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Minimal model: Seesaw Model

« Simplest extension of SM able to account for neutrino masses. Consists
in the addition of heavy fermion singlets ( /V;) to the SM field content:
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L= Lsm+Li = 5NIMi;N;j - Yia N;H Lo + h.c.
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Minkowski 77; Gell-Mann, Ramond, Slansky 79
Yanagida 79; Mohapatra, Senjanovic 80



Mass MaTrix
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Vi — Vg
mixing

Non unitary PMNS matrix

» Constraints from EW and CLFV precision data

Antusch, Biggio, Fernandez-Martinez, Gavela, JLP 2006
Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano,
Naredo-Tuero, JLP 2306.01040
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*Direct” Searches

 Sterile neutrino oscillations, kinks in beta
decays & peak searches in semileptonic
meson decays, beam-dump experiments,
colliders...



Current Constraints
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ARS Leptogenesis

https://github.com/mhostert/Heavy-Neutrino-Limits
Fernadez-Martinez, Hernandez-Garcia, Gonzalez-Lopez, Hostert, JLP 2304.06772
See also talks by Lyon, Saimpert, Silva, Kretz, Mitra, Lutz and Sfar.



ProtoDUNE in beam dump contiguration?

HNL production

via meson o |Uyyl? Detect

protons

Target
Production HNL decay intooc \U ‘2
of Mesons SM particles ad
[ @ U, lo, V
N lo, v, M’

See talk by Jelle Groot for other beam dump searches



NorTh Area & SPS accelerafor @CERN

LHC
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Novﬂf\ Avea & SPS acce\evaTOv @ CERN

ProtoDUNE detectors
(already located at CERN)

Two kiloton-scale liquid Argon
Time Projection Chambers
(LArTPCs) constructed to
prototype and consolidate the
technology of the DUNE Far
Detector.

CERN Neutrino Platform
(ProtoDUNE detectors)
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ProtoDUNE in beam dump configuration?
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H. Amar, A. Chatterjee, C. Hasnip, W. Ketchum, L. Molina Bueno, D. Pullia, DUNE-DAQ...
https://indico.cern.ch/event/1460367/contributions/6240613/attachments/3001559/5289608/BSM@protoDUNE_ NeutrinoWkshp_Animesh.pdf

https://indico.cern.ch/event/1381368/contributions/5963281/attachments/2888251/5062517/molina_LLP2024 2072024 v2.pdf







Constraint on HNL mixing trom active sector

* Generation of light neutrino masses
Imposes constraints on mixing
between HNLs and active neutrinos
from active neutrino sector

2
m, = %YTM_lY —lo Mot =|UmUT

HNL sector Light-active
neutrino sector



Minimal model : Flavor Structure

* Single flavored benchmarks
(1,0,0), (0,1,0), (0,0,1)

* NEW 2021

o OO (0, 112, 1/2)
0-1%/6" 5 e (113, 13, 1/3)

Abdullahi et al 2203.08039
Drewes, Klaric, JLP 2207.02742
Caputo, Hernandez, JLP, Salvado, 1704.08721



Minimal mode : Flavor Structure

Ugi] .

+ DUNE/T2HK..
(future)

W NO, s,3°=0.58
B NO, s53°=0.42
M 10, 5,3°=0.58

W 10, s53°=0.42

Abdullahi et al 2203.08039

DUNE forecast assuming 9 = —7T/ 2 Drewes, Klaric, JLP 2207.02742
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Asq mmetry

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719
Hernandez, JLP, Rius, Sandner 2207.01651
Hernandez, JLP, Rius, Sandner 2305.14427



Sakharov conditions

@ Baryon number violation

Sphalerons translate lepton asymmetry into

baryon asymmetry.
@ C and CP violation g

New sources of CP violation in lepton sector encoded

in the Yukawa couplings (not enough le In quark sector)
(Gavela, Hernandez Orloff, Pene, Quimbay 1994)

@ Departure from thermal equilibrium g

Ty <HT) T>Tew




Low Scale Leplogenesis (ARS)

Thermal equilibrium limit Deviation
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Baryon asymmetry: tlavor structure

FCC

* Flavor correlations implied by
reproducing observed
matter-antimatter asymmetry
in the region of parameter
space that can be covered
by FCC-ee for

AM/M =102

|Uel*/|U|?

