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Outline of talk:
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Cosmic Observables: CMB spectral indices, inflationary GW & Non-Gaussianity
Novel probes of BSM physics, particularly for weakly coupled & high-scale BSM.

Baryogenesis via Leptogenesis: need for high scale testability
Presence of RH neutrino on Inflationary tensor perturbations

o Propagation of Inflationary GW
e Matter domnination via RH neutrino
o Testing seesaw and leptognesis via GW detectors

Leptogenesis during inflationary re-heating

o Non-thermal Leptogensis via Inflaton Decay
o CMB spectral index imprints on Inflaton couplings
o Impact of leptogenesis on CMB predictions

Non-gaussianity as novel probe of baryogenesis.
Conclusions

Can NanoGrav Signal for Stochastic GW background say something about
baryogenesis ?
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History of the Universe

Big Bang

Primordial Gravitational Waves

quantum-gravity era

L =
Big Bang plus S inflation
10743 seconds -

Big Bang plus cosmic microwave background

<
10735 seconds?

Big Bang plus.
380000 years

Big Bang plus
14 billion years
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History of the Universe

Early universe

CMB, LSS
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History of the Universe

Early universe

CMB, LSS

~ 60 e-fold

- " Gravitational waves

A lot of works

BBN oq
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History of the Universe

Review by Renzini et al, 2202.00178
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Typically, need something quite dramatic.
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History of the Universe

Review by Renzini et al, 2202.00178
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History of the Universe

Early universe

CMB, LSS
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History of the Universe

Early universe

CMB, LSS
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History of the Universe

Example: primordial tensor

100 Review by Renzini et al, 2202.00178
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Directly generated by inflation
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History of the Universe

Secondary GW from
primordial scalar perturbation
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Gravitational Waves

Gravitational Waves (GW) first detected in 2016.

New Window into the Early Universe.

New Probes of Particle Phenomenology beyond TeV (LHC scale).

Robust predictions of GW signatures from UV-completion conditions.

Sources of GW of cosmological origin & corresponding GW spectrum:

Inflation: Primordial GW.

Inflation: Secondary GW.

Strong First-order Phase Transition.

(P)reheating.

Re-heating.

Graviton bremsstrahlung.

Topological Defects like cosmic strings, domain walls, etc.
Oscillon.

Q-balls.

Primordial BH-induced GW.
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GW - - A Primer

Gravitational Wave Basics: Emission

Electromagnetism Gravi

Accelerated electric charges — Electromagnetic + Accelerated masses > Gravitational
radiation radiation
®9 MO
oM
If ¢ & 7 increase —» Emitted power - If M &7 increase —» Emitted power
increases increases

Electromagnetic waves oscillate charges up and down Gravitational waves stretches and squeezes space

T e
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Gravitational Waves - - A Primer

ds® = a*(T) (v + hy (%, 7)) daHda”
0 N
background metric GwW

perturbations of the background metric:

scale factor: cosmological expansion

governed by linearized Einstein equation (hij = ahyj, TT - gauge)

source; anisotropic

B, 20 Ry(k,m) = 167G alL;(k,7)
a stress-energy tensor

Rk 7) + (I;

source term from 6T},
~a? H?
k> aH: hij ~cos(wt)/a, k< aH: hi; ~ const.

i < dk 21, P iy —ik(r—Fk
a useful plane wave expansion:  hq; (z.7) =3 f e fd khp(k) Tir) ef(k)e™ (r—ha=)
' Pl 2T —
~al; (

transfer function , expansion coefficients , polarization tensor P = +, x
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Gravitational Waves - - A Primer

Spectrum of GW background,

1 ap(;u'(k‘.‘r\,‘

Qow(k,7) = pe  Olnk

= dpew (k. 7) I oy
.[\‘”“k gk 32 \M TR (1)
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- - Local Cosmic String

Topological defects like cosmic strings can be formed in early universe when some
gauge U(1)x symmetry is broken in early universe. It give rise to scale invariant GW
spectrum. Detection prospects lies on the symmetry breaking scale vev.

