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Introducing HNLs

* If we add heavy fermion singlets (HNL or N i) to the SM field content, the
most general lagrangian compatible with the SM gauge symmetries is

1 o~
L= Lsm+ L — 5N MijN; — Yia NiH L, + h.c.

Minkowski 77; Gell-Mann, Ramond, Slansky 79
Yanagida 79; Mohapatra, Senjanovic 80.
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Fukujita, Yanagida 1986



Light neutrino mass generalioy

* If we add heavy fermion singlets (HNL or N i) to the SM field content, the
most general lagrangian compatible with the SM gauge symmetries is

1 o~
L= Lsm+ L — 5N MijN; — Yia NiH L, + h.c.

- Introducing HNL automatically generates
a contribution to light neutrino masses

2)2
m, = —?YTM_lY

_\.. -1 S M OI \ Minkowski 77; Gell-Mann, Ramond, Slansky 79
%Pe €esaw odac Yanagida 79; Mohapatra, Senjanovic 80.




Relation befwen HNLs and active sector

* Generation of light neutrino
masses imposes constraints
on HNL mixing

,02
m, ==Y MY = Qodrom|Humo”

| | |

HNL sector Light-active
neutrino sector




Constraint on HNL mixing ftrom active sector

[, Vo
W / A4 /
\AVAVAV VG, VN ~ 0

Casas-lbarra H = U m1/2 fg]L]\f_l/2

1 | |

Active Seclor HNL Seclor

* Complex 3 x N g orthogonal matrix
* HNL masses

* 3x3 PMNS mixing matrix
* light neutrino masses
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What we know..
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Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou 2007.14792
http://www.nu-fit.org/

[See talk by Albert Zhou]



What we don‘t know..

See for instance: King et al 1402.4271
Altarelli et al 1205.5133, 1002.0211

The OC'\'aV\“’: v, = 45°, Very relevant for the flavour puzzle.
23 =

A A

: . -4 U3 Vo L

Neutrino ordering (signof Am2) o

Extremely relevant input for other -1 V3 ==

observables as Ov 33 decay

Normal Inverted
Ordering Ordering

(NO) (10)

CP violation in the lepton sector

Essential in order to explain the Baryon asymmetry of the universe via Leptogenesis.
Fukugita, Yanagida 1986

Absolute neutrino mass scale
Cosmological probes, Tritium beta decay (KATRIN)



@ Dirac vs Ma)orana

e

Standard g decay  Double-p decay Neutrino-less double-f decay
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n > P mass of propagating

neutrino

[See talks by Ruben Saakyan, Denys Poda & Christophe Wiesinger]



Neulrinoless double beta decay

1 ~ | L | 1 | | R E
: FRIESENTT SOLIRID -  Outstanding complementarity
. (KamLAND-Zen) : . o
| / among neutrino oscillations,
and cosmology.
— 107'F 7 , _
= = o= ]  Extremely relevant input in
S B 1 order to probe New Physics
= I - | models responsible for v mass
c A generation.
1072 ) E
10—3 | |||||| L1 1 1 111

Surr_1 of three > Y (ev)
neutrino masses

Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo 1703.0447



Neulrinoless double beta decay
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and cosmology.
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models responsible for ¥ mass
generation.



Neutrinoless double beta decay signal?

PRESENT BOUND  Outstanding complementarity

(KamLAND-Zen) ] _ iem
i | among neutrino oscillations,
and cosmology.

* Extremely relevant input in
order to probe New Physics
models responsible for v mass
generation.

—» Posibilities:

- Dominated by New Physics as

| F I HNL contribution
10—3 L1
- Cosmological bound could be
1 relaxed. For instance, if neutrinos
Sum of three decay (new interactions required)
neutrino masses Escudero, JLP, Rius, Sandner

2007.04994



NeuTrinoless double beta decay
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107

Sum of three
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* Qutstanding complementarity
among neutrino oscillations,
and cosmology.

* Extremely relevant input in
order to probe New Physics
models responsible for v mass
generation.



Connection To HNL seclor



Neutrinoless double befa decay
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Neutrinoless double befa decay

MOVBB )
_ 2 2
meg = Y Uimi+t ) MOBB(( Oes M.

1=light t=heavy )




Neulrinoless double beta decay
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Cosmology: HNLs scale vs my,.. .

*Miightest > O (10_36V) : the three HNLs thermalize.

1 |

Log,o[M;(eV)]

10}

SL

o M, < 100MeV

' 4 EXCLUDED |

\ J

Ny N3

Hernandez, Kekic, JLP 2014 Allowed HNL spectra



Cosmology: HNLS scale vs m\wesf

c Miightest < O (10_ : one HNL does not thermalize.

very smaII
N1 — Vg
mixing
(/N1decoupled )

Log,o[M;(eV)]

j My, M3 < 100MeV
) EXCLUDED

Hernandez, Kekic, JLP 2014 Allowed HNL spectra



Inferplay with neutfrinoless double beta decay
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Hernandez, Kekic, JLP 2014



Inferplay with neutfrinoless double beta decay

6 OOd Ne\/\/S : Ibarra, Molinaro, Petcov 2010

Mitra, Senjanovic, Vissani 2011

» Sizable HNL contribution posible for 100 MeV < M < 1TeV

NOT SO GOOOl News: Constraint from active sector

* For M 2 5 GGeV one-loop corrections to the light neutrino masses
become very large.