Hernandez, JLP, Rius, Sandner 2207.01651



Baryon asymmetry: ovpp decay

SHiP Large

contribution

from heavy
neutrinos

) Hernandez, JLP, Rius, Sandner 2207.01651

 Correlation with neutrinoless decay rate implied by reproducing observed
baryon asymmetry in region of parameter space that can be probed by SHiP for

AM/M =102
See also talk by Vaisakh Plakkot and Jelle Groot



Predicting Ys in minimal model ne=2

- Baryon asymmetry depends on all the unknown parameters

SHiP & FCC-ee sensitive to |0, |, M, AM

T

(00)? oc| e Py f (5,6, M, AM)

| |

Neutrinoless double beta decay sensitive to through
interference between light and heavy contribution

Non physical phase if HNLs are degenerate

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719



Simplest scenario: degenerate HNLs

* Measurement of CP violation in neutrino oscillations, HNL mass and mixing with
electron, muon and tau flavours can suffice to pin down matter-antimatter asymmetry.
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IH 20.731 3201 x 10711 4823 x 10712  3.465 x 1012 5.402
Hernandez, JLP, Rius, Sandner 2305.14427




Conclusions

- Introducing HNLs allows To explain the origin of
neutrino masses and baryon asymmetry of our universe

* Low Scale Minimal Seesaw Models are testable and highly predictive:
mechanisms generating neutrino masses and Baryon asymmetry can be
potentially tested

* Strong complementarity among different observables as neutrino oscillations,
cosmology, neutrinoless double beta decay and HNLs direct searches.

* In non minimal models HNLs may present new interactions and thus a different
phenomenology (Left-Right symmetric models, dark U(1) extensions, etc).

See also talks by Ruiz, Groot, Mitra and Lutz

* Low energy effects of additional new physics at higher energies can be studied
via an extension of the SMEFT including the HNLs as building blocks

Fernadez-Martinez, Hernandez-Garcia, Gonzalez-Lopez, Hostert, JLP 2306.01040
See also talks by Titov and Bates
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Potentially Testable ng=2

log 1(|U?|)

SHIP

—12

Direct Searches in || IH

FCC—ee

Hernandez, JLP, Rius

, Sandner 2207.01651
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Potentially Testable 1ng=3
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Neutrino oscillation bounds on Flavor structure

Normal Ordering Inverted Ordering
o o

Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040



Direct searches of HNLs

- Direct detection requires:

0, > \/m/M “ R,,;j > 1
@& 02, < e 2"V f (6, 1, M;)

Sensitivity fo
PMNS CP—phases!
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PMNS CP—phases from HNLs searches
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* Potential determination of the PMNS Majorana phase!

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719
Caputo, Hernandez, Kekic, JLP, Salvado 1611.05000



Baryon asymmetry: PMNS CP phases
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* PMNS CP-phase correlations implied by reproducing observed baryon
asymmetry in region of parameter space that can be covered by FCC-ee for

AM/M =102

Hernandez, JLP, Rius, Sandner; arXiv:2207.01651



Constraint on HNL mixing trom active sector

[, Vo
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AcTive Sector HNL Seclor

* Complex 3 X ngr orthogonal matrix
* HNL masses

e 3x3 PMNS mixing matrix
* light neutrino masses




Neutrinoless double beta decay

mgg = Z

1=light

NMES

~

MOI/BB ) )
Z MOVBB ) 9 M
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J

M; > 100 MeV :  ~ 1/M?
M; <100 MeV : ~1



Predicting Ys in minimal model ne=2

* Neutrinoless double beta decay effective mass in the IH case

LIGHT NEUTRINO
contribution

’mﬁﬁ‘”{ = ﬁ
~ \/Am2 c? ((:2 1 g2l g2 (1 + ﬁ))
~ atm |C13 | C12 12 5

it (0.9GeV)® AM
— f(A27(612 — 7€ ¢ 312)2 2M12 Ml

5 HEAVY NEUTRINO
contribution

« Heavy neutrino contribution can be sizable for M ~ O (GeV) v

Mitra, Senjanovic, Vissani 2011
JLP, Pascoli, Wong 2012




GeV Scale LepToqe\neis
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Hernandez, Kekic, JLP, Racker, Salvado 1606.06719



Leptogenesis in Minimal Model 1=

Non very degenerate solutions
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Neufrinoless double beta decay signal?