NANOGravll

10~ TianQin

Bl
=

10-54"

T T B T S T/ S T/ S T 102

f (Hz)
King (2020)
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GW - - Global Cosmic String

Topological defects like cosmic strings can be formed in early universe when some
global U(1)x symmetry is broken in early universe. Detection prospects lies on the
symmetry breaking scale vev which needs to be very high.

1078 gy—rrom—rrm
rﬂlr[Aq ™ L ’:i
10-8 - PPTA " N ' S 1
WF NANOGrav K s i
o, 10710 | . ; 3 K
_dg - ' K } Il]:'l é}: _:
*CE H
01012 Global, ¢ i
al, ' 1

= 10 Goy

r Globa), 5 —
10714 FSKa = SXTOMCE!V

Global, N =104

i S YRS

ol ol el ol ol ol . ol | ol

ol
107 1077 107% 107% 1071 10 10

Cui (2021)

Anish Ghoshal GW



GW - - Domain Walls

Topological defects like Domain Walls are formed when a discrete symmetry is broken
and give rise to GW spectrum may look something like this (still under active research
topic). Detection prospects lies of symmetry breaking scale as well as the asymmetry

term in the potential, like cubic term.

Dunsky at. al. (2021)
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GW - - Complex Structures

Or life in early universe maybe lead to more rich and complex structures: hybrid
defects various SO(10) breakin chains may give unique GW signals:

Gravitational Wave Gastronomy
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GW - - Primordial and Scalar Induced Secondary

Primary Tensor Perturbations and Secondary Tensor Spectrum induced by first-order
scalar perturbation via mixing. Can be tuned to generate high amplitude in high

frequency regions.
Acts as natural probes of particle models like Higgs inflation, axion inflation, MSSM

inflation, etc.
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GW - - (P)-reheating

Excitation of tensor perturbations during inflaton oscillating in FRW background.
Backreaction and effects of metric fluctuations. Enhancement mechanism:
Bose-resonance, tachynic growth, parametric resonance.

1 . . ,
1e-5 | BBEN bound ]
o~ N
=
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Figuera (2007)
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GW - - Graviton Bremmstrahlung

Inflaton radiating away gravitons forming Stochastic GW background.
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GW - - First-order Phase transition

Typical GW spectrum from thermal first-order phase transition:

10-10

W Ocw

102

10"

107 107* 0.001 0.010 0.100 1 H
fiHz]

Huang (2018)
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History of the Universe

Let us recap leptogenesis.
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History of the Universe

Introductory baryogenesis via Leptogenesis:

Type | Seesaw
[Minkowski 77; Gell-Mann, Ramond, Slanski 79; Yanagida 80]

SM + 3 copies of N ~ (1,1,0) : EDY,,LEHN-&-%MNNN, €=ioo

(H) (H)
N N mMaJ YUZVH
> o 4 o > o 4 v M
L Y, v, L N

My > Y, vy small neutrino mass and mixing with RHN

1015 GeV
My

Y,JZVEI _omy,
M3 My

m, ~0.05eV- ¥2. V|2 =
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History of the Universe

Baryon asymmetry and baryon-to-photon-ratio
Observation typically phrased in terms of

ng

Ny

today -

5.93 x 1071 BBN
6.12 x 1071 CMB

or alternatively ng — ng:

Ag = =
5 8.74 x 1011 CMB

ng—ng {8.47 x 1011 BBN
s

e T < 100GeV: ng — ng = const. (up to redshift)
° nBltuday > n§‘t0day and nv‘tcday =413cm3 ~ 5/7‘tuday

e Why is Ag # 07

Anish Ghoshal GW



History of the Universe

Vanilla Leptogenesis

[Fukugita, Yanagida 1986] Decays of lightest RHN N — LH, N — L H*

source: 0904.1182

rel

ng — ng n ! _
—B:Csph_-EL' K R
S — = =~
B gp  out of. equil.

