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Outline

* Open problem in SM: the origin of
neutrino masses.

* The key: A new proper gauge symmetry
spontaneously broken. (new Higgs boson)
LR extension of the SM.

*Phenomenology: Lepton number

violation (LNV). (Majorana neutrino, Keung-
Senjanovic process,neutrinoless 2-beta decay...)




Higgs boson in the Standard Model

The Higgs boson (h) discovery is the
last triumph of the SM:

* it provides the masses of all charged
fermions

* the essence of the Higgs mechanism
is that the decay rate of h to two
(charged)fermions is oc mf2

No coupling with neutrino, no decay rate

mV:O N h—>VV:O




From SM to a theory of the neutrino mass

Taking care of the main esthetic defect of SM, a complete asymmetry
between L & R, a natural theory for neutrino mass emerges:

SU(3), ® SU(2), ®SU(2), ®U(1),_, = SU(3). ® SU(2), ®U(1),
[Pati-Salam ‘74, Mohapatra-Senjanovic ’75] \ via a new Higgs boson

Plus a generalized parity relating left and right: &1 = 8r
- L

B
Qel :T3L+T3R+

u u QL = {3211I3)
a=(1), ex=(11), On € (3,1,2,1/3)
U, e (1,2,1,-1)

Vepe(l,1,2,—1)

(1) ()

L), [ ).
A RH neutrino, gauge
interacting

RH current — NP contributions to 0v2 decay [Mohapatra,Senjanovic '81]
[Tello,Nemevsek,Nesti,Senjanovic,Vissani 2011]




Higgs Sector

A bi-doublet Two triplets
A, €(3,.1;2)
CD < (2L ’2R ’O) AR < (1L 93R 92)
l [Senjanovic’79] l
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The potential contains all the possible quadratic and quartic terms in D and AL,R

A superposition of these field gives the physical (dynamical) ones, the spectrum contains:

$




Higgs Sector

Mixing the two Higgs bosons

\
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[Senjanovic’79]
[Gunion,Kayser, Olness’ 89]
[ Duka, Gluza, Zralek 2000]
[Kiers,Assis,Petrov 2005]

[Zhang,An,Ji,Mohapatra 2007]
[A.M.,Nemevsek,Nesti in prep.]

Mixing the two Higgs bosons

ok
2pvy

0= <40%

2-sigma C.L.

[Falkowski,Gross,Lebedev 2015]




Probing neutrino masses

2 2
The new Higgs boson mAR ~ 4,01VR

— c
Majorana terms Loy = (VWY A+ R L)+ he.
— — T -1
my =2y,v; My, = gvg m, =—m;, m, m,
See-saw
2 [Minkowski '77, Mohapatra
rA—)NN o )/A Senjanovic'79,
Glashow '79; Yanagida '79]
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[A.M.,Nemevsek,Nesti 2015] [Nemevsek,Nesti,Senjanovic,Zhang 2011]




Probing neutrino masses

The SM-like Higgs boson

3
I'nn - tan 62 my 2 My ? 1 — 4m?\7 ’
Fbg - 3 g MWR mi

™~

. Oxy,
(C 7_0 )—1 GFmN MW
N7 16w \ My, My,
(displacement of N decay products)
Invariant mass my
Global fit on Higgs data 6

To complete the understanding of neutrino mass origin,
one would clearly like to observe AR and the associated

gauge boson that provides the gauge symmetry protection. | —)

Ideally KS— MwRr,Mn— predict Yp, then M decay
]

[A.M.,Nemeuvsek,
Nesti 2015]

Theoretical limits
on the model




Theoretical constrains

d et ' New box diagram from charged
gauge interactions. V. and Vr
entering.

T i

Neutral Heavy Higgs

‘ H > flavor Changing at
_________ tree level.
Same VL and Vr
s . : structure.
Locd V,mV,d,H

Predictivity of the model
. . In the leptonic sector is
Analytlc solution for V« possible to determine the
] Yukawa coupling from the
neutrino masses
and mixing.




Theoretical constrains
50

Meson oscillations

2 3 4 5 6 7 8
My, [TeV)

FIG. 9. Correlated bounds on Mg and Mw,, (region above
the curves) for [AMER| /JAMEP < 1.0,...,0.1 and for 6. —
0; = w/2 in the case of P parity.
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FIG. 3. Combined CPV constraints in the LRSM-P extended
with an “invisible” axion. The solution for Vg obtained
from (16) with sy, = —1 and all others +1. Contours in
dashed red, solid blue and dotted green show a bound on
My, in TeV units coming from e’ ex and nEDM via éindy
respectively. The star denotes a point where all constraints
are satisfied and Mw, 2 3 TeV.
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FIG. 10. Combined constraints on Mz and Mw, from ¢, &
Bg and B mixings obtained in the P parity case from the
numerical fit of the Yukawa sector of the model.

