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NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
solar core.
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vV,

SUDBURY NEUTRINO OBSERVATORY (SNO)

ONTARIO, CANADA
PROTECTING ROCK L
Both electron neutrinos

alone and all three types of 2100m
neutrinos together give sig-
nals in the heavy water tank.

- CHERENKOV
RADIATION




Introduction

Including VR fields:

LD y,,LL Hvgr
Dirac mass: m, V| VR

Small neutrino masses O(0.1) eV requires:

Yy O 0(10_12)



Introduction

Including VR fields:

LD y,,ZLI:IVR

Dirac mass: m, V| VR

Small neutrino masses O(0.1) eV requires:

v, ~ O(10712)
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VR are singlets under all the symmetries of the SM
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Introduction

VR are singlets under all the symmetries of the SM

Majorana mass term is not forbidden:

L::)beLFh4?4‘

Mp > v my =

MrUvrVR

Yo v
Mp

mass (eV)
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Scotogenic Model

[Ma, 2006]

SUR2)rL | U(l)y | Z2
d 2 5 :
Ne | 1 0 | -

Lepton Sector

LD —%N_&NR — yZnNR

Scalar Sector

V5 22 [t + tr'e)’]




Scotogenic Model

The scotogenic model accounts for neutrino masses and dark matter with a very
simple and economic setup
However, A5 has to be very small if the Yukawa couplings are “natural” (or

vice-versa

2
Ag w5 x 107 (O.Tln:,v) (1%2\/) (%)
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Scotogenic Model

The scotogenic model accounts for neutrino masses and dark matter with a very
simple and economic setup
However, A5 has to be very small if the Yukawa couplings are “natural” (or

vice-versa

2
Ag w5 x 107 (O.T:,v) (1n'?fgv) (%)

This motivates us to go for higher loops. At n-loop order, neutrino masses are

1 \"v?
il =2 G} (167T2) A

typically given by:
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3-loop Scotogenic Model

Field Ngr, | n O 0 ( | o
SU) || 1 | 2| 1|1 |1]1
U1y 0 1010010

U(1) 0 313 |-1]0]3

Zs —1 | -1|-1]-1]-1]1
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3-loop Scotogenic Model

NS

SU(2)L

S | =

W || O =S
S| O | = ||
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« Scalar doublet

% Singlet scalars



3-loop Scotogenic Model

() <(',> ¢ (rlf) ()
Field | Ne, | 7 | ¢ | p | ¢ |o , ATk
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% Z2 symmetry forbids tree level Dirac mass term
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3-loop Scotogenic Model

Field Ngr, | n O I ( | o
SUQr | 1 |2 | 1] 1]1]1
U1y 0 | 3010|010

U(1) 0 | 3|3 |-1|0]3

Zs —1 | -1 —-1|-1|-1]1
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(o) (o)
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/-43'-——“»\
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% Z2 symmetry forbids tree level Dirac mass term

% U(@1)' symmetry forbids 1- and 2-loop mass terms
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Dark matter

% The lightest particle charged under Z2 is stable:
dark matter candidate
% Fermion Dark Matter: NR1

> |t can only be produced via Yukawa

0.001

interactions
> It annihilates into a pair of charged leptons ™

or active neutrinos via the n exchange te-05

(NINy = lola) ~y1a* = Qpu =y~ 0O(1)
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[A. Vicente, C. Yaguna, 2015]
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Dark matter

% Scalar Dark Matter: the lightest neutral scalar
among no, ¢, p and (
> Gauge and scalar interactions
> Not correlated to lepton flavor violation
% If the dominant component is no
> DM properties similar to the inert scalar DM

> Annihilation dominated by gauge interactions

X/
L %4

If DM is dominated by the other components
> Main annihilation channels into the Higgs

bosons via the scalar couplings
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[Avila, Cottin, Diaz, 2032]



Charged Lepton Flavor Violation
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Charged Lepton Flavor Violation
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Charged Lepton Flavor Violation
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Charged Lepton Flavor Violation
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Precision EW and CDF anomaly

% CDF-Il measurement of the W mass [CDF Collaboration, 2022]
My = (80.433 £ 0.0064tat £ 0.0069syst) GeV SRR i W
’ LVAAV,V
(M) = (80.379 % 0.012) GeV VR

% Non-SM particles provide radiative corrections to the W-boson mass

AOEM (Mz) COS2 9W M% _§ i COS2 HW T ge COS2 9W — Sin2 9W

cos? Oy — sin? Oy 2 4 sin? Oy

My, = (M%/)SM T ¢

% CDF-Ill result can be explained by new physics that contribute to STU parameters
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Precision EW and CDF anomaly
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Precision EW and CDF anomaly
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Precision EW and CDF anomaly
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3-loop Scotogenic ISS Model
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3-loop Scotogenic ISS Model
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3-loop Scotogenic ISS Model

| ’
H ' |
! : Tt g
I 7! I N .
| | !
a— ® % ® <+l —< ———————t—> D ——
VI, VR VR VL Now Wit Yor e S Wons Ven Ni
% Right-handed neutrinos ricld @l Nir | S ' Uer | Wi d o1 | ¢2 | O
SU2)L | 1 1 1 1 1 1 1 |1
_ _ _ U(l)y 0 0 0 0 0 0 010
% Vector-like fermion pair ;
_ U(1) —4 4 0 -5 | -1 |-1|-11]4
% Singlet scalars 7 1 1 1 1 1101 11
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% Photon and Z penguin diagrams

mediated by neutrinos and W
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Tessio de Melo

Dark matter

Fermion or scalar DM candidates are possible 1
. 2L NO
For definiteness, here we assume the neutral % ,

lepton W1 is the DM, and that N1 (which is

102 b’

102 s

Z2-even) is lighter than W1 .