3 (small) numbers from Sakharov conditions
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History of the Universe

Davidson |barra bound
Q@ B: cpn =03

. 3 Mi(my—m)
Q@ GP: ¢ < [

7
Vi

@ outof eq: k ~Min[l, K ,zgsu,1/K]
ny=0 dom.

0,056V 5 x 10° GeV n"EV =ny
Davidson, Ibarra 2002] My 2 [ ——— ) - 2.4 x 10° GeV my =0
m N
174 x 107 GeV  nfy = B2

N
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History of the Universe

Experimental probes

1 N

- HUNTER 2

TRISTAN

CHONTER 3
—1

107%

\

ROSITA \

10—12
10°° 10° 10°° 1 10°

my [GeV]

source: Bolton et al. 2019, 1912.03058, www.sterile-neutrino.org
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History of the Universe

Lots of literature now in the past 4 years on GW tests for leptogenesis (I only
concentrate on inflationary GW):

RHN + GWs

@ lots of literature on GWs and neutrino masses

o realisitic models Yyo NN with My = Yyv,

o almost all of them: phase transition from o

o GWs from 1st order, 2nd order PT, cosmic strings

o probes the underlying theory (e.g. SO(10))
but not dynamics of RHN

e absent for v, > Max [% Tmax}

Here we will be the most minimal: SM + 3 RHNs.

Anish Ghoshal GW



History of the Universe

However huge gap in our knowledge in between the inflation ending & the beginning
of radiation-domination era:

10" GeV(
Inflation

Big Bang nucleosynthesis
1012 Ge
Image courtesy M. Amin today
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History of the Universe

What dominated this era 7 New gravity ? New Matter ? Predictions from
UV-completions.

Equation of
State?

10'* GeVy

Inflation

Set the stage for
Big Bang nuceosynthesis
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History of the Universe

Propagation of Primordial GW generated during Inflation:
2

. ok
hij +3H h;j + ?h{j = 167 Gn,;rrs

Solution:

Pk o N PR Wi EE
(2w)3h (t, k)€ (k) e' ™,

m(e =Y [
P
P_ pP
he = hE U(t k),

Tii — p&gi

M =
U 32

Qew(n, k) = Pr(k) [U'(n, k)]

1
12 a%(n) H?(n)
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History of the Universe

105~ = .
. SKAS
1079~ SKA10
e SKA20
EPTA
tL 10_”_ ] NANOGrav
LISA
BDECIGO
DECIGO
10-"' i
| V_inf=(1.5*10"16)"4 GeV o
{ LIGO
] BBN
102! Scale Invariant Spectrum Assumed
[ 107 10 10°* 102 10° 107
f(Hz)
Pr = %—Lf%‘} UV-completion: Trans-Planckian Censorship may constrain V.
Al
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History of the Universe

The 'f'.('\'l
107 10 10° 102 10 10 107
10 oL AL RALL R WAL AL R R RALC BELC AL EUC AL RALL mALC REUC B mALL RALL mALL |
E  photon last scattering PQ phase transition |
- neulring decoupiing T
-14 . slectroweak crossover
1079 matter—radiation equality =
it QCD crossover N
- - adon decoupling .
"“-S 1015 &"e” annihilation -
0 3 3
~ [ =
10718
1077

10-#
f[Hz]

Impact on PGW spectrum from thermal history of the Universe.
Ringwald (2020)
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History of the Universe

Tensor modes from inflation

@ quantum fluctutations of inflaton:
scalar & tensor (gu, = Ny + hyy) perturb.

o power sepctra: k., = 0.05 /Mpc

k ns—1 k nT
Ps = Ag (l?) . Pr=Ar (?)

o well measured [Planck 2018; BICEP2-KECK 2021]
As = 2.0989 x 10~°, ng = 0.9649 4 0.0042, r = Ay/As < 0.035

o single inflaton field: ny = —r/8 = —2¢ ~ (V}/Vy)* < —4x 1073
© Blue-Tilt: n7 > 0 (model/scenario dependent)

