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Majorana neutrino masses

Minkowski;Yanagida; Glashow; Gell-Mann, Ramond, Slansky;
Mohapatra, Senjanovic; Magg, Wetterich; Lazarides,Shafi, Wet-

Tree-level. Seesaw models

simple, GUT connection, leptogenesis, but huge scales
— very hard to test and hierarchy problem

terich; Schechter, Valle; Foot, Lew, He, Joshi

Radiative. In principle more testable, but hundreds of them.

Classified by

I

Topologies

Bonnet, Hernandez, Ota, Winter
0907.3143; Bonnet, Hirsch, Ota, Winter
1204.5862; Aristizabal Sierra, Degee,
Dorame, Hirsch 1411.7038; Cepedello,
Fonseca, Hirsch 1807.00629; ...

AL = 2 EFT operators

Babu, Leung hep-ph/o106054; deGou-

vea, Jenkins 0708.1344; Angel, Rodd,

Volkas 1212.5862; Cai, Clarke, MS, Volkas

1308.0463; Gargalionis, Volkas 2009.13537;

O0=LUH'H'eyey 0, =L'UL'eH ejey
O;u = LiLij(;lHleijekl O;h = LiLiQk;lHl&keﬂ

See review Cai, Herrero-Garcia, MS, Vicente, Volkas: "From the Trees to the Forest: a review of radiative neutrino mass models” 1706.08524
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Can we do better? —
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M a_l n lde a. Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]

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

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

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

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

Juan Herrero-Garcia

Bounds apply to all models where X is the lightest particle.
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Example at tree level

SM bilinear LH (seesaw type I):

1. New particle: fermion singlet NwithY = oand L = —1.

. Lisviolated (by two units) via MNN (+yLHN)

N

3. Neutrino masses, m, = y*v*/M, are generated.

4. my > 0.05eV &y < 1= conservative upper bound M < 10°GeV

Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]
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Possible new particles

LH — N (SSI), X (SSIII)
LL — A (SSII), h (Zee)
ee — k(Zee-Babu)

LH' — ...
eH! — ...

o, Ll — ...

Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]
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Particles generating tree level neutrino masses

L,3B

X~ (8U(3), SU(2)1, U(I)Y)S’;F/V AL = 2 operators

Seesaw type
Pﬁ(ticle AL=0 |AL]=2 \ BL '/6 my Upper bound

§ N~ (1,1,0)p"° yNHL MNN *I O, o yZMVZ M < 10° GeV
8 A~@30;*°  yLAL  wHATH 1 O o MY M<i105Ge
(] — — - - 2 2
& Lo~ (1,3,0)F ° yIJLH ML, III O o Lo M < 105 GeV

Li~(1,2,-1/2)}° mLL SLHLH O, o M MZ105Gey

Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]
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Particles generating loop level neutrino masses

Seesaws

Radiative

Zee-Babu
L,3B
X~ (SU(3),SU(2),U(1 D
( ( )Ca ( )La ( )Y)S/F/V Ze\e Loop order
Particle ¥ AL =0 |AL| = 2\ BL (4 rd My Upper bound
N~ (1,1,0); »° yNHL MNN O, o yZMVZ M < 10° GeV
2
A~ (1,3,1)57° yLAL wHATH o, o y;l M < 10" GeV
5o~ (1,300 ySoLH MEo5o ol o L M < 10% Gev
- 2
L ~ (1,2, —1/2)}° m{llL %_LIF{LH (9_1_ o . o c M < 10” GeV
yH'eL S Lad Lt off 2 Fln M0 G
h~(1,1,1)5>° yLLh < hleLH *Oz 1 — Z M < 10° Gev
. . . . . 2

ko~ (1,1,2)57° yetek U O;JV 2 e M < 10° GeV
B (11,00 yELH? SIEHQTaTH O, 2 Qe M < 10°GeV
meE S ELLLH 0, 1 2An MZ10°GV
£, ~ (1,3, 1)75° yH'EL & LHHS,H @ 1 e z M < 10™ Gev
L, ~ (1,2, —3/2)k° y Hel, 5 L,LLL 0, 1 (s 2 M < 10" GeV
X, ~ (1,2,3/2)y°  yelotiX,, LaloMdx[ H O 2 Dhode v M < 107 Gev

Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]
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Particles with B (leptoquarks)