W1 annihilate mainly into N1 through the 10> TR

t-channel exchange of @1. Later, N1 decays 10-0

into Higgs and leptons 1070 : 07 -

All the points in the scan comply with
neutrino oscillation data and DM relic

abundance
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Leptogenesis
% Out-of-equilibrium decays of the 1078 —— — e
pseudo-Dirac neutrinos NR can generate wil. M@
the baryon asymmetry of the universe via 10 P
leptogenesis & 10}
% Allthe points in the plot generate correct 1012}
neutrino masses and DM relic abundance. wk
Grey points are excluded by cLFV 1014
constraints. Purple points generate the : Tr [u] [MeV]

correct baryon asymmetry
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Conclusions
+ Radiative seesaw models are well motivated and testable extensions of the SM
% We discussed 2 examples of scotogenic models in which neutrinos masses are

generated at the 3-loop level

O/
L. %4

The 3-loop suppression allows the new particles to have masses in the TeV scale

without fine-tuning the model parameters

% Fermionic or scalar DM can easily be accommodated; stability is ensured by the
same symmetries involved in the generation of neutrino masses

% Depending on the realization, the models are capable of accounting for specific
problems; here we discussed the W mass anomaly and baryogenesis

% These models lead to sizable cLFV rates which are within the sensitivity of future

facilities
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Neutrinoless double beta decay "

ur,

Y

14
Effective mass for neutrinoless double beta decay
3 ) v X
gy = Z U, m;
i=1 W

RH neutrinos do not contribute due to the Z2 symmetry i
L
With one massless neutrino implies a definite prediction (depending

on the mass ordering):

mNO = 3.67 meV (for NO) meg = 48.36 meV (for 10)

Both satisfy the bound from KamLAND-ZEN lee f, 61 meV

Inverted ordering is within reach of experiments such as LEGEND and NEXT

ur
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Neutrinoless double beta decay

(Mgg)[meV]
000
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10 100
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3-loop Scotogenic Model

V = —pd(¢'6) — u2(0"0) + p2(n'n) + p2 (") + 12(p"p) + BE(CTC) + i (¢ + He.)
+A1(070)% + Xa(070)? + A3(679) (07 0) + a(n"n)* + Xs(¢"0)% + Xe(p"p)?
+A7(¢*0)7 + (ka¢* + Hae.) + (ko€ + Hee.) (€°0) + As(n'n) (27¢) + Ao (n'n) (o°p)
+ Mo(n'm)E + (msC? + He.) (M) + Ma(970) (07 p) + Mz (9"0) (C7C)

+ (KaC? + He) (9%0) + Ms(p")(C"Q) + (k5 + Hee.) (p"p) + Aua (0° + Hoe.)
+ M5 (p¢o? + Hee.) + Mas(80) (') + Mz (6Tm)(n10) + Ms(470) (07)

+ Mo(018)(67p) + A20(676) (¢"Q) + (16¢? + Hec.) (670) + Aar(0"0) (n'n)

+ Aa2(0"0) (£"9) + A3 (07 0) (6" ) + Aaa(0"0)(C7C) + (wr¢® + Hoe.) (070)

+ A [(anﬁ)cp + H.c.]
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3-loop Scotogenic Model

¥
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3-loop Scotogenic Model

% We scan the parameter space of the model enforcing agreement with neutrino

oscillation data via an adapted Casas-lbarra parametrization

—1 0./m 0
yn = VA R( ? )PUPT’MNS

0 0 /m3
Parameters Scanned ranges

Or 0, 27]

A4 0.01, 1]
MNg, M+, Md, 5y M=, 55, | 500,10000] GeV




Benchmark
Points

Parameters BP1 BP2
O 0.2 0.2
(= 0.3 0.3
0L 0.1 0.1
m,i [GeV] 1500 1700
mae, [GeV] 1600 1765
me, (GeV] 1000 2000
NO 10 NO 10
my, [GeV] 8954.5 4246.9 5040.0 3450.7
mz, [GeV] 8130.4 2925.0 8244.0 3282.9
mz, [GeV] 1452.5 4748.5 2431.6 1815.4
mz, [GeV] 8932.4 2763.1 6392.1 3637.6
mz, [GeV 7127.2 9336.4 1296.0 1458.4
<4
A4 0.729 0.726 0.363 0.504
yo! 0.124 0.346 —0.009 0.639
e ~0.253 0.389 0.154 0.152
yid 0.746 0.220 —0.313 0.031
yh? —0.307 =0:272 0.312 —0.440
yrt 0.705 —0.335 —0.400 —0.183
3 0.207 0.225 0.043 0.475 %
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3-loop Scotogenic ISS Model
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3-loop Scotogenic ISS Model

vy, 2 2 % 2
1 — _
L = 3 ( ¢ TR Ng )Mu vG |+ DD (mw)n Tnr¥ir + DY (M), UL QS+ He
NC’ n=1 k=1 n=1 k=1
R
O3x3 Mmuyp 0O3x2
MI/ — me OQXQ M
O2x3 M7T H
- T\ —1 1, T (-) M+ M" H_M+M'op
M, =myp (M ) p M myp, My = — 2 +5, M7V = 9 ‘|‘§
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3-loop Scotogenic ISS Model

% Casas-lbarra parametrization
1
—_— 2 1
myp = R, ((1\/_[,,) > Ou—2M
diag
% M-parametrization

p = MTm AN, (mlp) ™ M = MTmy A Upnixs (

—~—

M,

) diag
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3-loop Scotogenic ISS Model
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3-loop Scotogenic ISS Model
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3-loop Scotogenic ISS Model
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