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® Resonant Leptogenesis, singlet scalar extension, Leptogenesis in
the scotogenic model of radiative neutrino masses-terrestrial
laboratories.

e Difficult to probe at the current experimental setups.

® \We need to look at the Cosmological prospective...
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Motivation

® This discovery of Gravitational Waves from Black Hole mergers
detected by LIGO and Virgo Collaboration triggered several to
put efforts to detect Gravitational Waves of primordial origins.

e First order phase transition, topological defects, Cosmic strings,
primordial black holes, etc.,

® \We consider GW that are produced from First Order Phase
Transition

® \We assume after the phase transition, a heavy scalar ¢
dominates the energy budget of the Universe.
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Leptogenesis from Heavy Scalar Decay

The heavy singlet scalar field ¢ couples to a pair of
right-handed neutrinos

LDX¢ NN

After the transition, the ¢ decays to radiation and pair of
right-handed neutrinos.

The subsequent decay of right-handed neutrinos generates
lepton asymmetry (by satisfying Sakharov conditions**), which
is then transfers to the baryon asymmetry via the sphaleron
processes.

We assume the reheating temperature Try < My

As the Tgy of the Universe passes mass scale of right-handed
neutrino My, i.e., Try < My, it behaves as a non-relativistic.

**Sakharov conditions:(i)B (or L) number violation, (ii) C and
CP violation, (iii) Departure from thermal equilibrium.
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Boltzmann Equations-Leptogenesis

dp
T:) +3Hpy = —T{Npy—T5py
dPR o R eq
g TAHer = Ty s+ Tnlon — poy)
dpn
g T3Hen = r po — Tn(on — P3)
dng_| € e
3Hng_, = —T — %) —Tp ng_
p + ng— My n(pn — Py) ID NB—L
3
A2 aMy \° [Ar[? [Y]?
o = P (M) e r =M
¢ 47 90 /\/Ié e 4rMy’ (N=L+H) gr N

The total decay width [, =MV 4%
The CP-asymmetry:

EZZEI = M;lm [(YTY)J%} (%J,)
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Light neutrino mass-Type-| seesaw

The relevant Lagrangian for Type-| seesaw:
~L > YNH'L+ MNeN + h.c.

where Y is the Yukawa coupling, H and L are SM-Higgs and lepton
doublets.
The light neutrino mass matrix:

m, ~ mpM~m]

where mp = Yv/v/2, with v = 246 GeV being the SM Higgs VEV.
We can diagonalize this matrix by a unitary transformation

D, = diag(my, ma, m3) = U"my,U,

where U is the PMNS matrix. The Yukawa coupling matrix in
terms of Casas-lbarra parametrization

y = ?U\/DVRT\/M,

where R is a complex orthogonal matrix.
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Redefinitions-Leptogenesis

Redefined variables,

Ey = pa’, R=pgra,
En = pna, Ng_1 = ng_,a°

Ratio of the scale factor to its initial value,

y==
aj

With redefinitions, the Hubble parameter

H— 8w (a,E¢y+a,ENy+R)
R afy*

dimensionless variable,

Z =

MN]_ _ 7T2g* 1/4
7~ M [3OR ay
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Re-expressed Boltzmann Equations-Leptogenesis

The equilibrium density in terms of z

My [ 3 1
Eﬁ/q e pi?a?) = TQI ?KQ(Z) + ;K]_(Z) a?y3

In terms of newly defined rescaled quantities the set of Boltzmann

equations

£, _ T TR

dy —  Hy ° Hy?

dR A My

di)/ = ﬁa/E(z, + ﬁa/ (EN — E;\E‘[q)

dEn rynv My

— = > E,——(Ey—EY

dy Hy ¢ Hy( N N)
CI'NVB,L FN € e rID
—— = - (Ey—EJ) - —Ng_

dy HyI\/IN(N V) Hy 57t
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Initial conditions-Leptogenesis

The initial energy density of the heavy scalar field obtained from
the condition 'y = H(ay):

3M3
P = 87PIM‘§

The initial conditions at a = ay;:

R(a/) = 0, E/\/(a/) = 0, /\NIB_L(Q/) =0 and

Ey(ar) = Ey, = (3/8m)Mp,M3 ;.