10°

DR =2 IND -  Outstanding complementarity

(KamLAND-Zen) . o
| among neutrino oscillations,
o mmmmmmmmm e and cosmology.

» Extremely relevant input in
order to probe New Physics
models responsible for v mass
generation.
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- Dominated by New Physics as
HNL contribution

10 - Cosmological bound could be

relaxed. For instance, if neutrinos
_.> ’
Sum of three z (eV) decay (new interactions required)

neutrino masses Escudero, JLP, Rius, Sandner
2007.04994




Simplest scenario: degenerate HNLs

* Measurement of CP violation in neutrino oscillations, HNL mass and mixing with
electron, muon and tau flavours can suffice to pin down matter-antimatter asymmetry.
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Minimal Model with approximated LNC

Ve Ny Ns

1 1 1 L

0 Yiv/vV2 eYilv/v2 1 v
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eYov/\/2 M v 1 Ny

* Light nu masses suppressed with LNV parameters

02 2 2
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* Quasi-Dirac heavy neutrinos with large mixing:
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Beam dump configuration

Soil

North area EHN1

Neutrino Platform

2 T o/ beamiines NPO2 NPO4
> > Dump
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50 cm thin Be target ,
Distances from T2
Magnets Magnets ) EHN1 NPO2
2 T2 Soil
Q o] 7mrad — Dump
> _ S
Q_ S
D, B, n, 1, p,...
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D, B, n, °, peg- > NPO4
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* Proton energy: 400 GeV (instead of 80-120 GeV as in neutrino experiments)

* ~5-7x10'? protons/spill with a spill duration of 4.8 s —3-5x10"8PoT/year

* No decay volume

* ProtoDUNE detectors: Liquid Argon Time Projection Chambers with large
fiducial volume and excellent imaging capabilities to identify decay products

* Detectors at the surface.




400 GeV
protons

%

ProducTion

Full Simulation

Meson production yield Yw

H. Sieber (normalised per PoT)
T T ™ | KT K~ K%
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Kg n n' D~ Dj T
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P W 0 J /1 BT T
054 | 05310019 |44-107°|12-10771]23-10°8
From Pythia
S.Urrea

* Implementation of heavy meson production? Production of BSM particles fom D
decays extremely relevant.




Time Scale & StaTistics

* In our pheno analysis we assume 5 years of data taking and 3.5x10'3PoT/year
(~5-7x10'? protons/spill with a spill duration of 4.8 s). This could be done
before LS4.
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1) LLPs: Heavy Neutfral Leptons

HNLs arising in low-scale seesaw models can accommodate
the origin of neutrino masses and baryon asymmetry

Lo - WRUS AR W

v o 5 \/_UNU*ZL,'YMVLQZ,U

Parent 2-body decay 3-body decay Parent 2-body decay 3-body decay
T e Ny / \ DT — et Ny et KON,
TN NEW Ny pt KONy
Kt — et Ny alet Ny Tt N,
pt Ny mut Ny Df — et N,
T = Ny e TNy ut N,
p~ Ny (TN Tt Ny

HNL production branching ratios and decay widths from Coloma et al. 2007.03701



Work in progress: courfesy ot S, Urrea

* A Geantd4 implementation of the target, dump, and
magnets has been used to validate our results and
compute the possible neutrino flux and HNL signal.

simulations v3 - wl33 simulations v3 - wl33
10-11 1072 ;|
1 total (GEANT4) nt ] [ total (GEANT4) n*
s | K* (2body) 10-10 4, o 1 | K* (2body)