@ Red-Tilt: nT <0

Anish Ghoshal GW



History of the Universe

Blue- vs Red-Tilt

f~10"1° Hz- (T /10 MeV)

BBEN

CMB-S4. CMB Bharat
CMEB-HD

10 -
TR (IR

w' T w0t

f / Wz

107"

1w 1 107 1 10°
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History of the Universe

Intermediate RHN domination

o use RHN to generate MD to distort GWs
o inflation — reheating (MD) — early RD —+ RHN MD — 2nd RD

pn ~ My T3 larger than prag ~ T* = RHN dominates energy dens.

7T M
——_ ~ 2% M
4g>~c(Tdom.) ° M

Tdom. =

o decay when I ~ M2 /vE = H(Tyec.)

— 8 CoV . m M,
Taee =3 X 107GV - /755 (1010 GeV)

® Tdec. < Taom. for my < 2 x 1077 eV implies Min[m,] ~ 0

Anish Ghoshal GW



History of the Universe

Modified DI bound from RHN reheating

o out-of-equ. decay releases entropy
_ Safter ~ pN/Tdec. -~ Ml

= o~ >1
Sbefore Shefore Tdec.

o during domination: my ~ T*/My
ng — ng ~ ny Tdec. ~ 1

) ﬂﬁ,l' M]_ A

o Dl bound My 22 x 10°GeV - /210 "<V fixes Tyec ~ Myy/Fiy

o frequency of GW f ~ T,, T,: horizon crossing

_ ng/s
foup. 2 9 % 1072 Hz - (ﬁ)
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History of the Universe

Spectrum (1)

1071
CMB-54, CMB Bharat
CAMB-HD
0" q
T 1
=
=
~
- i
0"
>
no intermediate matter dom, )
0w . " ' b
(My, ey g BRy) = (10"GeV, 10770V, 3.8 keV)
(M, 7y BR) = (101 GV, 10776V, 38 keV)
—_— My BRL = (1076, 10 eV 380 kel
I(J_u 18 - 16 - 4 : 12 - 10 8 . ] : 4 -2 ; ‘2 IJ i
10~ 0= 10° 107 = 1077 " 107 = 1 10 10 10"

f/ Hz
nr = 0, TRH = 1013 GEV, r=10.035 PR
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History of the Universe

Signal to Noise Ratio (1)

I L LB T S
15 M, for m,, = 0.05 ¢V
10" 1 s
vacuum stability ]
F } successful Leptogenesis -
1012 B 8
v
= F 15, 9 g
2] L1 ~
I 3 ~ . fma" ch(f)h2
. N SNR =
=t \ - (f) K2
) | finin EXP
= L |
_ 1 > 10
108§ U-DECIGO|
b Taee. < 10 MeV 4
uji L L 1 1 1 I L L L L L
10-2 1p~H 1078
Tﬁl / eV

nr =0, Try = 10%° GeV, r = 0.035
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History of the Universe

[/ He

Figure 2. Example GW spectra for Try = 10% GeV, M; = 10* GeV and nyp = 0 (left) as well as
np = 0.5 (right). Here we varied 7y = (1071°,10712,10714) eV.

f/He

J/ Hz

Figure 3. Example spectra for Try = 10*? GeV, i, = 1072 eV and ny = 0 (left) as well as

np = 0.5 (right). Here we varied M; = (10%,10%,10'2) GeV.
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History of the Universe

" . M = 3 M for m,, = 0.03 &V
101% 10" e A
suceesstul Leptogenesis
10 ] S
=z : \ Z
] \ | 3
I U ‘ o
= BBO | = BBO
10° 1 ET 10°
b Taee < 10 MV Tiee. < 10 MV 1
10? 0 PR 10° P — i
107 10 10" [ 10~
my [ eV iy [ eV

