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Which is the UV q
completion of LLHH?

o Tree level, (}v\i.v seesaws I/11/111. Minimal, GUT
connection, L@.p&@genesis, but huge scales E.,mgi.v very
hard to test and problem of hierarchies.

o Radiakive. No kierarthj probiem, and i Frimaipte more
testable... but hundreds of them! Classified by:

1. Topologies at a loop order (up to 3 Loops)

2. AZ =2 EFT operators beyond the Weinberg operator.
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I- Mechanisms for m,



Tree level: seesaws

Minkowski, Yanagida, Gell-Mann, Mohapatra, Glashow...

yLAN, mNN yLH2, m2.2.
yLAL, uHA'H = |

A B C
H -~ o H

H \\\ I,/ H ;A H \\\ l,, H
4 e ; 4 e
\\ x /, : \\ X /,
L L L L L L

o ik Sorld an 111

&



Loop-level models

Zee, Cheng-Li, Babu, 'Ma, 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
Singly-charged scalar h™: LfLh™

2 Loopsz Zee-Babu wmodel
+egek ~ +uk™h h™




A=) QPQTO&OTS

Babu-Leung, De Grouvea-Jenkins

~p Lee model o Zee-Babu model
0, = L/L*e¢' H'ejieyy, 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’.




Eskinatbe

Pe rouvea-Jenleiing

Model: Zee
Yot vV’

6, = LLLeH




Paramelbrisaktion

ulA LLHH(H'H)Y"

£=1—=A<102GeV
m,2005eV = ¢/=2-> A<10%GeV
=3 > A<10°GeV

Con we do bebker? H\jbrid appram:k
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11 - Upper Limaiks



Main idea

1. Observation: m, requires at least one new particle
X (mass M) coupled to SM Lepton/s, carrying Z.

2. QFT: AY =2 by new operators at A, which encode
the model-dependent UV physics.

3. m,x /A is generated.,

4, m,>0.05eV&M <A =

Conservalive upper bound on M

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

o SM bilinear LH (5S I):

1. New particle: fermion singlet N with ¥'=0 and & = —1.
2, AZ =2 by yNLH+ MNN,

3. m, = yV/M is generaked.

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

M < 1012 GeV
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New Fmr&des X

Assuming no extra BSM symmetries:

&5 ‘,—." D A —
\

Particle X 9 {

+ sm

LH — N(SSI), £,(SSIII)
LL. —> A(SSII), h(Zee)
ee —> k(Zee — Babu)
LH' — .
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m, at tree level

X ~ (SU3),, SUQ),, U)p)Z:3% e =)

SIFIV *

Particle Upper bound

N~ (1,1,0)71° y~ v M <1015 GeV
A~ (1,3,1)5%° Y M < 1015 GeV
Yo ~(1,3,0) " y v M < 1015 Gev
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X~ BUQ)5UQ), UDy)
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Radiakive

m, at Lloo

*

s
SIFIV

Ze,

Particle

IAL| = 2

Upper bound

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

L1~ (1,2,-1/2)3°

M NN
puHATH
M XoXo
SLiHLH

%ElﬂcﬂLT

M < 10%° GeV
M < 10%° GeV
M <101 Gev
M < 10%° GeV
M <107 GeV

h~(1,1,1)5%°
ko~ (1,1,2)5%°

E~(1,1,1)."°

51~ (1,3,1) 717
Lo~ (1,2,-3/2)3°

ShieLH
SkTLTLTLTLT
< LEHQ'a'H

< ELLLH
SLHHY1H

M <1019 Gev
M < 10° GeV
M < 1010 Gev
M < 1010 Gev
M < 10%2 Gev
M < 10! GeV

Xo ~(1,2,3/2);,>°

cY YuYqgYe v

(4m)"

A

M <107 GeV




Particles with B (LQ)

X ~ (SUB),,SUQ) Ul s

SIFIV

Particle

IAL| =2

Upper bound

Ro ~ (3,2,1/6)5""

Ra ~ (3,2,7/6) """

Sy~

Sz~ (3,3,1/3)5"
S1~(3,1,4/3) 557!

SRIQLH
< RLLTLTLTAT
< RILTLTLtAl
< ST LHd
<STLHd
<dLSIH
STttt

M < 10! GeV
M <107 GeV
M <106 GeV
M < 10! GeV
M <107 GeV
M <101 Gev
M <107 GeV

Vo ~ (3,2,5/6), 1

Radiakive

Vo~ (3,2,-1/6)," 7"

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

Us ~ (3,3,2/3), "
U1~ (3,1,5/3)y""

< QferLV] HeLH
=QeHLV) HeLH

- YAl
SQIGHLHV,,

C
A5

ateh LHU{ eLH

M < 10% GeV
M <107 GeV
M <1012 GeV
M <1012 GeVv
M <107 GeV
M < 10%2 GeVv
M <107 GeV




Higqs naturalness

2 21172
1677 | omy|

Jll\/6N.(3Dg* + N, Y2

2 a1
2r| omy|

|y [4/2N,

4 2 .1/2
A | omj; ‘maX 85 1731 (iT

\/NC(BDgL]. Nw ng /4) Farvaa

Naturalness Limiks much stronger, but less robust.
1%

$S I; Vissani, Casas

— M <




111 - lower Limiks



Phenomeno 1093
conkrolled bv:

