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Limits on some scenarios by LCH

ATLAS Searches* - 95% CL Lower Limits (EPS-HEP 2011)
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*Only a selection of the available resulls shown

Mass scale [TeV]




The SM is complete LHC




The SM is complete LHC

Terra cognita and terra incognita




The SM is complete LHC

Terra cognita and terra incognita

Standard Model & Physics BSM




Infinite possibilities

H. Murayama
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- Many of these extensions

were proposed to address
some unsolved questions
of the SM: hierarchy
problem, generation and
flavour problem

Others simply to explain
some deviations of the
SM, top forward backward
asymmetry, p—ey, h—vyy,
non universal lepton
decays, DM, etc...



BSM searches

Summary of CMS SUSY Results* in SMS framework
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® Introduction

The SM

® Neutrino physics
SeeSaw Mechanism

® Extensions of the SM
Using neutrinos

® Conclusions
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Cern Higgs Discovery

Fundacion principe de Asturias
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Cern Higgs Discovery

WWhat about
neutrino masses’
DM?

BAU?

etc...

Fundacion principe de Ast




Fundacion principe de Ast

with flavor?

Cern Higgs Discovery

WWhat about
neutrino masses’
DM?

BAU?

etc...




Jose’s talk

Eric’s talk
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Evidence of Physics BSM

LHC put constraints only in PBSM

Neutrino masses * (In the SM L is
not violated)

Cosmology: Dark Matter, Baryon
Asymmetry, Dark Energy ...

Some theoretical aspects like
hierarchy problem

something else? LHC? rare
decays ...

S —

Atoms
Dark
4.9% Energy
68.3%
Dark *
Matter
26.8%
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15%
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)

‘



How to connect neutrino physics with DM?
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How to connect neutrino physics with DM?

\
B -
"R -

Ma joron
Iher&*-toops
DDM
loops with higher Higqgs representations
KeV sterile neukbrinos
eke...



Can be either
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Can be either

If we impose Lepton number then the neutrinos are Dirac particles just like
quarks and charged leptons

fermion masses
dre st be

u - Ce te
Vi —eioVy eV3 ce Le Te
| | | | ] { | | | | i | | | | | | | | i
ueV meV eV keV MeV GeV TeV
¢ many orders of magnitude
my, << Me << My Y, Y. Y,

The Yukawa couplings < 107 :1076:1
are very different



Majorana Neutrinos

If we allow L to be violated?
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If we allow L to be violated?

¢ The simplest effective source of Majorana neutrino masses dim 5 Weinberg
operator



Majorana Neutrinos

If we allow L to be violated?

¢ The simplest effective source of Majorana neutrino masses dim 5 Weinberg
operator

Weinberg, S. (1980)

AL

L=Lgp +

L5 =LLPPD AL =2



Majorana Neutrinos

If we allow L to be violated?

¢ The simplest effective source of Majorana neutrino masses dim 5 Weinberg
operator

Weinberg, S. (1980)

£:£SM+A

Ls

L5 =LLPPD AL =2

ul (U= . U

¢ Implications?

030 2 W




expected
from
~ luminous disk

M33 rotation curve

Zwicky 1933



DM evidence

Not only In the clusters of galaxies

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

Vera C. Rusixt axp W, Kext Forp, Jr.t

Department of Terrestrial Magnetism, Carnegie Institution of Washington and
Lowell M&lu‘y.‘::d Kitt Peak National Obtservatory]
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Gravitational lensing

galaxy cluster

. o
Virtual imaga ~ 3o

.. Cluster of
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retatienal v.ldcity
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# Clusters of galaxies [ . o
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[ CMB power spectrum ]
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See one of Eric’s Talks



ntary of matter in the universe

baryonic
matter

Non baryonic
matter




What do we “know’” about DM?

