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Problem: How are neubrino
masses generabed?

Neubtrine oscillations E,mptv that neubtrinos are massive,
At least one neubrino has a mass larger or equal to 0,05 eV,
. However i Ehe SM neubrinos are massless: need BSM phjsit:s.

Hint: lowest dimension effective operator Oy = LLHH
(D=8, Weinberqg) violates L@.p&on number (L) in 2 units.

After EWSE, naturally Light Ma jorana neubrino masses.
- Which is the UV completion of Ow chosen bv Nature?
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I- Mechanisms for
neuktrine masses



Mechawnisms

o Tree level. Only a few: seesaws I/I1I/IIL Simple, GUT
connection, leptogenesis, but huge scales imply very
hard to test and hierarchy problem.

o Roadiative. In principle more testable, but hundreds of
them, Classified bv:

1. Topologies at a loop order (up to 3 i.c:;o[ps)

2. L=2 EFT operators be:}omd Weinberq operator.



Tree level: seesaws

Minkowski, Yanagida, Gell-Mmann, Mohapo&ra\, Crlashow...

yLAN, mNN yLH2, m2.2.
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Loo p level wmodels

Zee, Cheng-Li, Bab

Bonnet, Cepedello, Aristizabal-Sierra, Krauss, Aoki...
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AKS models. Cross diagrams may exist. Fermionic Cocktail models.




Examples of loop models

Zee, Cheng-Li, Babu

Siv\gtj“&karged scalar: fLLh™

Zee-Babu model
+geek™ + pukT h™h~




L=2 EFT operators

Babu-Leunq, De Gouvea-Jenkins

~p Lee model o Zee-Babu model
0, = LL*e¢H'ejiey, 030 = 'IQd°H'ejieyy, O3, = L' QX d H'ejejy,
Oso = L'UQii' H ey, Oy = L'UQiit“Hejj, ~ Og = L'eu‘d Hle;j.
Oy = L’LkaeCLleCe,-,-ekl, O19 = L’LJLkeCQldce,-jekl,
O11q0 = LiLijdCQldCGz'jékb Oy = LiLijdCQldCGiijb
O120 = L'U Qi Qi O12p = LiLijﬂCQIsz€k1,

O13 = L' QiuL ey, O140 = L' Qi Q¥ d ejj,
O15 = L'IL*dLiiiej O16 = L'Ue“de“u‘ejj,
017 = Lfdcdcdcuce,-j, O3 = LiLijuCuCuce,],
O19 = L'Qdde i €ijs O = L'd°Q:ueu’.




ErT esktimate

Pe rouvea-Jenlinsg

Eskimate UV model: Zee

Chiraliby
3 N,
0, = LEESH R

fm?
g 167°m?,
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Neubrino mass

Far&me%risa&om
i with —
A2
Loop factor ulA  LLHH(H'H)"

=15 A< 102GeV
m, 2 005eV = [=2—> A<10YGeV
=3 > A < 10°GeV

Con we do bebker? H\jbrid amarc}wt:h
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Questions

How can we cloassify the plethora of models?
What are the most testable ones, with the lightest stabes?
Is any class of models already ruled-out?

Can we sEu,d\j Ehe ermomemoiogv without gqoing to a
Par&&cutm* model ?
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R i o ;t Limiks on

scale of new Par&des
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Mol idea

1. m, requires at least one new particle X (mass M)
f;oupi.eci to SM tap&om/s, carrying L (and mavbe B).

2. QFT: L is violated (by two unils) via new operators at A,
which encode the (model-dependent) UV physics.

3. Majorana neubtrino masses, 1, x |/A , are generated.

4. m,>005eV&M < A = conservative upper bound on M.

Bounds &F[ﬂfj to all models where X is the Lightest state.
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,.xam[pl@. at kree level

o SM bilinear LH (seesaw &vpe 1
1. New particle: fermion singlet N with Y=0 and L=-1.
2. L is violaked (bv bwo uniks) via MNN (+ vLHN).
3. Neubrino masses, m, = Vv2v2IM , are generated,

4. m,>0.05eV&y <1= conservative upper bound:

M < 1012 GeV
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Possible new particles

LH — N(SSI), 2 (SSIII)
LL. —> A(SSID), h(Zee)
ee —> k(Zee — Babu)

LH — 8
cH' i %

écfﬂLT—> o
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Particles generating tree
level neubtrino masses

T L,3B

Particle AL =0 ‘ Upper bound

N ~ (1,1,0)5""° yNHL : M <10 GeV
A~ (1,3,1)5%° y LAL /. M < 10" GeV
S0~ (1,3,0)5"" ySoLH , M < 10" GeV

m L1 L M < 10" GeV
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Particles generating i.oo-p
level neubtrine masses

X ~ SV, U, LR

e )
SIFIV

lee-wBo\bu,

Particle

AL =0

Upper bound

N~ (1,1,0)."°
A~ (1,3,1)5%"
S0~ (1,3,0)5""

©
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Ly~ (1,2,-1/2)°

yNHL
y LAL
Yy ioLH
m ElL
yHeL,

M < 10" GeV
M < 10" GeV
M < 10" GeV
M < 10" GeV
M <107 GeV

k~(1,1,2)5%°

E~(1,1,1)2"°

1~ (1,3,1)5"°
Lz~ (1,2,-3/2)3"