[A.M.,Nemevsek,Nesti,Senjanovic 2010]
[Bertolini, A.M.,Nesti ,2014]

nEDM (without strong CP)  [A.M.,Nemevsek 2014]
and
epsilon, epsilon-prime

[ Bertolini,Eeg, A.M.,Nesti 2013

[Bertolini, A.M.,Nesti 2014]




Theoretical constrains
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a3 has to be large for a low scale theory

How large can a3 be to keep the theory in a good perturbative regime
in the scalar sector processes?




Perturbativity

Theoretical constrains

H(h) Matched with tree-level
equivalent

After renormalization of the divergent
contributions:

-0 O O «X

Tadpole Mass Trilinear

[A.M.,Nemevsek ,Nesti in preparation]
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e Related to the new Higgs mass




Theoretical constrains

All together . :
g [A.M.,Nemevsek ,Nesti in preparation]
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0.3
8- 0.2 ]
I S
Z 6 = |-
= 0.1 | Large mixing
.E _ - \ 0.3 | L——> evenwitha
=, e | slightly heavy
I = Delta
0.1 =
2 — —
0 | L L I 1 | I L L 1 | L L L 1 | L I L M| L I L | L L L | 1 L L I L 1
3 4 5 6 7 8 9 10
MWR in TeV
0= alk In a pessimistic scenario the mixing could
= be the only way to probe neutrino masses
2pvy

at LHC.




LNV Higgs decay at LHC

Same sign muons: h—uu + jets

* Signal vs SM background: same sign muons vs ho A N Wit
WZ+ZZ+WW2j+ttbar (simulated), QCD (estimated ~  ~~~ "~ X==---
as x2.5) NN\ R

* Collider simulation: Madgraph5 (event
generator) + Pythia6(hadronization) +

Delphes3{detector) [A.M.,Nemevsek,Nesti 2015]

Imposed cuts
pEuE+n;| Br | pr |me | Miny

Process |No cuts

w2z 2 M 544 143 | 78 | 40 | 20 See the talk by
ZZ 1M 55 29 |16 |12 | 8 M. Nemevsek
WEW=*25 | 389 115 16 |5 3|1
tt 10 M 509 97 |40 | 22| 14
Signal (40) | 543 44 43 |41 | 38| 37

TABLE I. Number of expected events at the 13 TeV LHC
run with £ = 100fb™! after cuts described in the text. The
signal is generated with 40 GeV,sinf = 10%, Mw, = 3TeV
and n; =1,2,3.

Modified from the version in:
[Roitgrund,Eilam,Bar-Shalom 2014]

Model-file available to:
https://sites.google.com/site/leftrighthep/

li

li




LNV Higgs decay at LHC

Taking advantage of displaced vertex.
* Muons are both displaced: N lifetime depending on mn and Mwz | (c7%)~!

2.5
N GEmy

16w

(

My )4
My,

* We require two displacements and employ a sliding window cut:

L/10 < dr < 5xL

Vs =13TeV  £=100fb"1 |1
6=10% My, =3TeV |-

100

background

2015]

ol e L [ ez whwsee |

f of events

0.1}

0.01 0.1 1 10
muon dr in mm

[A.M.,Nemevsek,Nesti




LNV Higgs decay at LHC

LHC sensitivity Keung-Senjanovic [Keung,Senjanovic 83]
process lljj
| Vs 13TeV  L=100f" |
s et N LNV Higgs decay:
h—uu + jets
%
S
§=
=,
S
o N lifetime

7 10 15 20

W’ dijet search

[A.M.,Nemevsek,Nesti 2015]




Outlook

Left-Right model as a complete theory of the
neutrino masses.

Implications of a low scale left-right symmetry:
low energy process and perturbativity.

Despite several constraints on the theory(=high
predictivity), the SM-like Higgs boson within the
model could serve as gateway on NP via LNV.

possibility to probe parity restoration up to 20
TeV through LNV Higgs decay.

Thanks!




The choice of Left-Right symmetry is not univocal

7»:{ Qr < Qr ; {@LH(QRV

d — Pf d — o7
Which lead respectively to

P:Y=YT C:Y=Y"

* The case of “P” is the original one, hence it is the most
known in literature. It can be interesting for nEDM.

* The case of “C” should be considered equally. It is also
interesting in SO(10) GUT scenario, where charge
conjugation enters automatically in the algebra. (For
instance the fermions and their charge conjugated in the
same important representation 16r ).




The potential with P symmetry
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The potential with C symmetry
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See-saw between the VEVs

k? (B2 cos(0L) + B3z? cos(2a — 61

Vy =
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