¢ Long lived (Stable)

¢ DM cosmological abundance extracted from observations

¢ DM is cold ( or warm)

¢ Electrically neutral

¢ DM-DM and DM-SM interactions




Dark Matter

68.3%
Dark Energy




Portal

Particles

Operator(s)

€

“Vector” | Dark photons

“Axion” | Pseudoscalars

“Higgs” Dark scalars
STCTTIC NCUNnos

Higgs Portal

Direct detection



One simple Idea for DM

Inert scalar DM

< stable particle symmetry >
— _/ { \

0 v pT
massless (due to lightest charged i p . accidental B sym.
exact U(1).., gauge particle under 'fhte“ ermion due to gauge SM sym.
symmetry) exact U'(1).,, sym. (Lorentz sym.) and particle content



One simple Idea for DM

Inert scalar DM

Deshpande and Ma (1978)

< stable particle symmetry > SM + Scalar
/ / l \u 22 + _

Y e v p+
massless (due to lightest charged lish f ) accidental B sym.
exact U(1).,, gauge particle under 'f rest fermion due to gauge SM sym.
symmetry) exact U(1).,, sym. (Lorentz sym.)

and particle content /\3|H||2|H2|2+/\4|HtH2|2 [H".H ) +II.C.]

Higgs portal



Neutrino masses in the Inert DM?
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Neutrino masses in the Inert DM?

- 0 M D
-\ ML Mg




Neutrino masses in the inert DM

A. Zee (1980)

[ “scotogenic” ]

E. Ma (2006)

If M? >> m}, then

i = mME

mo




Direct Detection
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result of a scan giving rise 10 0.09 < Qyol'r2 < 0.13

Laura Lopez-Honorez



Direct Detection
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Laura Lopez-Honorez High mass regime




Other Possibilities

with higher representations

2®2=14+3
type |l seesaw @)% x(®)
"
LAL 203K 2 A
type lll seesaw
H™, L7 H
P R4

Yy, Yy
LHY 2R3 ® 2 N\,



Neutrino masses from higher dim Higgses

Aranda, EP (2015)

¢ Imposing the condition rho parameter 1 at tree level

_ Yo ldplp+1) — Yflvf‘;
g ¥4 2Y2 02

¢ the minimal is a septet with Y=2

¢ What do we need for this to contribute to Neutrino masses?

¢ What are the conditions?
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2x2=1+3

3x2=2+4
I3 xXx3=1+3+5
4x2=3+5H5

4%x3 =2+4+6

4x4 =1+3+5+7
5x2=4+6

5x3 =34+54+7
5x4=24+4+6+8
5x5=14+34+5+T7+9
6x2=5+7
6x3—-4+6+8
6x4=3+5+7+9
6x5—=2+4+6+8+10
6x6=14+3+5+7+9+11
Tx2 —=6+8
Tx3=56+T7+9

Tx4 =4+6+8+10

75 =34+5+7+9+11
Tx6 =—2+4+6+8+10+12
TxX7T=14+3+5+7+9+11+13



How to generate neutrino masses?

Aranda, EP (2015)

fermionic SU(2) 5-plet ¥

x 7
¢ A :
. s / scalars in the quartet (©)
\\ - _ - n ,/ .
and quintet (n)
! e, e =12
| ,_)( \ ~
B 5 b , LLooX



How to generate neutrino masses?

Aranda, EP (2015)

fermionic SU(2) 5-plet ¥

¢ AR :
. WS ,/ scalars in the quartet (©)
N\ P e n ,, .
and quintet (n)
) o, /2 e Yi=172
: m—t < . =
2 5 Yy =0

In order to preserve the tree level rho parameter
we must impose a Z2 symmetry, in such a way the neutral
components of the scalar fields remain vevless



Discrete Dark Matter Introduction

A flavor group
Non-Abelian

Very popular because it was
useful
reproduce the TBM mixing

Babu-Ma-Valle
and
Altarelli-Feruglio

A4 even permutations
4 objects



Frompfon and Kepharf, PRD6 (01)
order groups horizontal symmetry like SU(3) - - triplets
) S3 = Dy > W
®
8 il § U m‘; c {3 Abelian, non-abelian
10 D §, i-“ = T = = continuous, discrete,
12 Ds. @ 2_3, \ S’: < §: an global, local
14 D % i< [ %“? = :c—.,)
16 Ds, Qs, 72 x Di, 2 x Q Ve ) )
20 Do, Quo
2 Dy
24 D2, Q2.2 X Dg, 2o X Qg, 22 X T, Z3 X Dy, Z3 X Q, 24 x D3,
26 Dy
28 D, Qi
30 Dys, Ds x Zy, Dy x Zg
T — e —