10-12 4 — K¢ 1 K* (3body) K 3 K™ (3body)

10—13 -

10—1-1 4

V./cm?/POT per 1 GeV

M
v,/cm?/POT per 1 GeV

10—1'5 E

\ ! A »
0 25 50 75 100 125 150 175 200
E, (GeV)

10-16

Ey (GeV)

More details in:
https:/findico.cern.ch/event/1460367/contributions/6240613/attachments/3001559/5289608/BSM@ protoDUNE_ NeutrinoWkshp_Animesh.pdf
https://indico.cern.ch/event/1381368/contributions/5963281/attachments/2888251/5062517/molina LLP2024 2072024 v2.pdf

H. Sieber, J. Hernandez Garcia, C. Hasnip, J. Martin-Albo, P. Sajitha, L. Molina Bueno, S. Urrea
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1) LLPs: Heavy Neufral Leptons

HNLs arising in low-scale seesaw models can accommodate
the origin of neutrino masses and baryon asymmetry

MW =+« + *
LD ———NULaW, — ZNU aaYvraZ,
v \/_ 2
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No background considered for any of the lines. We need a realistic background estimation.



2) Stable Particles: Millicharged Particles

Detector
T2
400 GeV e
protons * @ %
S-S Tmmmmm == ——
~~~~~~~~~ ~ ~ ‘X
O T

X € scattering

* Millicharged particles (MCPs): fermions with an effective chargarising
from the mixing of the SM photon and a massless Dark Photon

do 2E>2<me +T1T°m,—T (mi + me (2F, + me))

a7 =" T2 (B2 () m?

Harnik, Liu, and Palamar 1902.03246



2) Stable Parficles: Millicharged Particles

10!

I |"g||||||

102

1073 E

10-4 CHARM II —— |

i BEBC — 3

ProtoDUNEQSPS ]

milliQan 300 fb™' ---- T

90% C.L. NA64(y) --- -
_5 [ i IIIIIII i 1 IIIIIII 1 L IIIIIII L [ IIIIIII [ i
1070 100 102 107 107
my(MeV)

Coloma, JLP, Molina-Bueno, Urrea 2304.06765



1) LLPs: Model independent approach

Ndec = Ndec (BR (M — \If) BR (\If — visible) €det s CT\I;/m\p)

].n_ﬁ |||||I'I'I'| |||||||I'| T T I00 |||||||I'| ||||||I'I'| III-II|'|'|'| |||||||I'| T T I00

—_— DT ™0
E 1[]_H DT —e™W
-
T DY = et KO0
=
. —10
[a 10 = TT =T W
m —
i ) E_ gt = AU —
=t E

B — WY —
- E
S 104 L B o
= 10 F .
[aa] =
< f
S 107%F  90% C.L.

i 1 |||||,|,|] 1 |||||||] |||||||,|] 1 |||||,|,|] 1 |||||||] |||||||,|] 1 |||||,|,|] 1 |||u||] Luiill i

107* 107! 10! 10° 10°

crg(m) /myg(GeV)



Leptogenesis: Kinefic Equations

* Equations for the density matrix in the Raffelt-Sigl formalism

Ghiglieri,Laine ‘17

dpn (k .
V) iH oK) |5 (T} + 5 (TR — o)
Oscillations Scattering
pN (H — H7)
d,uB/S—La

7 = f(pNaﬁNnuB/S—La)



Leptogenesis: Kinefic Equations

dry (N 2 {si) T
vHy~—— = —il(H),rn] - %{YTY, ry— 1} —z %{MY Y*M,ry — 1}
T
+ (YWY — 22Oy My Ty M

(2)

_ L{ymy’ )+ a? (8]2\; >{MYTMY*M77“N}»

drg () (51
cHy,—Y = —i[(H*),ry] — %{YTY*,TN — 1} = 222N MYTY M

dx 2
— (YT Y 2 (s )My Ty M
) (s%)
+ %{YT;LY*,TN} — xQ%{MYmYM, ril,
dpg /s (0) (0)
o, MBSt e \OND oty Ty 2N (e gy
dz fk Pp 2 2

I/
l\D [}
g
~—

I

(0707

 Stiff non-linear system with several relevant time scales: very hard to
numerically explore parameter space.



