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GOALS :

BOTTOM-UP approach to address m, (and DM) problems
(in the SM gauge group context)

LHC rationale: focusing on mechanisms whose required states can get tested
@ LHC

possible UV completions of such models: embedding into GUT scenarios
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Open problems of Standard Model

e neutrino masses (neutrino oscillations: existence, lightness)

° dark matter

e hierarchy problem - Higgs naturalness problem

Motivates search for BSM physics: requires introducing new “heavy” particles (no
gauge anomaly: e.g. vector-like matter)
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Introduction

Open problems of Standard Model

“accidental” SM matter (used representations seemingly arbitrary)

SM Periodic Table
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Top-down BSM approach: GUTs

PROs :

° unified framework — less parameters, connection between different
quantities

o  electric charge quantization
e  prediction of new phenomena (proton decay, ...)

e  ‘“explanation” for the heavy spectrum

CONs :

e  simplest models ruled out (e.g. no unification, massless neutrinos in
Georgi-Glashow minimal non-SUSY SU(5))

e infinitely many possibilities (GUT gauge group, representations, scalar
potential): no clear selection rule

e  phenomenology (neutrino masses, DM, proton decay, light fermion mass
relations ...)

4
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Introduction

Bottom-up BSM approach: neutrino mass models

Focusing on established deficiencies of SM: construction of mechanisms which try
to explain experimental findings
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Neutrino masses

Seesaw mechanism
Weinberg dim 5 effective operator LLHH after integrating out BSM particles (M)
2

A 1 v

@ tree-level: only 3 possible realizations (with single BSM particle) :

o type l: 3 x Nt~ (1,1,0)
[Minkowski '77; Yanagida '79; Glashow '79; Gell-Mann, Ramond, Slansky
'79; Mohapatra, Senjanovi¢ '79]

AT —V2A°
. s o 1) =
o typell: 1 x A®~ (1,3, 1)_< VA A >
[Magg, Wetterich '80; Schechter, Valle '80; Lazarides et al. '80; Mohapatra,
Senjanovi¢ '80; Gelmini, Roncadelli '80]

150 Y+
o type lll: 3x X ~ (1,3,0) = fé_ 1 50
V2

[Foot, Lew, He, Joshi "89]

V.
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Neutrino masses

Seesaw mechanism

Weinberg dim 5 effective operator LLHH after integrating out BSM particles (M)

2

A 1 v
AL = —LLHH — L, ~A— ~ 0.1
L v +(’)(M2) - m /\M 0.1eV

If A~ O(1) and v = (H) = 246 GeV, scale of new physics (seesaw scale)
M ~ 10'* GeV — out of reach of LHC.

Either lowering seesaw scale by going to higher dimensional operators:
v dim—4
()
o dim 7: (LLHH)(H'H)
o dim 9: (LLHH)(H'H)(HTH) — M ~ TeV
[

or ...
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Neutrino masses

Zee model

. or consider radiative neutrino mass models (mass suppression by loop factor)
Zee '80: realization of radiative neutrino mass by 2HD + charged Higgs singlet
SM +Ho ~ (1,2,4+3) C 5, + h" ~ (1,1,+1) C 104
Vzee ~ ALLhY + y;. LH,e + puHiHah™ + h.c.
(where X is antisymmetric in flavour space) breaks global B — L

AL = 2 processes (e.g. v,e~ — Uee™) break L, L,, L; and contribute to
Majorana neutrino mass (oscillation of neutrino into antineutrino; Majorana
neutrino is its own antineutrino):

X v
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Zee model

. or consider radiative neutrino mass models (mass suppression by loop factor)

Zee '80: realization of radiative neutrino mass by 2HD + charged Higgs singlet
SM +H, ~ (1,2,43) C 5, + h" ~ (1,1,41) C 104
Vizee ~ ALLh" + y,, LH.,e + pHyHah™ + h.c.

(where X is antisymmetric in flavour space) breaks global B — L
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Timon MEDE (PMF) UV complete Rv models

Yiy

Portoroz, 21 Apr 2017 7 /16



Neutrino masses

Synthesis: UV complete neutrino mass models

Potentially realistic extensions of Georgi-Glashow model :

> Georgi, Glashow '74: B
minimal non-SUSY SU(5): 24y @54 3 x (10F ® 5F) X
e no unification, massless neutrinos
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Neutrino masses

Synthesis: UV complete neutrino mass models

Potentially realistic extensions of Georgi-Glashow model :

> SU(B) + 3 X 1 + type | seesaw X
e no unification
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Neutrino masses