The IVB_L asymmetry is related to the total Ng_; via,

_nhp_ t 30 1/4 g3/4 —3/4 7
Ng_ = = — =—R™/"Np_y.
Ny 30¢(3) g &y

g’yC(3) 3 772g’y 4 772g* 4
T = T = T
b p’y 30 9 PR 30
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BAU via Leptogenesis

The predicted Ng_ is related to the ng measured at
recombination given as

asph
UBZ(S;J)NB*L,

where ag,, = 28/79, and f = NIt /N = 2387/86.
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BAU via Leptogenesis

The predicted Ng_ is related to the ng measured at
recombination given as

asph
778:<5;>N57L7

where ag,, = 28/79, and f = NIt /N = 2387/86.
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Gravitational Waves From FOPT

The total GW abundance come from the Bubble collision, Sound
waves and Turbulence (Ellis, et.al):

QCO/ *hz(f) = 2.3 x 103 (R* H*)Z M 2 1 n i —1.61
, l1+a £
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2 3
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Y T
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Gravitational Waves-Redshift

e Once the gravitational waves produced propagates from the
phase transition until today.

® The ratio of the scale factor at the transition to the scale factor
today

ax — f T, 8+ 1/6
fo=Ff(—)=165x10""Hz |
0 <a0> 0510 Z<H*> <1OOGev> (100)

4 2 1/3
. H, = 5 {100
Qowo = (a) <> Qew,» = 1.67x107°h 2( > Qew

ao Ho 8«
After production the GWs redshift in the same way as radiation.
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Gravitational Waves-Matter Domination

A period of matter-domination modifies the GW abundance
observed today. The GW spectrum redshifts as:

(3 (4 ronr (20)  wron
(3)" (1) B (26) (1) <6

The GW amplitude redshift factor:

4 2 4 2
a H 100 a H
= — ) =1.67x10°h72 <) ( > ( )
<30 ) < Ho > Zeff(Treh) /) \ aren Hyeh

and the frequency redshift factor:

1
40 Tren 8eff dreh

Qcw,o(f) =
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Gravitational Waves-Matter Domination

The evolution of the energy densities

drs

o T3Hpe = TN py =T py
dpr _ R eq
o T 4Hpr = T4 py+Tn(on — pPy)

Py + PR
H? =
3M2

By approximating the solution of the above system,

H(a) = H. <a‘:h>g (3raeh)2 [1+ (a;eh)z}—i

Expansion is dominated by ¢ field from H,,

. b _/a'ehda_21
reh x = Tp = . aH_3H*

*
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Gravitational Waves-Matter Domination

Duration of the ¢ domination 74 = % and assuming Iy, < H,,

dreh o 3H* %

a.  \2ly

Using Hubble expansion approximation, the evolution of the scale
factor, (27 fyy,, = arenH(aren), 27t = aH(ay))

a x(f) 1 fu \*
- — Y T A h f) = 8| 1
aren 2 o0 Where X(f) F)T
The redshifting up to areh,
1 for f < fy_,,
a \*( H\ ) ;i
dreh Hreh ~ i

f)+1 for ereh < f < f;‘?
fy

-1
’/igf*;ﬂ for f > f, .

19/27



Gravitational Waves-Matter Domination
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GW as a probe of Leptogenesis
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Signal-to-Noise Ratio

® To quantify the detection probability of the GW signal, we
compute the signal-to-noise ratio (SNR) for a given
experimental sensitivity Qgens(f)h?:

fmax h2 2
SNR = / QGW ] df
Frmin sens(f

h2 QSens( f)

where

3 H2 f35,,(f)

where 7 = 4 years is the observation time,
Ho = 100h km s~ *Mpc~! with h = 0.678 4 0.009, Sp(f) is the
power spectral density (PSD).

® The signal can be claimed to be detectable if SNR reaches a
threshold SNR > 10 of a detector.
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GW as a probe of Leptogenesis
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Summary

e To explain the baryon asymmetry of the Universe via
Leptogenesis while addressing the non-zero light neutrino
masses through Type-l Seesaw mechanism, we require the
mass scale of RHN to be very high.

® Such high scale of Leptogenesis challenging to probe in lab
experiments, therefore we may require to see for the GW
signals as an alternative pathways to test Leptogenesis.

® We observe that LISA, DECIGO, BBO and ET may hint
towards the successful Leptogenesis at the high scale in the
near future.
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Thank you for you attention!
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