Figure 9. Parameter space in the M, versus m; plane with contours for SNR = 10 for nr = 0.3
fleft) and nr = 0.5 (right). In both plots we fixed Try = 10'°® GeV.See the main text for details
on the constraints. The SNR is larger than 10 in the colored regions. Note that the colored lines
from the experiments do no correspond to constraints, but to projections of future sensitivities.
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History of the Universe
Dark and Dark Radiation from RHN decay:

10-"

Qe

-

(107 GV, 107 1%V, 38 k)

—_— MG, 107V, 80 keV)
! 10! [

e
1t 1w s

w1’ e

TR T
f/ Hz

Figure 5. We fix M as a function of iy, = (1071%,107'2,10714) eV for successful leptogenesis and
set Tz = 10'* GeV, ny = 0.5. Furthermore we show which value of m,BR,, would be required
for a given /m, to generate the ohserved dark matter relic abundance.
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History of the Universe

10° .
5 oy,
- . dnﬂ
o o
2o
10°

my [ eV

Tremaine-Gunn:  my, > 100 &V \

1071 " 107

BR,.
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History of the Universe

CMB test for leptogenesis
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History of the Universe

Inflation
>
2
@
5 pl®
E
£
3
a
\\.
Value of
reheating end inflaton
the universe inflation field

e Alleviates flatness and horizon problems etc.
e Quantum fluctuations present in the early universe are amplified
spatially. The fluctuations then act as seeds for cosmic structure formation

Anish Ghoshal GW



History of the Universe

Well known story about the inflation scalar field inflaton rolling down a potential with

little or no interactions:

0.25

0.20 .

0.15

010

0.00

LI

= small-field

Anish Ghoshal
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Slow-roll

End of inflation

Oscillations & decay

Little or no interactions



History of the Universe

Going to be more well-known in very near future:

v . - :
01 — cMB-s4 1
Stage 3

003 BK15/Flanck+ BAQ A
= B8 o0 - .

ai — M=5Mp

N MMy
0.007 e A

M= M2
0.001 e i

pe

307 ]

0955 0960 0965 0970 0975 0980 0985 099 0995

ny

Non-Gaussianity parameters:

1 1 equilibrium __ orthogonal __

flpcal = 0.9+ 5.1, £ = 2647, frthosonel = 38404,
Detection of CMB BB-modes will tell us the scale of inflation.
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History of the Universe

Leptogenesis is possible in a simple type-l seesaw framework.
—L£ =y, LAN + MNEN. (1)

Annals Phys. 315 (2005) 305-351

In thermal leptogenesis, wash out effects are important.
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History of the Universe

Leptogenesis during the re-heating era:

Comoving length scales

e
RD
— - ————
/
/
A'_l
"RH
== [e>1/3] [e=1/3 w=0] £
Inflation Reheating RD epoch MD epoch a
| ] | | i
| I I LI
iy ely (g ay ag
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History of the Universe

For representation purpose, we chose to work with Starobinsky-like inflation potential
2n
—f
V(4) = A* (l—e Vmﬁ%) _ @

During inflation, potential is slow rolling hence H = %

Slow roll conditions are ensured by €, < 1.

1 (BV(M/B:@)E] n:(BZV(@)

~const. and hence a(t) ~ exp(Ht).

eE=—- X
2 V() 992
Important parameters that Planck measures are, Planck collb 1807.06209
Vi
=1-6e+2n, r=16¢, A;= —2 . 3
Ns €2 r e S 247m2¢ ©)

Inflation ends when max|e, eta] = 1. We find

on 2n
Vina = A* (7) 4
end 2n++v3a “)
201 _ 32
e 192an®(1 — ny) )

(4n + /1607 T 24an(l — n)(1 + n)]z.