Synthesis: UV complete neutrino mass models

Potentially realistic extensions of Georgi-Glashow model :
>>i> Dordner, Fileviez Perez et al. '05:

SU(5) + 154 2 (1,3, +1) @ (3,2,4%) @ (6,1,—2) + type |l seesaw v/

e unification - light leptoquarks
[ J

non-renormalizable model - higher dimensional operators needed to
correct SU(5) fermion mass relations
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Synthesis: UV complete neutrino mass models

Potentially realistic extensions of Georgi-Glashow model :

>>> Bajc, Nemevsek, Senjanovi¢ '07: SU(5) 4+ 24F D (1,3,0)r © (1,1,0)r & . ..
+ combination of type | and type Il seesaw + 1 massless neutrino v/
e unification - m(130), , S TeV
e non-renormalizable model - higher dimensional operators needed to
correct the SU(5) fermion mass relations & to split fields in 24
e fine-tuned but predictive: proton decay & unification constraints
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Neutrino masses

Synthesis: UV complete neutrino mass models

Potentially realistic extensions of Georgi-Glashow model :

> Fileviez Perez, Murgui '16: SU(5) 4+ 10y + 455 2 (1,2, +1%) ®(3,1,-1)a
(3’37 _%) D (37 17 +%) @ (37 27 _%) D (67 13 _%) & (83 23 +§) v
e unification & proton decay (main contribution from gauge boson
mediation) - m(8,2,+3) ~ 1 — 10 TeV
e 454 - correct mass relations between charged leptons & down-type
quarks @ renormalizable level

T Va5

Vs
My = YIT—77Y2 7

/2 3
ARG

+ contains 2" Higgs doublet - generates neutrino masses @ quantum
level through Zee mechanism

M=V

1 1
Y2*45L) — 6M5H45H107—I + h.c.

Vzee 2 A5F5F10y + BFIOF(Y1*5L 5
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Neutrino masses

Brdar, Picek, Radov¢i¢ '13: 1-loop radiative neutrino mass model - variant of Zee
model: triplet instead of 2" Higgs doublet

LAO A+
A~(1,3,0):( e 1A0>

vz
Bt~ (1,1,+1)

and 3 generations of vector-like lepton doublets:  E; g ~ (1,2, —%)

L = ME,Eg + ML,Eg + yE/Hlg + y1L{E ™ +
+ oLl AER + ysELAER + yul L AT + h.c.
V(H, A k) = —p2 HTH + X\ (HTH)? 4+ pzh= k' 4+ Xa(h~hT)?
+ pa Tr[A] 4+ As(Tr[A%])? + AHTHA™ h* 4 AsHTH Tr [A?]
+ X6h™ hT Tr[A?] + (\HIAHRKT + h.c.) + pHTAH
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Neutrino masses

Brdar, Picek, Radov¢i¢ '13: 1-loop radiative neutrino mass model - variant of Zee
model: triplet instead of 2" Higgs doublet

1 A0 A+
A~(1,3,0)=< Vg_ _%N))
2

ht ~ (1,1,41)

and 3 generations of vector-like lepton doublets: £, g ~ (1,2, —3)
v

x
A+ AT Bt
vy Y2 jo B, h v

1
my X 5 V1 Y2 A7 M v? x (loop factor)
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Neutrino masses

éuljak, KumeriZki, Picek '15: 3-loop radiative neutrino mass model - Yukawas
order O(1): 2HD + exotic matter
¢s ~ (17 57 _1)

of

S
x° ~(1,7,0)
¥ ~(1,5,0)
g X v v
P RY 4 )(\\ //74
\ - T Sy 4 R Gt e
\,Z Ny 57 Mg LT
/‘\ //\\ // \\ ’ \\
HTF roHT Hty s s gt
P s o J ¥ 1O %
/ | | \ / 4 % \
! 1 \ ! ’ \ !
I 1 I | I |
i % 1 i 3 j j
v eR by er vl vy eg by ep v
10 / 16
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Neutrino masses

multiplets [ CSUB) ] c Su(s5),, C SO(10)
m, @ 1-loop
A= (1,3,0) 24 240, 151, 15_1, 1757 45, 54, 144, 210, 560
= (1,1,+1) 10 15, 245, 104, 106, 16, 45, 120, 126,
503, 507, 755 144, 210, 56003), 560
Eir=1(1,2,—3) | 54570 | 5_5,5 3 40_4,40_1, 10, 16, 120, 126, 126, 1440,
45_,,45_3,70_,,70_3 | 144, 210, 210’, 3200, 5603, 560
m, © 3-loops
Hia=(1,2,+1) | 5,45 70 5, 53, 40;, 40, 10, 16, 120(2), 126, 126, 144, 144,
45y, 453, 70, 703 210, 210/, 3200), 560, 560"
é=(1,5-1) > 75 70, 704 > 560
x = (1,7,0) > 75 > 75 > 560
¥ =(1,5,0) > 75 70" ,, 70, > 560