Radiakive

y LLh

ye'ek
yELH'

m Ee
yH'S L
y Helo

SKTLTLTLTLT

< LEHQ'a'H

SEL'LTLTHT
S LHHY H

M < 10" GeV
M <10° GeV
M < 10" GeV
M < 10" GeV
M < 10'° GeV
M <10 GeV

Xo ~ (1,2,3/2);,°°

CY YuYdYe v

(4m)*

A

M <107 GeV




Particles with B (Lep%aqu&rw‘s)
X~ (SUG). SUQ), Uy L=2 operators

Particle AL =0 IAL| =2 "BL ¢ Upper bound

Ry~ (3,2,1/6)c""  ydLR: <RIQLH Os, M <10 GeV
ye' QT Ry < RILTLLA o1, = M <107 GeV
y aLRs < RYLTLLd' ol 22 A <108 GeV
y LQS, <STLHd Os, cvyg v= N < 10 GeV
ya'et S, <STLHd Os ° M <107 GeV
Sz~ (3,3,1/3)557 Yy LSsQ cdLSiH Os, = M < 10" GeV
Si~(3,1,4/3)c" Y yeld'S, < SILTLTLIQT ol = M <107 GeV

Ry ~ (3,2,7/6)5""

S1~ (3,1,1/3)g" !

Q6" LV, HeLH a3 M < 10* GeV
<Q'¢"LV, ,HeLH Ou,,, M <107 GeV
% O, M < 10'? GeV
Oa, M < 10" GeV
Os M <107 GeV
Oa, M < 10" GeV
6t LHU{ eLH  Ous : M <107 GeV

Vo~ (3,2,5/6)," "
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Vo~ (3,2,-1/6)," " ya'a"Va, L
yQ'a" U, L
y dot U e’
Us ~ (3,3,2/3)y"" yQ'"Us,L
U~ (3,1,5/3),""  yucte' Uy, <

a

U~ (3,1,2/3), "

= [ [

e
]
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Higqs naturalness

2 21172
1677 | omy|

\/ON.(3Dg* + N, Y2

21172
2| omy ‘max $SI

Vissani, Casas
|y 14/2N, |

47* | 6mZ | M2
SN max $SIII (II)

\/NC ( BDg A Nw ng /4) Fariaa

Naturalness Limiks much stronger, but less robust.
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I1I- lower Limits on
scale of new particles



Phenomeno Lagv

o Driven by renormalizable interaction:

1. Violation of lepton flavor, universality, PMNS unitarity,
2. Direct searches at colliders,

@ Driven by non-renormalizable part:

A. L= processes, like heubrinoless double beta deaav.

B. B violation, Like nucleon cieto\vs‘

C. Washout of BAU
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Neubrinoless double
beba d.et”:a:j

Ibarra, De Gouvea, Blennow, Rodejohann

o New contributions may be significant for:
1. SSI/I1I, f new fermion singlets M, ~ 6(GeV)

2. New D=7 operators, i A S 0(100) TeV

Lilee @8 = ueLdH ; gémera&&d bfj L, X5,5, U,
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B violaktion (LQ)

Weinberqg, Weldown, Nath, Barr, Babu, Arnold, Dorsner...

Di-quark couplings generate tree-level nucleon decays:
i o . T
5, =G, L1/3): yS,ue+ y,5 ud

91|y, |© 1
<
87 Mg . 10>y

= M 2 10'° GeV

|2 5

Flp D e 2

Therefore, S1 cannot qgenerate neulrine masses.
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IV- Sum mary and
conclusions
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Sun mary PLOE

Tree level Loo . level
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Sun mary PLOE

Tree level Loo . level
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Conclusions

Simple way of orqanising the plethora of neutrino models
i “just” 20 cabeqories (14 after nucleon cie«cav Limiks).

Robust Limits on all possible new states nvolved i m,,.
Useful framework to s&udv phenomenology,
Nucleon decays rule-out some scenarios.

Most promising states: doubly-charged scalars (<1000 TeV).
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Sun mary Fm&

Tree level Loo . level

i Upper bounds:

- Neutrino mass (blue bar) BA

i - Higgs naturalness (black arrowy

i Lower bounds from nucleon decayS{hatched)

7
%

NANNNNNNNNNSN ]

g™ et
| & AN\ NN\

NN SO

77
47
17
§7
4

Al NNNNNS AN NNA N

AN
SIS NSNS







Lc:a-op level eskimake

Pe Grouvea

-~ Weinberg operator induced via L=2 operators.
- Malching at Lloop level. Estimate of m:

1. Each loop: 1/(167°)
R. SM {:kiratiﬁvwftips: Yo Yt

3. W-bosons: o 5

Al



B violaktion (LQ)

Weinberqg, Weldown, Nath, Barr, Babu, Arnold, Dorsner...

S dia, $,30'0", @*V, 0", do*V,,0'=> M 2 10'° GeV
Siai > p-oetevamt M> 10" GeV
R,OH'QIN, H'Rd'd'IN, d'o H'QU' /N  B+L
v |

p—->Ktv AN=M, = M>10" GeV
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Washout of BAU

H&rvev , Turher

o L=2 operaﬁars + sphaterons may erose the BAU, unless:

['(Tg_y) < HTg_9)
=> A2 [M, T2 H20PS ")

A,_s 2 10M1.101°,10 GeV
T o = 1073010 Gage=s
A5 2 107,1019,10° GeV

Strong Limits on scale A, dependent on B-L scale.
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Higqs naturaliness: scalars
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Higqs nakuralness: fermions

F
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SSI. Vissani, Casas

M2 L M2
37 (3Dg + N, Y“g ")In 3

SS11], Farina
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