A. Renormalizable inkeraction
1. Violation of: Z, universality, Upyng unitarity, NSIs.
2. Collider searches.

B. Nown-renormalizable AZ =2 operator

1. Oupp.

2. Washout of BAU.

pde]



Ovpp

Ibarra, De Gouvea, Blennow, Rodejohann, Bonnet, Deppisch...

o New contributions may be s&gmiﬂfma\n& for:
1,755 ik My, ~ 6(GeV)
2. New D=7 operators, 2 A < 6(100) TeV

Like Oy = uelLdH, for L, X5,5, U,

1



B violaktion (LQ)

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

qumm t@%plib\gs qenerate tree-level nucleon c&@.«t‘:at}sz

S, =(G,1,1/3) : y,Sjue+ y,STud

2 D 5
R7E R 1

.
; 87 M§‘1 1033y
A(B — ) = 085 M, 2 10HEcV

['(p - n'et)

Therefore, S| cannol generate m,.

[In some cases, A(K) = — A(Y) =1 decays.]
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IV- Sum mary and
conclusions



Sunm mary pio%

Tree level Loop level

i Upper bounds: Lower bounds:
i - Neutrino mass (blue bar) - Nucleon decays (hatched)
- Higgs naturalness (red arrow) - Collider (black/white circles)
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Sunm mary pio%

Tree level Loop level

i Upper bounds: Lower bounds:
. - Neutrino mass (blue bar) - Nucleon decays (hatched)
| - Higgs naturalness (red arrow) - Collider (black/white circles)
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Sunm mary pio%

Tree level

Upper bounds:

Loop level

i - Neutrino mass (blue bar)

i - Higgs naturalness
1 oz as. < el o -

(red arrow)

Lower bounds:

- Collider (black/white circles)
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Conclusions

New simple classification of m, models in just” 20 categories.

Robusk moc&atwimdﬁpamd@\% upper Limits on all poss&bte new
states nvolved in m,.

Hvbrid approach useful to study phenomenoloqy,
14 allowed categories by nucleon decays.

Collider searches + Higqs naturalness further disfavour 1 to
5 more, leaving 2 to 13 allowed cateqories.

Most promising states: doubly-charged scalars (<1000 TeV).
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The Big Picture of m,

Tree level Loop level

i Upper bounds: Lower bounds:
. - Neutrino mass (blue bar) - Nucleon decays
i - Higgs naturalness (red arrow) - Collider (black/white circles)
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Questions

A. How can we classify the plethora of models?
B. What are the most testable ones, with lightest states?
C. Is any class of models already ruled-out?

D. How to sEu,ci:j phenomenology of classes of models?
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How is m, generated?

U oscillakions E,mtatj that U are massive.,

At least one v has a mass larger or equal to ©0.05 eV
However, in the SM U are massless: need BSM physics.
Hink: lowest dimension EFT Oy = LLHH has AZ = 2,
After EWSB, naturally Light Majorana m,.

Which is the UV completion of Ow = LLHH?
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Loop level m, estimate

Pe Grouvea

a W@.Lmberg operaﬁar iduced via AL =2 c;:»[z:'ero&cws.».
- Estimate of the matching at loop level:

1. Each loop: 1/(167%)
2. SM chiraliby-flips: .y,

3. W-bosomns: s
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B violaktion (LQ)

Weinberq, Weldown, Nath, Barr, Babu, Arnold, Dorsher...
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

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

Homvej , Turher

o Ay~ opera&ors + syhaterons may erase the BAU, uhless:

[(Tg_ o) < HTg_g)
=> A2 [M, T2 H20PS ")

Ays 2 108,10%°,10'* GeV

T o = 10910710 #GeY =>{
A5 2 107,109,100 GeV

Strong Limiks on A, dﬁpﬁhd@.ﬂ% on B — & scale.
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Higqs naturaliness: scalars
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Higqs nakuralness: fermions

F
RER W . - (1) e (M
¢ T 471_2 y A2

F

$S 1. Vissani, Casas

M2 L M2
1774 (3Dg + N, Y“g ")In A2

SS 111, Farina
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CMS LQ Limiks

May 2018 LQ = 1st gen. Full 2016 dataset

LQ (e ) x 2
LQ (ej) +LQ(vj), £ =0.5 0.92
Single LQ (ej),A=1 1.73 (8TeV)
LQ (vj)x2 I 0.98
LQ (pj) x 2 | 1.53
LQ (uj) +LQ(vj), B =0.5 ] 1.15
Single LQ (1 j), 1=1 ] 0.53 (8TeV)
LQ (V) x 2 ] 1.02
LQ (T 1) x 2 1 0.9
LQ (v b) x 2 1 1.1
LQ (T b) x 2 ] 0.85
Single LQ (¢ b), 1= 1  0.744

Scalar LQ

1

LQ (V) x 2

LQ (v b)x2

LQ(vt)x2

(LQ model used: 1801.07641)

Vector LQ

LeptoQuark mass (TeV)




Sunm mary F.'Lo%

i Upper bounds: Lower bounds:
i - Neutrino mass (blue bar) - Nucleon decays (hatched)
- Higgs naturalness (red arrow) - Collider (black/white circles)
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