SM singlets (1,1, 0) with potentially non- zero VEVs € 24, 75 (SU( )); 1o, 104,

10_1, 240, 50_5, 505, 750 (SU(5),.); 16, 450

(50(10))
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SU(5) embedding of the 1-loop (BPR) model

Particle content:

\ SM multiplets C SU(5)
scalar H=(1,2,+%) 5":(1,274—%)@(3,1,—%);or45 70
A= (1,3,0) 24;:(1,3,0)@(8,1,0)@(1,1,0)@(32 - )@(32+ )
ht =(1,1,+1) 10%? = (1, 1+1)@(3,1,—q)@(32+ )
fermion 3><Q:(3,2,+§) 3x10%=(3,2,+5) @ (3,1,—3) ® (1,1, +1)
3xu¢=(31,-3)
3 x e (11+1)
3xL=(1,2-12) 3x5,=(1,2,-3)® B 1,+3)
3xd = (3,1,+21)
3x Egp=(1,2,—%) 3x5,=(1,2,—5)® @B 1,+3) ; or 4570
3x E = (12,7f) 3 x5, = (1, —%)@(31+) or 45, 70
gauge G, = (8,1,0) 242 = (1,3,0)®(8,1,0) & (1,1,0) ® (3,2, -2) ® (3,2, +2)
W, =(1,3,0)
B, = (1,1,0)

Timon MEDE (PMF)

UV complete Rv models Portoroz, 21 Apr 2017 12 /16




Neutrino masses

Realistic GUT scenarios

Potential problems of SU(5) :

e unification of gauge couplings (non-SUSY!!!)

e proton decay bounds: 7,(pt — 70e*) — Mgyt > 10'%° GeV

(if unification scale MgyT too low, X, X gauge bosons of masses
Mg ~ gauT v which mediate proton decay are too light + colour charged
particles need to be sufficiently heavy)

e  realistic mass relations between down-type quarks & charged leptons
(© renormalizable level 454 is needed)

o  doublet-triplet splitting (not only in 54, but also in 454 or whenever some
multiplets are required to be light):
fine-tuning, missing partner mechanism, ...7
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RGEs (@ 1-loop): B test

dai_l(m)_ b;
dlnf 27

- _ .2
By _ By —Bs o Y(mz) —azt(mz) 5 Sin"0w—

i

—
— a; Y (m) = a; Y (mz) - ( ) 4+ Z Ab )

B,‘ for m= MGUT

aegm(mz)

oslmz) 718

Bi2  Bi— B, aj(mz)—ay(mz)

= 0.528 + (BSM)

8 3
8

2n(ag}(mz) — ay*(mz))

MguTt = mz exp <

= 10" GeV + (BSM)
iB
3

—1 _ sbs _ b1t Eb2
Qgut = Bl+3B2_§B3aEM( z) + ‘,31_|_3,32_§B3

— 41.48 + (BSM)
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Neutrino masses

BSM contributions to running

SCALARS:
54 24y . lOH
k H Ts A Oo4 Sos LQo4 LQos ht T1o LQ1o
ABy3 +% —&rk +%’k —%rk 0 +%rk +$I’k —érk +érk
AB | -2 +=nc | —3n 0 0 +2rc  tere |tz e —1ef
FERMIONS:
5F _
k E r Tg
ABys | +irk X Ngen  —=rk X Ngen
ABj» —T‘Erk X Ngen +T‘§rk X Ngen
GAUGE BOSONS:
24, o
k LQoa LQys
OBy | —%re  —%rk
ABp | —%n —Hn
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Neutrino masses

1 1 1 1 1 1 Im[GeV]
104 108 108 1010 10'2 10" 1076

ma = mpr = 10°GeV, mg, , =155 x 10°GeV, Mgyt = 5.11 x 10" GeV
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Neutrino masses
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ma = my- = mg, , =2.03 x 100GeV, Mgyt = 5.11 x 10" GeV
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Neutrino masses

a1

6l
50
40
3o-f

20}

: : : : : = m[GeV]
104 108 108 1010 10'2 10" 1076

Me, » = 2.55 x 10" GeV, ma = mp+ = Mgur = 5.11 x 10*° GeV
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