LepTogenesis: parameler scan

Y5 ~8.65(8) x 10~

Bayesian posterior probabilities (using nested sampling Montecarlo MultiNest)

1 (Ye(tew) — YZP\°
10g£=——< B(lEw) B ) :
2 OYg

Parameters of the
model

Oas, 012,013, ma, msl{ 6, &, M, AM /M, 5,y

3 3

Fixed by neutrino Free
oscillation experiments parameters



Leptogenesis: Kinefic Equations

Hernandez, JLP, Rius, Sandner; arXiv:2207.01651

* AMIQS: publicly available software developed by Stefan Sandner
introduced relevant optimizations that allows a faster scan.

https://github.com/stefanmarinus/amiqs

® © 0O @ 105281izenodo 6366454

* Dependence on the parameters of the model and correlation between
the baryon asymmetry and other observables not easy to understand
just from a numerical scan.

 Our ultimate goal is to study this connection with future experimental
measurements in order to be able to test leptogenesis.

Analytical understanding required



Towards analyfical understanding

Hernandez, JLP, Rius, Sandner; arXiv:2207.01651
* Identify the different non-thermal regimes and characteristic time-scales

* Set up a perturbative approximation of the equations (e < 1, u/M < 1)

* |dentify the CP invariants that control the flavour parameter dependencies
o = Tm (Tx [YTY MMy |)
= Z vi Ao (6,0, Am?2, . Am2 | U? M, 0)
I = Im (Tr [YTY MTMM*(YTY)*M])
sol’

—ZAM 0,0, AmZ.__ Am? UZ,M,H)

* Write the CP mvanants in terms of observable parameters: find bounds
and correlations implied by the matter-antimatter asymmetry



Non Thermal equilibrium regimes

Highly degenerate Ng'’s

Less degenerate Nr’s

_2 1 1 | 1 I
AM/M,; = 10719 AM/M, =105
—4F @‘94(4/[/ Overdamped
—~ —6F - -y
E Iavollre hhhhhhhh
— L (2] "“--..__
= B Ea N ashg,,, S><_ | T—~ear, TT=~=%
ED wL fast OSC;:;;"‘:- u S
10k atiopg JooTS=~l o> T 4+ T Y estoggjinn s~
19k weak washout ) S~ - weak washout
-1.0 —6.5 010 0.I5 110 1-I5 2.01.0 —{I).5 DTO 0j5 1:0 115 2.0
log,o(M;1/GeV) log,o(M1/GeV)
: I M2 — M?
Overdamped regime: Fils‘:(’:W AT €= ;SC Tose(T) x —2 - 1
Flavoured: Yo < Yp I'n o (YY)ooT
2
slow M;



Example: overdamped regime (NH)

ov—wLNV 5 5 M* 94 3
KT Y CH ov e N
(Z MB/:;La) > (ALNC ALNV)

670 + m1 12 + A? Tiw 5 Toy
AOV 1 AOé (M2 M ) \/ A,'natm
o | — - S
Y m ety S OV, | T st
oV AOé
(Zan-0 apex¥ )
Am?
AOV AM — M- M. M2 . M2 atm
LNV [TI‘ Y_'_Y Z 1 2( 2 1) 4MU2 89

T



Non Thermal equilibrifion

In principle, I'(Tew) < H(Tgw)is required (I oc Tr [YTY] T)

Diregt’ Searches in |{/7 ]|

logy(|U?|)

—0.5 0.0 0.5 1.0 1.5 2.0
log,o(M1/GeV)

BUT approximate L symmetry and flavour effects can lead to slow modes.



Non thermal equilibrium regimes AM =0

* “Thermal oscillation rate”

T pyy' T

* LN symmetry

slow /2
N o<yl
 Flavor

. (YYT)ozoz B yé

= mvyf 2 Y (v*/y")

L'o(T) x e, I(T), €q

e wWHC

M 2
I’?\I/_,OWoc(T) I <T



Non Thermal

e Regime 1 — Flavoured with wHC.