* Fine tuned cancellation between the tree level and 1-loop correction

required.
JLP, Pascoli, Wang 2012
JLP, Molinaro, Petcov 2015
Bolton, Deppisch, Dev 2020



Direct searches of HNLs



Minimal model ‘: Flavor Structure

0.0,1.0

10"' EAT N
0001020304050607080910

RS
o 1/2 ptas—1/2
Caputo, Hernandez, JLP, Salvado arXiv:1704.08721 0 =:Um R"M




Minimal model
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PMNS CP—phases from HNLs searches

* For instance, SHiP and FCC-ee can measure HNLs parameters:

My, Ms, |0cil, 10,4l Sensitivity To

PMNS CP-phases!

2 2 2 2 . 5, b
O /10 = P02l ~ 7
(LA 5o, o 2912)( — Vi) + %T/Q‘sfi;(fcmsm + s12)

(1 — sin 201984, (14 2) + 7"2\;‘%?/023 4+ 913(@c08 201254, C5) 8in 2023 + 073(1 + sin 26012)s3554,

102, 16,1

@\ parametrizes

size of R
(and thus heavy mixing)



50 discovery PMNS CP—violaTion

0.8F
ool
0.6 .g%
P &
CP o
o
amy
0.4 F z
0.2}
0.0 .
107t 10° 102
M1 (GGV)

Caputo, Hernandez, Kekic, JLP, Salvado arXiv:1611.05000
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How relevant are The PMNS CP phases?

* The Baryon asymmetry generated depends on both light and heavy
CP phases.

Light Sector  Heavy Sector

N
Y —-{]PMNS m RT\/_\/_

AN /

* The Dirac CP phase becomes particularly relevant mainly in two cases:

Casas-lbarra

See for instance: Merlo, Rosauro-Alcaraz 1801.03937

H d Moh tra Molinaro Nishi, Petcov 1711.02866
FlaVOFMOdels ageaorn, iviohapatr | ISNI \

Yukawa structure (R matrix) is constrained by flavor symmetries

Minimal model with 2 NR
Small number of phases: 1 Dirac + 1 Majorana + 1 Heavy

Asaka, Shaposnikov (AS)
Akhmedov, Rubakov, Smirnov (ARS)

D



High Scale (vanilla) Leptogeneis

- g -

-
i

T =T

80 160 240 320
Baryon asymmetry generated in

agreement with observed value
at:

M, =108 GeV lo
Mz > 3M, > 9M; 20

Assuming

Moffat, Pascoli, Petcov, Turner 1809.08251 No CP-violation from HNL sector



GeV Scale Leptiogeneis

0.1 3 olbs. YB:8.6><I10*11 i
IH active r/’S:
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0.001 | or = 1% ; _

-20 10 0 N 10 Observed
Y(107) Baryon
asymmetry

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719



GeV Scale Leptogeneis

0.1F
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0.01}
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o

AlUIZ =1% ,AM = 0.1% ,AS = 17
0.001 or = i

-20 10 0 N 10 Observed
Y(107) Baryon
asymmetry

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719

{SHiP




GeV Scale Leptogeneis

0.1

0.01}

masl(eV)

[ AU =1% ,AM =0.1%
S AlUPR =1% ,AM = 0.1% ,A6 = 17
0.001¢ .

o

20 10 0
YB(10_11)

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719
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Observed
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asymmetry




GeV Scale Leptogeneis

0.1

T T ]
Obs. Yz =8.6 x 107 1

IH active v'’s

mgsl(eV)

[ A|U]2 = 1% ,AM =0.1%
AU = 1% ,AM = 0.1% ,A§ = 17
0.001 .

o

-20 -10 0 » 10 Albseres
Yp(1077) Baryon
asymmetry

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719



Conclusions

HNL relation to active neutrino sector present
it HNL account tor light neutrino massess

(as in seesaw models)

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

* Strongest constraints from active neutrino sector in minimal models.
 Constraints still present but can change when introducing new interactions.
See for instance: Nemevsek, Senjanovic, Tello 1211.2837 [Minimal Left-Right model]
Ballett, Hostert, Pascoli 1903.07590 [U(1)’ extension]

* Low scale Minimal (Type-l) Seesaw Model is strongly constrained by active
neutrino sector:

- Very constrained flavor structure with strong correlation to PMNS CP phases.

- Mechanisms generating neutrino masses and Baryon asymmetry can
be potentially tested. Very relevant input from active neutrino sector required.



‘hank you !



