A SYSTEMATIC APPROACH
TO NEUTRINO MASSES

AND THEIR PHENOMENOLOGY

MICHAEL A. SCHMIDT
TEV PARTICLE ASTROPHYSICS 2019

5 DECEMBER 2019

based on work in collaboration with UNSW

Juan Herrero-Garcia 1903.10552 [Eur.Phys.). C79 (2019) no.11, 938] SYDNEY


http://www.arxiv.org/abs/1903.10552

NEUTRINO MASSES

m The Standard Model is very successful...

m ...but incomplete
In particular neutrinos are massive

m Hint: lowest dimensional effective operator O, = LLHH
(d = 5, Weinberg) violates lepton number by 2 units

m After EWSB, naturally light Majorana neutrino masses

m What is the underlying theory of neutrino masses?
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MECHANISMS FOR NEUTRINO MASSES




MAJORANA NEUTRINO MASSES

m Tree-level. Only a few: seesaws I/11/111
simple, GUT connection, leptogenesis, but huge scales
— very hard to test and hierarchy problem

m Radiative. In principle more testable, but hundreds of them.
Classified by

1. Topologies at a given loop order (up to 3 loops)
2. AL = 2 EFT operators beyond Weinberg operator




TREE LEVEL: SEESAWS
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LOOP LEVEL MODELS
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EXAM P LES O F LOO P MO D E LS [ZEE, CHENG, LI, BABU]

Singly-charged scalar: fLLh™
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AL — 2 E FT O P E RATO RS [BABU, LEUNG, DE GOUVEA, JENKINS]

Zee model Zee-Babu model

/

0= Ll/LkeH

bijert Oza = L'UQFdH' ey 030 = L'UUQRdH'€jey
Oua = LUQMIHR ), 04 = L'UQLTTHRe; 05 = L'deltTHie;;

Og= L'UUL*eL'zejier 010 = L'UL*eQ'dejier
O110 = L'L]Qkanae,-jekl Oup = L'Lijanae,-kej,
Onq = L'UQ['Qf Oxp = L'UQLTTQf 0 e
Oso = L'Qdde’aH H] ¢jy Ogo = L'dQ]a'e"a"HH]

operators up to dimension 11 classified
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NEUTRINO MASSES

Classification in terms of effective AL = 2 operators

Babu, Leung hep-ph/0106054; deGouvea, Jenkins 07081344 Bonnet, Hernandez, Ota, Winter 0907.3143
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m, 2 0.05¢V = ¢ [ =2 — A < 10°GeV
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Systematic construction of models
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NEUTRINO MASSES

Classification in terms of effective AL = 2 operators

Babu, Leung hep-ph/0106054; deGouvea, Jenkins 07081344 Bonnet, Hernandez, Ota, Winter 0907.3143
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Loop factor /N LLHH(HTH)"
[=1— A<10"GeV
m, 2 0.05eV = ¢ [ =2 — A < 10™°GeV
[=3— A< 108GeV

— no information on AL = O processes

Systematic construction of models

Angel, Rodd, Volkas 1212.5862; Cai, Clarke, MS, Volkas 1308.0463; Gargalionis, Volkas (in prep)
Bonnet, Hirsch, Ota, Winter 1204.5862; Aristizabal Sierra, Degee, Dorame, Hirsch 1411.7038; Cepedello, Fonseca, Hirsch 1807.00629

Volkas (NuFact 2019): "exploding! AL = 2 operators" ..."1000s of models"
— too many models!
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CAN WE DO BETTER? — HYBRID APPROACH



QUESTIONS

1. How can we classify the plethora of models?
2. What are the most testable ones, with the lightest particles?
3. Is any class of models already ruled-out?

4. Can we study the phenomenology without going to a
particular model?



UPPER LIMITS




MAIN IDEA

1. m, requires at least one new particle X (mass M) coupled to
SM lepton(s), carrying L (and maybe B).

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

3. Majorana neutrino masses, m, « 1/A, are generated.
4. m, > 0.05¢V & M < A = conservative upper bound on M.

5. L-conserving pheno mostly determined by renormalizable
AL = 0 operator

Bounds apply to all models where X is the lightest particle.