—19
1205

equilibrium: degenerate N's

].Ug 1[],[: M /‘ (-.: lﬂ,‘\f'"r)

F'in(Tew), ' (Tew), To(Tew) < Hy(Tew) < T'(TEw).

e Regime 2 — Flavoured with sHC.

I'in(Tew), o (Tew) < Hu(Tew) < T'v(Tew), T'(Tew ).

., : . -
=S, Direct searches in U? |
.\‘ :
~, :
-, -
™, .
™~ ~, 7
~ ~,
- S i
- .
"""*--.___ i\‘ \r ‘II
= - i
- . T
N v - ‘ .-“‘u '\‘:""‘.._ :
BBN ™n<l{ T S~
e NG
B *"'--r_‘ u
If?f:}* .h".‘"i-..
@
0.0 0.5 1.0 1.5 2.0



Analytical understanding Ar =0

* |dentify the different non-thermal regimes and characteristic time-scales
 Set up a perturbative approximation of the equations (e < 1, u/M < 1)

* |dentify the CP invariants that control the flavor parameter dependencies

Io=Tm (Tr [YY MRYTY* May Vv | ) = 3o A
— Zyl (8, &y Amzen, Am3, U? M)

* Write the CP invariants in terms of observable parameters: find bounds
and correlations implied by the matter-antimatter asymmetry

Hernandez, JLP, Rius, Sandner 2305.14427



Example AM =0: Regime 2

g1 8702 (150 + Y051) (Sow + Yownr) fw
Z”B—La/s = ~tMma 2 778
. Téw 6(4v050 + 1150k + Yos1k) (7§ + 4w?)

i

NO
y 2&_ 2 _
fw M matlﬂ\/F e
Al = — T35 013512 sin(d + @)
Afw . Afw . AJQATH’?LHH\/F I
lﬂ_gg - — — . 1 —_— — T - 4U211‘2 L]_Q S111 Q ‘
L) ] S .. - j
10-11L
= _

10130

—l-l:
107001

10-12}

+ analytic

numeric aApprox.

numeric full

L

0.1
z = Tew/T




Degenerate vs Non Degenerale case

------
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P L
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15;5;"7-"
qz 3 ."T'-,.Ju E
i © O ° Sb‘:'% =

Aj = 15° Y™ /2 < Yp < 2Yg™

IH
AM = 1%, AUZ, = 1%, AUZ = 10%
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Flavor pattern vs sensitivity

Normal hierarchy Inverted hierarchy

Exclusion limits for:

== € mixing only

= %= U mixing only
benchmark points
some parameters

Exclusion limits for:

==& mixing only

= 3= U mixing only

—8— benchmark points
some parameters

10

10—2 I all parameters s ....................... 10—2 ... e I all parameters
4 d | : " : :
92 10—3 AT, .............................................. ............ erevrd I
| '
: 3 1
1074 e ................................... e ......................
et é
.ty mu H'-“r--y
10 20 30 40 50 10 20 30 40 50

HNL mass My [GeV] HNL mass My [GeV]

* Interpretation of ATLAS data depends on assumptions about
“flavor mixing pattern” Tastet, Ruchayskiya, Timiryasov 2107.12980

e Same conclusion applies to other experimental searches.



The New Physics Scale
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https://github.com/mhostert/Heavy-Neutrino-Limits
Fernadez-Martinez, Hernandez-Garcia, Gonzalez-Lopez, Hostert, JLP 2306.01040
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Bounds trom CLFV
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Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040



