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Signal for Physics Beyond Standard Model

2 Sub eV masses to the
my2 ~ \/Amg) 0.05 eV Neutrinos
(assuming normal
My ~ \/ Am2, ~ 0.008 eV ierarchy)

Theoretically it means that the Standard Model has to be extended

New Particles and/or Additional Symmetry
or both

L=Lgpn + %LI{ILI:[

neutrinos are complicated.



Majorana Neutrinos
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Dirac Neutrinos

Laon + YﬂLVRﬁ

Lepton number has to be imposed

Y ~ 10712

Extremely small coupling looks highly unnatural



Generating small couplings: Toy Model

consider right handed neutrino mixing with five new (chiral) fermions

XL1y XL2s XR1s XR2s XR3 nearest neighbour masses

N

Low = Liin +™m XL1X1 + 9M XL1XR2 + MXL2XR2 + 9M XL2XR3
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Has an unbroken U(1) global symmetry (with all the phases equal)
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one massless chiral fermion
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The zero eigenvalue field has a suppressed component of the third field



Clockwork mechanism : Toy model

Low + Y LHYR3

Diagonalising identifying zero mode with VR
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Y -
Low - LHvgp + ...

TN

The coupling of the zero mode is suppressed by a power factor

intferactions
with new Dirac fermions
need not be suppressed.

q ~ 3, It is an order of magnitude



Clockwork Mechanism
Choi and Im, JHEP 2016
Kaplan and Rattazzi, 2016

Introduced to solve transplanckian excitations required by the
inflaton field in Relaxion models (axion fields)

Giudice and McCoullough,2016
Fermion fields and spin 1,2 fields in a clockwork

noted the application to neutrino masses

Starting from O(1) couplings, clockwork is a mechanism which
generates exponentially small couplings naturally in the theory.
(This is for the symmetry protected zero mode )

It provides a natural framework to understand
Dirac Neutrinos which require
tiny couplings.



Clockwork For Dirac Neutrinos

L = Lsm + Lctockwork T Lint

The clockwork sector contains (0,1,...n-1) left handed chiral fields and
(0,1,....n) right handed chiral fields.

Lint = —YHLYgn ,

We begin with one generation and the generalise to N generations.



Clockwork Lagrangian for Dirac Neutrinos
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Figure 1: Dirac masses (left panel) and Yukawa couplings (right panel) of the singlet fermions of the clockwork
sector, normalized respectively to m and Y, for the specific case n = 10 and ¢ = 2.



Neutrino Mass Phenomenology
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Figure 5: Radiative correction for Dirac Neutrino mass in Clockwork mechanism.



Neutrino Mass Phenomenology

At least two clockworks for two mass scales.
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Figure 2: Values of ¢; and go (left panel) and difference between them (right panel), as a function of n; and
ng, compatible with the measured values of the neutrino mass splittings and mixing angles within 1o, for a

scenario with two clockwork generations.
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Results with three clockworks similar



Lepton Flavour Violation

1

= §i=a (10 — 43z + 7822 — 4923 + 42* — 1823 log ) |

Present limit of around 40 TeV !!

Exchange of clockwork gears leads
to lepton flavour violation.
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Generalisation with Majorana Masses for the New Fermions
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related works:
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M =mqg—m~\/ e, k=1,...,n,
Mysr =mg+m\/Ne, k=1,....n, No Zero mode !!
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can be diagonalised the matrix
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under the universality assumption, the presence of the
Majorana masses does not change the mixing matrices !!.

The purely majorana mass mode has same features as the zero mode



The gears have large couplings as before.
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Figure 3: Majorana masses (left panel) and Yukawa couplings (right panel) of the singlet fermions of the

clockwork sector, normalized respectivelynoand Y, for the specibc case =10, =2 and§=0.1 (dark
blue) or¢ = 10 (light blue).



Figure 9: Neutrino Mass at tree level in Majorana Case.

Gear masses are pushed to the GUT scale as
they give large corrections to the
neutrino masses.

In this set up, no signals at the weak scale
due to “gears”, the new fermions.
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Outlook

Clockwork provides a very interesting framework for neutrino
masses particularly for Dirac neutrinos.

Provides lepton flavour violating signatures.

A lot of things still left fo be explored.



