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...face flavor constraints
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There are MANY
Majorana neutrino mass models...

Tree-level

Radiative: 1-loop, 2-loop, 3-loop, ...
High scale

Low scale

Dimension-5: Weinberg operator

Higher dimensions: dim-7, dim-9, ...
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There are MANY
Majorana neutrino mass models...

Review: [ Cai, Herrero-Garcia, Schmidt,

AV, Volkas, 2017 ]
Tree-1evel ..
7" Radiative: 1-loop, 2-loop, 3-loop, o
High scale Cmmmm—— Loop suppression
Dark matter candidate
Low scale

Dimension-5: Weinberg operator

Higher dimensions: dim-7, dim-9, ...
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Outline

Introduction

Finished already!

LFV in the Scotogenic model

How LFV constrains the parameter space in the fermion DM scenario

3-loop minimal models and flavor

Minimal models only survive in very fine-tuned regions of the parameter space
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LFV in the Scotogenic model

Work in collaboration with
Takashi Toma [1312.2840] and Carlos Yaguna [1412.2545]



The scotogenic model

, . [ Ma, 2006 ]
skotos = darkness - =——————
gen SU(2), U(Q), Zs
n 1 2 1/2 — | -<&—— Inert (or dark) doublet Dark
Matter!
N 3 1 0 —

_ Mp — _
ﬁN — NZ@NZ — 2Rz N,L-CNi -+ yioﬂ?Nigoz -+ h.c.

A
V= mdoto+mintn+ 2 (610) + 22 (a'n)” + Xa (610) (n'n)

P (6) (n1o) + 2 [<¢* )+ (n'9)’]
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Radiative neutrino masses

[ Ma, 2006 ]
Tree-level: _
Forbidden by the Zs symmetry 1-loop neutrino masses
Radiative generation of (H) (H)
neutrino masses N e
~N Ve
~N Ve
)\5,02 N s
T a5—1 \ ,
my, — y- M floo Y SN
3272 R 2oop P R
-~ AS ~
?70 . Ve N N ?70
/ \
. . / \
Dark particles in / \
the loop / \
I \
[ Other variations in ; |
Restrepo et al, 2013 ] , é « o N -
vy, Y N MR N Y VL
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[ Kubo et al, 2006 |
[ Ma, Raidal, 2001 ]

Uaa = emaAp/2

Transition magnetic moment

3 *
YigYia 1
_ (&
Ap Z 2(4m)2 m2, 2 (§i)

=1 " L (& =m3y,/moy)
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Boxes

iMpox = i€’ B [u(ks)y* Pro(ka)] [@(k1)y, Pru(p)]

3 * * * *
¢*B = Grpmr 2, j=1 [%Dl(fi’fj)yjﬂyjﬁywyia N \/f’ifﬂ'DQ(&’fj)yjﬂyjﬁywym}
n
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1L — e conversion in nuclel

[ Toma, Vicente, 2013 ]

* No box contributions from the inert doublet (they do not couple
to the quark sector)

 The phenomenology is determined by photon penguin diagrams
(Z penguins are negligible)
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LFV and fermionic DM

Fermionic DM LFV bounds

Requires large Possible Require small
Yukawa couplings ‘:> C'(E’\)?h <:l Yukawa couplings
BR(u — ey) <4.2-107 1
DM production (,u 7)

via Yukawa BR(7 — py) < 4.4-107°
couplings
BR(u — 3e) < 1.0-10~*2
2 Y
Qpmh” ~0.12 CR(u —e,Au) < 7.0-107%
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DM

|1C

10N

[ Vicente, Yaguna, 2014 ]
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> The complete parameter space will be probed in the next round of experiments

- Scenatrio still alive (although strongly constrained)
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3-loop minimal models and flavor

Work in progress in collaboration with
Ricardo Cepedello, Martin Hirsch and Paulina Rocha-Moran
[1912 . XXXXX]



3-loop neutrino mass models

3-loop Majorana neutrino mass models
can actually be very simple

Minimal models

KNT model: Krauss, Nasri & Trodden, 2002
AKS model: Aoki, Kanemura & Seto, 2008

Cocktail model: Gustafsson, No & Rivera, 2012

[ Full classification in Cepedello et al, 2018 ]
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3-loop neutrino mass models

3-loop Majorana neutrino mass models
can actually be very simple

Minimal models

KNT model: Krauss, Nasri & Trodden, 2002

Focus on AKS...
AKS model: Aoki, Kanemura & Seto, 2008 -«

... but similar
(qualitative)

Cocktail model: Gustafsson, No & Rivera, 2012 conclusions hold
for the other two

[ Full classification in Cepedello et al, 2018 ]
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The AKS model

[ Aoki, Kanemura, Seto, 2008 |

) 1 2 1/2 + | -<«— 2nd Higgs doublet

¥ 1 1 0 — ' real Conserved 7o parit

S 1 1 1 _ 2 Pty
Dark Matter!