L,3B
~ (SU(3)., SU(2), U(l)y)s’/F/V AL = 2 operators  Loop order
/
Particle » AL =0 |IAL| =2 EL 4 / m~y Upper bound
Ry ~ (3,2,1/6) 70" YALR, %}QZQLH 03, 1 (54};:/‘)12 % M < 10" Gev
i’ P YN W
R, ~ (3,2,7/6)5 " re'Q', Azrluttifat ol 2 (CILIe BS /@y
- 2
YALR, Serfrtototat of 3 ”i(yji”)f 2 M < 10°Gev
T (227 11
S~ G130 ¥ LQS, £ sl LHd o, 1 N % M < 10" Gev
v yatels, < stiua Oy 2 WVX M < 107 GeV
- ol - C 2
‘g S5~ (3,3,1/3)5 y18;Q £dLs]H 0s, 1 (4{3’{2 v M < 10" Gev
. o St 41 oa 2
g5 s G,1,4/3)570 1 yefats, “fitititql of 2 [&ff)yj " M < 107 GeV
3]
~ atgm _c otgrrvl ¥4I v: < 1ot
Vs~ Gy2,5/6)0 yatohvul & Qtoriv], men @ 3 e A M < 10* Gev
yQotvyet —gqtet LV;‘uHeLH @upg B s z M < 107 Gev
Vo~ Gz, —1/6)y 00 yaloH il %QT(T“LHVIH Oua 1 (:yﬂyg‘z % M < 102 Gev
- -+ - 2
Uy ~ (3,1, 2/3)7 yQi UL < algHiHuf, @, 1 o v M < 102 Gev
ydotuy, &t <ils LHUT O ”’(J;“ﬂyffl 2 M 107G
U ~ (3,3,2/3)5 yQtatu;,L Laltohiuf, H Oup 1 e % M < 10" Gev
= — _ 4 o _ 2 2
Uy ~ (3,1,5/3) yacHel Oy afoh LHUQLHELH @ 3 ATl M < 107 GeV

Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]
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Phenomenology o e Gl M6 i 155 s by ot 3]
e Driven by non-renormalizable part:

1. AL = 2 processes, like neutrino-less double beta decay.

2. Washout of BAU
e Driven by renormalizable interaction:
1. Violation of lepton flavor, universality, PMNS unitarity.

2. Direct searches at colliders

3. Bviolation, like nucleon decays


http://www.arxiv.org/abs/1903.10552
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PhenomenOlOgy Juan Herrero-Garcia, MS 1903.10552 [Eur.Phys.]. C79 (2019) no.11, 938]
e Driven by non-renormalizable part:

1. AL = 2 processes, like neutrino-less double beta decay.

2. Washout of BAU
e Driven by renormalizable interaction:
1. Violation of lepton flavor, universality, PMNS unitarity.

2. Direct searches at colliders

3. Bviolation, like nucleon decays
B violation (LQ) [Weinberg, Weldon, Nath, Barr, Babu, Arnold, Dorser,...]

e.g. tree-level nucleon decays: S; = (3,1,1/3) :yISITL‘tE + y,Sid

P! 2 mS 1
Lyl'g?' 3 < - = Mg, > 10%GeV
S, y

I'(p — m%h) ~

S, cannot generate neutrino masses without imposing B conservation.
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Summary plot O T
Tree leve] Loop leve] _
101 —UKIZZrtrti):cl)”:\j:;s (blue bar) 1_cl,\l‘l\lljecrleli)onuzcejz:ays (hatched)
| - Higgs naturalness (red arrow) - Collider (black/white circles)
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Neutrino masses involve one of these 20 new particles.


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

SINGLY-CHARGED SCALAR SINGLET
[ Jele}

Singly-charged scalar singlet h ~ (1,1, 1)

e Relevant Yukawa interaction Y] LiLih
. . . T

o yh 18 antlsymmetrlc yh - _yh Tobias Felkl Juan Herrero-Garcia
— non-trivial eigenvector vj, with eigenvalue zero, y, v, = 0

quadratic case

linear case

My = Xy, —yhXT My = y,Sy, with S = ST
v =

.. = 2 complex conditions
é 1 CompleX Condltlon previouslydlscussedE Zee-Babu model 0711.0483

0 = MyingUTv
0 =V Myv), = ng*mdiangh RS

Tobias Felkl, Juan Herrero-Garcia, MS 2102.09898
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Yukawa couplings

Tobias Felkl, Juan Herrero-Garcia, MS 2102.09898
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e Linear case: blue (20), black (30)
e Quadratic case: brown

e Anomalies (£ e, Cabibbo angle): red

see 2012.09845
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Lepton flavour universality b e e S M3
0.008; |Normal Ordering
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Conclusions

e Useful framework to organize the plethora of neutrino models
and to study their phenomenology

o Robust upper limits on all possible new particles involved in m-,

o Nucleon decays rule out some scenarios.

e Model-inpedendent results for neutrino masses from
singly-charged scalar singlet h ~ (1,1,1)
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Summary plot O A
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Upper bounds: Lower bounds:
1014 - Neutrino mass (blue bar) - Nucleon decays (h;_atchgd)
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Neutrino masses involve one of these 20 new particles.
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Higgs naturalness

See also: SSI: Vissani hep-ph/9709409; SSII(III) 1303.7244
S-app-S
S
"\
v 4 B H )
2 2 11/2
H--» e - I S M< 1670 |5 max

™ /6Nc(3Dg* + N, Y2g'4)

H--»—-@'»—- H e 270|5m3 ihax
H--»@»—

~  lylv2N,
1/2
Naturalness limits much stronger, but less robust

470 OmyImax
\/NC 3Dg* + N, Y2g'4)

H oM

Juan Herrero-Garcia, MS 1903.10552 [Eur. Phys.]. C79 (2019) no.11, 938]
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NeutrinOIeSS double [3 decay [Ibarra, De Gouvea, Blennow, Rodejohann, Bonnet, ...]

