) (+4/3,3,065) (+2/3,3,86,)  (-2,1) <= (New) DQ
(ed)(ed)
)

(+4/3,3. 965  (-2/3,3) (-2/33) < (New)LQ+DQ
(-1/3.3) (-1/3,3)  (+2/3,3.865) < P-H. Gu, 2011 &
Kohda et al., 2012

i
1
2
3
4
5

= Note: All decomps contfain at least one of the following:

S11 -singly charged scalar (vector)

SQL/%, SlL/Q3 - leptoquarks

DQ oDQ w_y "
52/3,54/3 - “diquarks
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OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC
Graphically:

L L
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OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC

Graphically: Open as T-lI-1:
L L L\/L
de¢ [
Q 1S13,-1 d
|
> oK
Q d S1,2,1/2 S1,2,1/2 Q

WIN 2014, 08/06/2015-p.57/74



OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC

Graphically: Open as T-lI-1:
L L L\/L
d° [
Q 1S13,-1 d
|
> oL
Q d S1,2,1/2 S1,2,1/2 Q
L L
i \/
I
| S1,3,—1
I
<S1,2,1/2> - - - = ‘- - - - = (Sl,2.1/2>

Seesaw type-ll
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OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC

Graphically: Open as T-lI-2:
dc Q
dC\/ Q
Q |
Q 1 S121/2 de

|
- — & - - -
L Ss1,-1/3 S32,-1/6 T

WIN 2014, 08/06/2015 - p.59/74



OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC

Graphically: Open as T-lI-2:
de Q
dC\/ Q
Q |
Q :51,2,1/2 d
> <
L L Ss1,-1/3 S32.-1/6 L
i
1
N One loop: T1-ii
“"Coloured
/ee-model”

___.’____

Ssi-13 ' Ss2-1s6

l. WIN 2014, 08/06/2015 - p.60/74
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OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC
Graphically: Open as T-lI-4:

|
| S6.,3,1/3 de¢

dC
[
L S32-1/6 S32,-1/6 .

Q Q

WIN 2014, 08/06/2015-p.61/74



OvB s andm,

Only one example. BL# 11:

011 X LLQdCQdC
Graphically: Open as T-lI-4:

Q Q

d° [
de | S6,3,1/3 de¢
I
L L S32-1/6 S32.-1/6 L
=

Two loop: CLBZ-1

WIN 2014, 08/06/2015 - p.62/74



I-Il: Loops versus Decomps

Helo et al.,
T-Il # Op. BL# S S’ S’ Diagram Add. Int. 20] 5
1 (ad)(ad)(ee) 11,12,14 (1,2)4159 (1,2)410 (1,3)-1  typell  Siz_1HH
Tree-level 3 (aa)(dd)(ee) 11 (6,3)11/3  (6,1)19/5 (1,3)-1 type ll S13-1HH
3 (uw)(dd)(ee) 12 (6, 1)_|_4/3 (6, 3)_1/3 (1,3)-1 type ll S13-1HH
T-Il # Op. BL# S S’ S Diagram Add. Int.
1loop 2 (ad)(@e)(de) 11,14 (1,2)112 1) 1z (3,2) 16 To-T-i sgz_%sgl_%m
2 (ad)(ue)(de) 11,14 (1,2)110 (3,3) 13 (3,2) 16  Tw-li 5%2_%5;3_%HT
d=15 2 (ad)(@e)(de) 11,14 (8,212 B D_izs (.2 el s st HE
6 3
2 (ad)(@e)(de) 11,14 (8,2) 112 (3,313 (3,2)_1s6  Tv-lii 5%2_%%3_%1”
T-Il # Op. BL# S S’ S Diagram
2-loop 4 omide ; ;
(uu)(de)(de) 11 (6,3)41/3 (3,2)—16  (3,2)_16  CLBZI
d=>5 5  (ae)(@e)(dd) 11 (3,1)_yy5 (3, 1)_1s3 (6,1)40y3  CLBZ
S (ue)(ue)(dd) 11 (3313 (3,3)_1/3 (6,1)49/3  CLBZ]
2—|OOp T-Il # Op. BL # S S’ S Diagram Add. Int.
J— 2 (ad)(@e)(de) 19.20 (1,2)412 (3 D_1y3 (3,216 @ S, .S G H
2 (@(@e)de) 1920 (82112 Bz B2 @ S5 8] H
TNl # Op. BL # S s/ s
3_|Oop d=>5 4 (aa)(de)(de) 20 (6,1)1as3  (3,2)—776 (3,2)-1/6
5 (ue)(ue)(dd) 19 (3, D13 (B, 113 (6,1) 193
Il # Op. BL # s s/ s
4-loop d =9 3 (uu)(dd)(ee) (6,443 (6,1)49/3 (L,1)—2
> (we)ue)(dd) G Dy G Yoays 6D2s WIN 2014, 08/06/2015 - p.63/74




i Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

u d u
e
e
o, ¢
d u
(c)
Mass mechanism “long-range” “short-range”
10
. >
Compare with 8 w0
. . <
other experiments: Angular correlations 109 LHC!
Cosmology OvB™ /EC decays ol
KATRIN? LHC? ol
ol i (LHI(‘,—Z()I{S)
, 1 1
LEP
05 07 O.() Oll
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E [GeV]

V.