Global

bounds: EW and CLFV precision data

Normal Ordering

Inverted Ordering

2N-SS

68%CL | 95%CL 68%CL 95%CL
2

Nee = |9;| 6.4-107% | 9.4-10°5 || [0.98,4.4]-10~* | 5.5-101
0 2

Ny = % 6.9-107° | 1.3-10~* || [0.20,1.0]- 1076 | 3.2-107°
2

Nrr = @ 8.6-107° | 2.1-10"* || [0.94,2.8] - 107" | 4.5-107°
0 2

Tr [n] = % 1.6-107% [ 2.9-107* || [1.1,4.8]-107* | 6.0-107*

0.0 )

Mep| = ‘ 2”‘ 83-107% | 1.2-107° || [0.37,1.0] - 10> | 1.3-107?

Ner| = Wﬁ;'r' 1.5-107° [ 2.2-107° || [0.25,1.2] -10=* | 1.4-107*
0,0*

Mpr| = | “‘2‘r| 7.2-107° | 1.3-107% || [0.38,3.0] - 107¢ | 3.5-1077

Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040




Global

bounds: EW and CLFV precision data

Normal Ordering

Inverted Ordering

2N-SS

68%CL | 95%CL 68%CL 95%CL
2

Nee = |9;| 6.4-107% | 9.4-10°5 || [0.98,4.4]-10~* | 5.5-101
0 2

Ny = % 6.9-107° | 1.3-10~* || [0.20,1.0]- 1076 | 3.2-107°
2

Nrr = @ 8.6-107° | 2.1-10"* || [0.94,2.8] - 107" | 4.5-107°
0 2

Tr [n] = % 1.6-107% [ 2.9-107* || [1.1,4.8]-107* | 6.0-107*

0.0 )

Mep| = ‘ 2”‘ 83-107% | 1.2-107° || [0.37,1.0] - 10> | 1.3-107?

Ner| = Wﬁ;'r' 1.5-107° [ 2.2-107° || [0.25,1.2] -10=* | 1.4-107*
0,0*

Mpr| = | “‘2‘r| 7.2-107° | 1.3-107% || [0.38,3.0] - 107¢ | 3.5-1077

Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040




Global bounds: EW and CLFV precision data

IN.SS Normal Ordering Inverted Ordering

68%CL 95%CL 68%CL 95%CL
0.

Nee = | 2" 0.28,0.99]- 1072 | 1.3-107% || [0.31,1.0]- 1072 | 1.4-107?

0,|° . i

Nup = | ;l 1.3-1077 1.1-107° 1.2-1077 1.0-107°

0+ 4 3 i 4

T = —5 [0.3,3.9] - 10 1.0-10 1.7-10 8.1-10

0 2

Tr [n] = % 0.35,1.3] - 107% | 1.9-107° || [0.33,1.0] - 1072 | 1.5-107%
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Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040



Global bounds: EW and CLFV precision data

G-SS LFC Bound LFV Bound
68%CL 95%CL 68%CL 95%CL
Nee | [0.33,1.0]- 1073 | [0.081,1.4] - 1073 - -
o 1.5-107° 1.4-1071 - -
Nrr 1.6-10"4 8.9-10°1 . .
Tr(n] | [0.28,1.2] - 1073 2.1-1073 - -
Me ] 1.4-1074 3.4-1074 84-107% | 1.2.10°°
Ner| 4.2.1074 8.8-1074 57-107% | 8.1-1073
7,07 | 9.4-106 1.8-104 6.6-1072 | 9.4-107°
0.081,1.4] - 1073 0 0
I—a| = <24-107° <14-1071 0

<1.8-1073 <36-100% <89-107%

Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040



Observable

SM prediction

Experimental value

My =~ MM (1 4+ 0.20 (Dee + 1up))

80.356(6) GeV

80.373(11) GeV

52TV ~ g2 SM (T 1,40 (ee + M) 0.23154(4) 0.23148(33) 76]
8251 ~ 62 SMA(T — 1,40 (ee + 1up)) 0.23154(4) 0.23129(33) 76)]
TEC ~ TOMA(T — 0.33 (Nee + M) — 1.331,7) | 0.50145(5) GeV | 0.523(16) GeV |77
Tz ~T5M (14 1.08 (Nee + 1) — 0.270-1) 2.4939(9) GeV | 2.4955(23) GeV  [70
opog = b SM (1 +0.50 (Ree + 1) +0.53n,-) | 41.485(8) nb 41.481(33) nb  [76]
Re ~ REM (14 0.27 (ee + 1)) 20.733(10) 20.804(50) 76]

Ry~ RM (14 0.27 (ee + Mup)) 20.733(10) 20.784(34) 76]