Minimal LetT—Right Symmetric model

Lo .,
'\/V‘i[//\/\,/r: (9 '\/\/I\/Kﬁ\, [‘(/ not suppressed

R by M but
suppressed \ My, > 4TeV
by M N NZ (ATLAS)

Nemevsek, Senjanovic,

Tello 1211.2837 J |
0 = |— UmUT VMV 12

vov o—" | | [

Light Sector Heavy Sector

e 3 X 3 unitary matrix
* HNL masses

e 3x3 PMNS mixing matrix
* light neutrino masses
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Low Scale Leptogenesis (ARS)

A
Npg

abundance

/ deviati \

from \
‘\ equilibrium )

efo
TEW /

-------

CP asymmetry generated
through NRr oscillations

- equilibrium
distribution
t -
/ Trw / T
/' = TEW
sphalerons vg
N4 mww?YM”YT<Qw&/



Are the PMNS CP phases relevant?

* Dependence on CP phases encoded in the Yukawa couplings:

Y = UPMNS \/— RT \/ \/— Casas-Ibarra

>/

Light Sector

* Majorana phases
(experimentally challenging)

» Dirac CP phase 9

(accessible via neutrino oscillations)

Heav% Sector

* Complex 3 X n g orthogonal matrix

# of extra CP phases
nrg =3 3




Direct searches ot HNLs

Lo
W /
NN ~ 0 QZiUpMN5m1/2RTM_1/2

- Direct detection requires: \N-

0> /m/M (@) R;; > 1

- Phenomenological constraint automatically satisfied in inverse
and direct seesaw realizations based on a symmetry protected scenario.

Mohapatra 1986; Mohapatra, Valle 1986; Bernabeu, Santamaria, Vidal, Mendez, Valle 1987;
Malinsky, Romao, Valle 2005...



PMNS CP—phases Tfrom HNLs searches
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1 1 1 1 | | !
/- Excluded [0 Excluded
B logAM prior B logA M prior
logM prior logM prior |
—— SHiP = SHiP
—— LBNE i '8 —— LBNE
= FCC - FCC
« TestPoint |[| & Test Point |

\

& ¥ punel
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 7410 -0.5 0.0 0.5 1.0 1.5
logm(Ml /GeV) loglo(Ml /GEV)

Inverted light neutrino ordering

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719




Leptogenesis in Minimal Moole\.

Non very degenerate solutions

0.6 _ — "'\ / | _6.0 i
0.0
| 75

% 06| PRESENTBOUND /A0 o
% / f b:u -90
“‘S'é 1.2 = 105
a0 & '
o _ i —_—
~ 1.8 — -12.0

-2.41 FUTURE SENSITIVITY | I

48 40 32 24 16 -08 48 40 32 24 -16 -08
loglf}(AMlz/Ml ) logw(AMlz/Ml )

Inverted light neutrino ordering (IH)

Hernandez, Kekic, JLP, Racker, Salvado 1606.06719



Avproximated LNC

0 YIv/vV2 eYiliv/v/2
MV — Ylv/\/i ,u’ A
eYou/\/2 A 1

Mohapatra, Valle 1986; Bernabeu, Santamaria, Vidal, Mendez, Valle 1987;
Malinsky, Romao, Valle 2005...

* Light nu masses suppressed with LNV parameters

2 2 2

yvaiRihs ﬂd/TYl + ﬁyl eY>

my =

* Quasi-Dirac heavy neutrinos:

My ~ M; ~ A AM =~ ' +



Logio [

€ YQ

Approximated LNC

s log(AM,,) Prior
| Normal Prior |




NeuTrinoless Double Beta Decay

104 i | T T TTTTTI | 1T T T TTT] | 1T T TTTT] | [ I!—I‘I-I”_I’J—L—PFIIH: Maximum
103 H FINE TUNED.€ANCELLATION | heavy neutrino
- / P Contribution
102 F e ) .
s / ! (sizable!!)
- / i
10 F e i

~ - S :

E 1 i / I

Q 1l s i Total

Q 10 B . .

S S 1= : light neutrino
107 B contribution
1073 F (tree+loop)

4 [
10 - ," \ AM = 10_2 GeV
10_5 | | | II'I'IIII ] | L T T ITTI | | L T T IT01 | | I T I TTIT | | L T T 111
1071 1 10 102 103 104

, : 1-LOOP correction
TREE LEVEL light neutrino to light neutrino JLP, Molinaro, S. Petcov

contribution contribution 2015



Model Independent Approach: EFT

* The leading NP effects are encoded in effective d=5 operators that can
be constructed in a gauge invariant way with the SM fields and the Nj

AW )aB=+ = C

A
o,
One = Z (OJZ\XI))ij NiN;(DT(D + h.c.,
1,)
Ong = Z (OéNf)ij Wio'p,yN;Buy + h.c.
1]

Graesser 2007; del Aguila, Bar-Shalom, Soni, Wudka 2009;
Aparici, Kim, Santamaria, Wudka 2009.



[See talks by Seon-Hee

Seo, Schwetz-Mangold, T\/] e H N L S S C3a \ e
Thierry Lasserre &

David Henaff]

Hierarchy
Problem

Neutrino Oscillations
Cosmology

Tev | not testable #uts

- OvBB decay + Leplogenesis . Resonant
LFV, Beam dump via Oscillations LepTogenesis
experimenTts, M=0.1—1006eV M>1006eV
Akhmedov, Rubakov, Smirnov (ARS) _ _

Pilaftsis

CO\\ideYS... Asaka, Shaposnikov (AS)
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