EXAMPLE AT TREE LEVEL

SM bilinear LH (seesaw type I):

1. New particle: fermion singlet NwithY =o0and L = —1.
2. L is violated (by two units) via MNN (+yLHN)
3. Neutrino masses, m, = y?v?/M, are generated.

4. m, > 0.05¢V &y < 1= conservative upper bound

M < 10" GeV




POSSIBLE NEW PARTICLES

LH — N(SSI),  (SSlII)
LL — A(SSII), h(Zee)
ee — k(Zee-Babu)
LHT — ...

eHt — ...

éUMLJr — ...




PARTICLES GENERATING TREE LEVEL NEUTRINO MASSES

L,3B

X~ (SU(3)c, SU(2)., U(1)Y)5/F/v

/

AL = 2 operators

Seesaw type

\

Seesaws

F’aﬁticle AL=0 |AL]=2 BL /E m, Upper bound
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$o~ (13,0  ySolH MES, M 0, o LF M < 10 GeV
L~ (1,2, —1/2):;0 mLL %L1HLH O, o % % M < 10 GeV




PARTICLES GENERATING LOOP LEVEL NEUTRINO MASSES

Zee-Babu
L,3B
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Particle % AL =0 |AL| =2 \ BL I N m, Upper bound
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PARTICLES WITH B (LEPTOQUARKS)

X ~ (SU(3)¢, SU(2)L, U(1)y)§’/3,f/v AL =2 op?rators Loop order

Particle » AL =0 |AL| =2 EL e a my Upper bound
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HIGGS NATURALNESS

See also: SSl: Vissani hep-ph/9709409; SSII(111) 1303.7244
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LOWER LIMITS




PHENOMENOLOGY

m Driven by renormalizable interaction:
1. Violation of lepton flavor, universality, PMNS unitarity.

2. Direct searches at colliders

m Driven by non-renormalizable part:
1. AL = 2 processes, like neutrino-less double beta decay.

2. Bviolation, like nucleon decays
3. Washout of BAU




B VI O LATI O N ( LQ) [WEINBERG, WELDON, NATH, BARR, BABU, ARNOLD, DORSNER,...]

Di-quark couplings generate tree-level nucleon decays:

S1=(3,1,1/3) : ysSle + y,S,ad

2|12 mb 1
[(p — 7°%et) ~ |ya[?[y2| el
(p—me”) 8w Mg 1033y

= Ms, > 10"°GeV

Therefore, S; cannot generate neutrino masses
without imposing B conservation by hand.




SUMMARY AND CONCLUSIONS




SUMMARY PLOT

Tree level Loop level |
Upper bounds: Lower bounds: 1
101 - Neutrino mass (blue bar) - Nucleon decays (h:_:\tche_zd)
- Higgs naturalness (red arrow) - Collider (black/white circles)
97 10124 %
£ %4 /
55 18
i
ER 7% 0
= nr 94
E il
2 vd77 747797
5 i
0 i111i 9777
102 1 _E_

NAZ L, hkEZ L, X, RRS 5SS, V2\72U1U3U]Q
Neutrino masses involve one of these 20 new particles.




SUMMARY PLOT

Upper limits on mass
M (GeV)
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CONCLUSIONS

m Simple way of organizing the plethora of neutrino models in
a small number of categories

m Robust limits on all possible new particles involved in m,,
m Useful framework to study phenomenology

m Nucleon decays rule out some scenarios.




POSTDOC POSITION IN FLAVOUR
PHYSICS AVAILABLE AT UNSW

— QUARK, NEUTRINO, CHARGED-LEPTON FLAVOUR -



SUMMARY PLOT
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N E UTRI N O LESS DO U B LE /3 D ECAY [IBARRA, DE GOUVEA, BLENNOW, RODEJOHANN, BONNET, ...]

New contributions may be significant for:
1. SSI/1Il, if new fermion singlets Mg ~ O(GeV)

2. New D = 7 operators, if A < O(100TeV)
Like Og = tefLdH, generated by L4, X5, S, U,
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