R, =~ RPM (14 0.27 (Nee + nup)) 20.780(10) 20.764(45) 76]

R, >~ (1 — (Mup — Nee)) 1 1.0010(9) 78]

R:H ~ (1= (Nrr — Gpp)) 1 0.9964(38) 78]

Ry~ (1= (M — Nee)) 1 0.9978(18) 78]

R;L ~ (1 — (Mup — Nee)) 1 1.0018(14) 78]

RT, =~ (1= (rr — Nup)) 1 1.0010(14) 78
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keV MeV GeV TeV

eV

The New Physics Scale

* For very light scales M, HNLs (in this regime usually called sterile
neutrinos) participate in neutrino oscillations. In simplified 3+1
scenario:

Coloma, JLP, Rosauro-Alcaraz, Urrea 2105.11466

+ i . r
90% C.L. (2 dof)
102
e
™
% 101 DUNE-ND
S—
g No shape
E —e—e- 2% shape
<1 4
5% shape
1 MINOS/MINOS+
1077} data 90% C.L.
| | IceCube 90% C.L. -

103 104 1073 02 101

1
sin?(94) = Uyl

Dasgupta, Kopp 2106.05913;
Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz 1803.10661
Blennow, Coloma, Fernandez-Martinez, Hernandez-Garcia, JLP 1609.08637;



keV MeV GeV TeV

eV

The New Phusics Scale

» Search for kinks in beta decays & peak searches in semileptonic
meson decays (pion & kaon decays)

e _[(1 — |Uen|?) @(m%)}_F[UeNQ%(A/f?V)}

Cortesy of J. Hernandez-Garcia
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The New Phusics Scale

e Colliders

LHC
. (present)
RVAVAVAVAL
€ 1Y 1076 —
\. z ol 2
S /\/\N\/\ 05 e
g (& L 10790 "
10710+ :
F C C -—e€e 101 L
> (future) ) i i5
Mi(GeV)
L Caputo, Hernandez, Kekic, JLP, Salvado arXiv:1611.05000

Blondel, Graverini, Serra, Shaposhnikov 1411.5230



The New Phusics Scale

* CLFV and EW precision data

N=1-n)Upnuns

1
1= Q@T@ » (SN,

HNL
mixing

>
Q
X

* Many EW and CLFV processes affected: determination of Gr via
muon decay, W boson mass, weak mixing angle, ratios of Z
fermionic decays, invisible width of the Z, ratios of weak decays
constraining EW universality, weak decays constraining CKM unitarity,

CLFV decays...

eV

L Antusch, Biggio, Fernandez-Martinez, Gavela, JLP 2006
Blennow, Fernandez-Martinez, Hernandez-Garcia, Marcano, Naredo-Tuero, JLP 2306.01040



Baryon asymmeTry

* After the Big-Bang same amount of matter and antimatter generated, but
observed universe mainly made out of matter only!

ng = — (6.13 £0.04) x 1071




Sakharov conditions

Baryon number violation

L

If baryon number is conserved, no baryon asymmetry

can be generated

* Symmetry is broken by quantum effects:
anomaly

* Only B-L is conserved!

—

N

‘Sphalerons
L@ T<1406ev,

~

log [/T

15+

20—

25—

Sphaleron rate in the SM
— . . .

pure gauge
\

“sooo0000 ] O

O standard —
O multicanonical
— fit

« = perturbative

log[aH(T)/T] |

| I | I I I |
140 150 160 170

h T/GeV
TSp
dec

D’onofrio, Rummukainen, Trangberg 2014



Leptogenesis: Sakharov condifions

@ C and CP violation

At one loop: CP asymmetry generated via interference effects

T'(N — [H) — (N — [°H¢)
€ =— X

I'N = lH)+T'(N — [cH¢)