LNV @ LHC

5 oo
®
1
LHC-2018
| I s-channel
' LHC 2015
' T s-channel |
103L LHC-2018
(++)
LHC-2015
(++)
o
102
10t

011
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hExamp/e: Wg @ LHC

Keung & Senjanovic, 1983

Signail:

Same-sign and opposite-sign
di-lepton + jets, no Hr
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Example: Wr @ LHC

Keung & Senjanovic, 1983

Signail:

Same-sign and opposite-sign
di-lepton + jets, no Hr

400———————————————————;
% % 300
8 100' 4 8
g = 200
i i
o 1 @ 100
> S
L i
ot e
0 1 2

= Assumes £ =30 fo~! at /s = 14 TeV WIN 2014, 08/06/2015 - p.67/74



Example: Wr @ LHC

Signal:

Same-sign and opposite-sign
di-lepton + jets, no Hr

CMS (and ATLAS) with /s = 8 TeV:
Already from run-l:

stringent limits in

the plane my, — my

MN [TeV]

Assumes: gr = g1,/

Mg [TeV]
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i CMS excess: arXiv:140/.3683

19.7 fo' (8 TeV) Local significance 2.8 o

> T T L I
s - ¢ Data (1717)
et 1Oe,E_CMS 727} R (1164) - 19.7 6" (8 TeV)
c\'! E DY+Jets (475) E | e | 102 T T T T | T T T T T T T T ‘ T T -\ T | I T T ]
S . Other (108) 1 £ " tcms My = My /2 ]
8 2l e _ 2o v _ = i Observed limit ]
10°E LRI LD My, = 2.5 TeV unbinned — = = o -
qc') - M = My./2 = @ . T Expected limit i
> C N W 7 o [ Expected+ 1o
L B - T B Expected + 2 ¢
10 E 30: 10 Theory (g.=g,) |
1 @ .
3 _ m i
3 X -
8 . ;o:
_
% 4_ * ' 7 o C
s | : : Q
S oF * 1 © [
i L ; L4 ) ® 4 # + - . ¥ . | | | | | | | | | ‘ | | | | ‘ | | | | | ik i
0 1 2 3 4 1 1.5 2 2.5 3 3.5
M,; [TeV] My, [TeV]
Note:

= excess only in ee final state
= only 1 out of 14 events is like-sign
= NO excess is seen iN me, j;
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Cross sections for /s = 14 leV

"Dominant” sign producion:; “wrong” sign production:
1 2 3 4 5 6

10° 10° ‘ ‘ ‘ ‘ ‘ 10°
~ 10 ~ 1 110°
®) ®)
o o
— 10% g 110
& e

3L \ |
S o0 10°0 10°
= 2
& 107 & 10? 110°
© - ©
— 1 — 1 1 1Al
+ 1o L 10 10
(<) ) (b) ]
O 1070\ o 10 110°
0 \ T
2 1071+ \\\ . 110t & 10t 1101
~ \ . \\\ ~
ST NN Ce 107 S 102 11072

\‘\ AR
-3 ! ‘\\ ! ! ! -3 -3 -3
10 R T S S S— (¢ 10 510

m(TeV)

= All Ov 35 decay SR contributions can be tested

= Number of e~ e~ -like and eTe™-like events differ, depending on scalar!
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Compare Oviss and LHC

= cyan background: 0v38 decay 102° — 1027 ys

= Assumed upper limit on o(pp — X): 1072 fb
= mpr = 1000 GeV (realistic (?) case)
= Full lines: Br= 10!, dashed lines Br= 102

Helo et al, 2013
- -DQ
Uuu - 543
aa — ng/gg
l] d- é]_
l] g% 8&93 e

_ -LQ
d g — 52/3 e’

geff - Mean coupling
M.y ¢ - mean mass
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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

WIN 2014, 08/06/2015-p.72/74



Lepfogenesis and LHC

Deppisch et al.,
2014

See talk by:
J Harz

plue lines
washout factor I'yy,
- Suppression of L oc 10~ I'w

Observation of

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

Loopholes???

(i) Resonant LG
withmy < mx?
(i) Hide LG in 757

WIN 2014, 08/06/2015-p.73/74



Conclusions

= Are neutrinos Majorana particles?

A: Observe LNV!
= What is the energy scale of LNV?
Direct test: LHC? Or indirect: LFV?
= Can we understand flavour structure?
= Are neutrinos related to DM?
= |s 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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