N 3 1 0 —

K m; Yia Yigm; K © K
(my);; = Caks Faxkss s
K (1672)%  (MN)agp P iR
He S HE
| . S S
Y : parametrized a la Casas-lbarra iz ! | b
’ ' My ' \
- - = o = O = o = - -
Master parametrization P le = CR Y N N Y €R il U]
[ Cordero-Carrion, Hirsch, AV, 2018 ] ( + diagram with crossed S lines)
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Neutrino mass in the AKS model

Fit to oscillation data

Simple estimate 100 1 0.1
- > Y ~ 100 1 0.1
f=1 100 1 0.1

my, ~ 0.1 eV

LFV constraints

Perturbativity
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Neutrino mass in the AKS model

Fit to oscillation data

Simple estimate 100 1 0.1
- > Y ~ 100 1 0.1
f=1 100 1 0.1

my, ~ 0.1 eV

LFV constraints

Perturbativity
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AKS loop function

Loop function 1000 -
2
I Mg M<P ‘]\412%[jE -
ARSI\ M2 M2 M2, 800 — 0.0016
~— i — 0.0012
% 600
O ,
- - 0.0008
ﬁ 3 _
400 -
Common scalar mass - 0.0004
Mg =M, = My+ =mg _
200
200 400 600 800 1000
MN [GBV]
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AKS loop function

Loop function 1000
2
I Mg M<P ‘]\412%[jE i
ARSI\ 2 M2 ME 800 — 0.0016
~ i — 0.0012
Z 600
S ,
2 i 0.0008
’ S _
400
Common scalar mass i 0.0004
Mg =M, = My+ =mg
200

I 200--..---- 400 600 800 1000
(Faks/MN) pax My [GeV]
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Fine-tuning Y in the AKS model
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Fine-tuning Y in the AKS model
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Fine-tuning Y in the AKS model

R matrix

01 02

R = R(ela 927 93)
9@ . complex angles

01 0o = Yo131 — 0
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Fine-tuning Y in the AKS model

R matrix
® ® > ® 0 O > ®
k = 4T
e e® o0 o0 01 62 o
§=-r §=-101n 6=-m/2 mVl 6
10 T I /—’// al a2
%z = ® O
g | | @
10 - _ .
o m:f[éV] R mvllo[’;v] O m:f[irV] o
20 tension with fits . . . T
Fine-tuned Partially working for § = ——
[ De Salas et al, 2018 ] 2
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Fine-tuning Y in the AKS model
® 00 Rmatrix o
::: 01 02 ] :

0
my,
1 2
o

) (30
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Fine-tuning Y in the AKS model

(FarS/MN) o R matrix
® o > ® 6 O - O
oo @ ko= Am "X XK 01 0 @
m,,l 6
1 Q9
e 00 R matrix ® 0
O 06 O - 9 @
o000 3 O
.. ] ] 4 +
Perturbativity + flavor = ( fine-tuning ) Iarg1i‘fsh LFV
efrects
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Final discussion



Final discussion

Radiative neutrino mass models constitute a simple yet predictive
class of models, often including a dark matter candidate

Two possible issues:

Scotogenic model with fermion DM: restricted parameter space due
to clash between flavor and DM production

3-loop minimal models: strong fine-tuning required to fit oscillation
data with perturbative Yukawa couplings
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Thanks for your attention!

And congratulations to Clara Murgui for a very artistic drawing!



Backup slides



LFV and fermionic DM

[ Vicente, Yaguna, 2014 ]
Random scan of the parameter space
- Free parameters: My, , mpg, M+, A5, R
> Neutrino oscillation parameters in agreement with data (at 30)

- Impose MEG bound: Br(p — ey) < 5.7-10713
- DM relic density (computed with micrOMEGAS) in agreement with observations

TwoO scenarios

- N_ = N_ annihilation: large Yukawa couplings, most favorable case for LFV
processes

- N, — n coannihilation: the Yukawa couplings can be smaller, lower LFV rates

[See Molinaro et al, 2014, for a FIMP realization of the scotogenic model]
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The KNT model

[ Krauss, Nasri, Trodden, 2002 ]

h 1 1 1 € <« Singly Conserved 7. parity
charged
S 1 1 1 — < calars Dark Matter!
N 3 1 0 —
_ _ 1 _
—LD [llh+gNerS+ g MyNN + s (hS*)? + h.c.
AS
As  JiaMa gy 9; mg [fjp "
u). = F 0N
(m )’L] (167T2)3 (MN)QIB KNT //, II \\ \\\
hot E AN
f : antisymmetric Yukawa matrix o g b s hire .
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The Cocktall model

[ Gustafsson, No, Rivera, 2012 ]

gen SU2), U(l)y Z Conserved /o parity
s 1 1 1 - Dark Matter!
0 1 1 2 +
n 1 2 1/2 — <— Inert doublet

As  my By
S T

h : symmetric Yukawa matrix
(type-ll seesaw-like)
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The master parametrization

[ Cordero-Carridn, Hirsch, AV, 2018 |

m=f (yi My2+y, M" y)

L STEWAYN
ylz—Vl X1 D\/ﬁ(]Jr
V2 f X,
1
V2 f

> T
S5 b
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A philosophical moment

Occam’s razor:

The simplest explanation is the correct one

Occam’s laser:

The most awesome explanation is the correct one

Occam’s hammer:

My explanation is the correct one

All credit goes to
Alberto Aparici

BLV 2019
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