Flavor Symmetries (Horizontal)




An example: A4

Ma and Rajasekaran 2001
Babu, Ma, Valle 2003

Altarell, Ferugiio 2005 The generators are :
S and T S? =73 = (ST) =1T.
1. 1. 1" and 3

1 S=1\T=1 ]
" S=1]17=¥/3 =2
T = ¢t

" S=lj 227!'/3:w
L 0 0 010
S=110 -1 0 I'=1001
0 0 -1 1 00



<<1>>=111/ \<¢>—100

Y
Yy x + v o y—v
y y—v T+
V A4 completely
broken

V,.,=Uj U,=TBM

Large neutrino | b#P' |
mixing ” Misalignment




We have symmetries (stability)?

Z3 in the charged sector Z2 in the neutrino sector

L o o

Hirsch, Morisi, Peinado and Valle
Phys. Rev. D 82, 116003 (2010)




We have symmetries (stability)?

Z3 in the cMged sector Z2 in the neutrino sector
stabilize the DM

b

Hirsch, Morisi, Peinado and Valle
Phys. Rev. D 82, 116003 (2010)




We have symmetries (stability)?

Z2 in the charged sector Z2 in the neutrino sector

stabilize the DM

. 1 . 1

Hirch, Morisi, Peinado and Valle
Phys. Rev. D 82, 116003 (2010)

1, 1, 17 3



The simplest model

SM + 3 Higgs SU(2) doublets , 4 right handed neutrinos

Hirsch, Morisi, Peinado and Valle
Phys. Rev. D 82, 116003 (2010)

Le | L, | Lo [ 1616 [ IEYNr | Ny
st 22211 1]1]1

3
4 A :

I x1; =1; Charged leptons
% 1" =1 23 diagonal
I"x1 =1"
1 % 1”7 = 1/

— y




The simplest model

SM + 3 Higgs SU(2) doublets , 4 right handed neutrinos

Hirsch, Morisi, Peinado and Valle
Phys. Rev. D 82, 116003 (2010)

Le | Ly | Ly |l | 05 | I [N | Na | HY| n
SU(2) | 2 2 2 1 1 1 1 1 21 2
1 1 1| 3

(") ~ (1»09 0)



Neutrino masses in the model

Scaling matrix,
Rodejohan and Mohapatra

Inverse mass Hierarchy

{ Mee ~ 0.03 — 0.05 CV}




Neutrino masses in the model

Scaling matrix,
Rodejohan and Mohapatra

sin? f13/10% (NH) 2.34+0.20 1.95-2.74 1.77-2.94

Inverse mass Hierarchy

{ Mee ~ 0.03 — 0.05 CV}




Reactor mixing angle?

Now the FS will be
broken
Charged leptons At the see-saw scale

diagonal




The A4 breaking

(HY) =0, 0, (1) =0, 20 (m5) =0.(61) = vy 20 (623) =0

7]
& (1,0,0)

Frampton, Glashow, Marfatia
Phys.Lett. B536 (2002) 79-82

Merle, Rodejohann
Phys.Rev. D73 (2006) 073012

Ludl, Morisi, EP
Nucl.Phys. B857 (2012) 411-423

Meloni, Meroni, EP
Phys.Rev. D89 (2014) 5, 053009




Normal spectrum

0.60 -

Normal Hierarchy
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Normal spectrum

Peinado, in progress...
Normal Hierarchy

005 010 015 020 025 030 CENDA-I/EXO-20
Zm, [eV] I
- 107 ¢ ¢ avianD zE
Could be excluded §
soon!!! :
£ 1072

R iy Ay Ny N G — — p——

1072 107! 1
m,(cV)



Inverted spectrum

Peinado, in progress...
Inverted Hierarchy

005 010 015 020 025 030
T m, [¢V] T T
- 107 1
g Tl - T
Could be excluded —
soon!!! ®
£ 102
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1072 1071
m,(cV)
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We have evidence of “physics beyond the SM”

It is interesting to find scenarios where some of them have a common
explanation

neutrino physics is a nice “portal to PBSM”
DM stability and neutrino physics can be related
Neutrino and BAU also related

why not neutrinos - DM - BAU



Thank you very much for your
attention