New contributions may be significant for:
1. SSI/I1L, if new fermion singlets Mg ~ O(GeV)

2. New D = 7 operators, if A < O(100TeV)
Like Og = #'é"LdH, generated by L;, X,, Sy, U;
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Lepton flavour violation

Br(r—ey)

Br(r->1)

o
|
S

15}
5

Normal Ordering
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Normél Ordering
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S
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Br(u—ey)

107"

102

Tobias Felkl, Juan Herrero-Garcia, MS 2102.09898

Brt—ty) _ & iy P
Br({ — U'vV) 487 GM;

e Photon penguin dominance

e Box diagrams important for M, > 5 TeV

Normal Ordering

5 10 50 100
M, [TeV]

e Linear case: blue (20), black 30)
e Quadratic case: brown

e Anomalies (“’;—;T , Cabibbo angle): red

see 2012.09845
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Branching ratios i e o e S Mo

1-Q/Normal Ordering’

7 7
00 02 0.4 06 0.8 1.0 00 02 04 06 08 1.0
Br(h—ev) Br(h-ev)
i e Linear case: blue (20), black (30)
Zbyéa b’h |

Br(h — {,v) =

e Quadratic case: brown

e Anomalies (£ “+*, Cabibbo angle):

Z(b’iﬂz + D}ZT‘Z + b,;”|z)

red see zor.o0ss
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Tree level: seesaws

SSI:N ~ (1,1,0)
JLHN + mNN

H

- *
- *
L ) *

A, R
i

Minkowski; Yanagida; Glashow;
Gell-Mann, Ramond, Slansky;
Mohapatra, Senjanovic.

00000@00000

SSII: A~ (1,2,1)

YJLAL + uHATH SSIIL: & ~ (1,3,0)
JLHE +m2L
H H
H s o H H
"0 0) " "
Q’O "‘ 0"
M

L L

Foot, Lew, He, Joshi.

Mohapatra, Senjanovic;
Magg, Wetterich;
Lazarides, Shafi, Wetterich;
Schechter, Valle.
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Loop level models

1loop u

¥
L . L (a) CLBZ-1 (b) CLBZ-3,
i
' i
" \x,v'
e
b) Tl-ii SN
®) -

(d) CLBZ-9

%&ﬂ 10 %S’Lb‘ o () PTBM-L
)

e,@ eSSy
(‘ qo\\‘%ﬁ ,,i,.mu

60\,6’ (%) RB-2

(b) Cocktail models.

(c) AKS models. Cross diagrams may exist (d) Fermionic Cocktail models.
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Loop level models: Examples v e s

Singly-charged scalar: fLLh™

Zee model
bl L+ uhtHe Zee-Babu model
—f—t1 ++ 147,
ele’ k™ +uhThTk
H/® g 3¢
? ht -+ ht
ht ,/"'"\\ ®/H I," ik** “\\
‘I \\ L _' JI. ! L
U U S —— 0= = U
L L : % L I i 3 e i I
A 1 1
! H H
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AL == 24 EFT Operators [Babu, Leung, De Gouvea, Jenkins]

Zee model Zee-Babu model

0,= L'l/Ll*zH
04— LLQ!

ijekl O3a = LiLich_iHleijekl OBa = LiLij(;lHleikeﬂ
Htej 0, =L'UQlalHre; 05 = L'delalHey

0,= L'ILfeL'ee;iey O = L'/L*eQ'deje
Ong = LiLijanaeijekl O = LiLijr;lQlc;leikejl
O = L'UQfa Q4! Oy = LQf Q] at e

Oso = L'Q/dde’a H'H] ¢, Oso = L'dQlatetat 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 0708.1344 Bonnet, Hernandez, Ota, Winter 0907.3143

m\,:i with chng‘xex<vz>n
(16m2)IA’ i ' T N2
™
Loop factor /A LLHH(H'H)"
l=1— A <10%GeV
my 2 0.05eV = ¢ [ =2 — A < 10°GeV
=3 — A <10%GeV

— no information on AL = 0 processes

Systematic construction of models
Angel, Rodd, Volkas 1212.5862; Cai, Clarke, MS, Volkas 1308.0463; Gargalionis, Volkas 2009.13537

Bonnet, Hirsch, Ota, Winter 1204.5862; Aristizabal Sierra, Degee, Dorame, Hirsch 1411.7038; Cepedello, Fonseca, Hirsch 1807.00629
Gargalionis, Volkas 2009.13537: "exploding! AL = 2 operators”...”1000s of models”
— alarge number of models!
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EFT estimate for O,

H/® H/® H/®
T ' ;
Lﬁ IL; IL; G ht I,/"‘\\ ®/H
G L : %
e L L T L
| A
A 0
! H/®
H/®
Operator . UV model: Zee
Estimate
2
OZ — LLLeH chirality flip y - My o~ ﬁn’tu
=
. \ P 1670y,
vVE e A
Ny

1

loop factor =
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