The observed value of A2P® = 2.2 x 10~? precisely fixes one of the model parameters A as,

(6)

3m2rAghs 174 2n(1 + 2n) + +/4n% + 6a(1 + n)(1 — ns) "/
A= Mp X
2 4n(1 + n)
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History of the Universe
The number of e-fold during inflation is

Nk = iﬂ |:E‘ %A‘i—; _ 32“ Q;ar:,d f (Qﬁk - ‘;bend :|
n

where ¢y is the inflaton field value at horizon exit. From the expression of
ns, one can write ¢ as function of ns.

b= 2 Mo (14 A(n), Q

with A(ng) = 4n+\/16n23ma:£1) ne)(LEn)

Note: Parameters {Ny, r, Vend} are imporant which are all function of ns.
We have considered n =1 in our analysis.
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History of the Universe

We also propose the following Lagrangian in a model independent manner:
—LOyndNEN+ yg ¢ X X + y I HN + MyNCN + h.c.. (8)

The set of Boltzmann equations that govern the evolution of energy densities of various species,
number densities for N and the yield of lepton asymmetry is given by

dp
o+ 3H(Ps + pg) = —T¥ps — 305, (9)
d
% + 3H(pg + pr) = M50y + Ton, (10)
d
% +3H(pw + o) = T pg — Tupn, (11)
dnB_[ EPNrN
3Hng_, = — . 12
dat +3Hng_, My (12)

1 [(Y'EVV)ZL(W),

i#1 (y,jy;,)n M

0 cosf sind
Y = QUPMNS“‘mS'R.TV‘MN, R= ( 0 —sinf cosf )
v

1 0 0
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History of the Universe

a=5, yy=5x 107, y;=10"°

107® T

107

1077

107

107

107 . L s
1 1000 10° 10%
a
We considered My > Tpax.
Anish Ghoshal
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History of the Universe

At horizon exit k = ayx Hy, and one can write,

k 3end are ap kK )
In =In — —— ] =0, 13
(aka) ( 3k dend are d0Hk (13)
Considering FRW ansatz, the e-folding number from the end of inflation
to the end of reheating epoch is written as

- are - 1 Pre
Nre =l (aend) N 3(1 + wre)ln (pend) ’ (14)

We obtain, obtain,

4 k 1 40
e g1 {"’* #in(5) i ()

1. [1lg.. 1. [m2M3rAs

end
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History of the Universe

Case I: yy < yr, free parameters: {yn, yg, 0, My}

6 =0.14 0.1i, M; = 10'3 GeV

7x10
0.967,
i 0.986
5x%10°°
o.985F
= =i
3x10°°
963
982
1079
0-988, 10" 10 10
¥r
o.1zf ]
o.08f E
o.05f ]
a=20 ] ng— 3 eTr
0.03f B8-L . 2 X Brooww—=2
5
o1} 4 y'z
~ MpsiN
YR+/Ma
27
: where my = .
10955 096 0s6s 097 0975 098 4 3v/eMp
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History of the Universe

Case II: yg < yy free parameters: {yp, 6, My}

0=01+0.1/
10 = 0.05 T T T T
= [— My =125510" Gev — M, =1.25% 10" GeV
=1 L
E L u =20
L 0.04 - g
i F
i L
E F
= 0.03 g
N a=10
= e F
kel
= . s 0.02 - .
Required Yy, 4 L
LA b a=5
s
s F
- 0.01 - ]
r
// - A7 5
LA [ N
10 VA E s ' ' L
10 0.955 0.96 0.965 0.97 0975 0.98
¥n

(16)
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Non-Gaussianity as probe of leptogenesis:

Non-Gaussianity fyp, as novel probe of leptogenesis: via curvaton-induced neutrino
mass !

Anish Ghoshal GW



fNL as probe of seesaw and leptogenesis

What is a curvaton model?

Single field inflaton: Curvaton paradigm:

A single field ¢ both drives One field ¢ drives inflation but
inflation and is the source of the has negligible perturbations; a
perturbations. second field o is the source of

perturbations but is negligible
during inflation.
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fNL as probe of seesaw and leptogenesis

Why study curvaton models?

» because they exist!

» because they can give measurable non-Gaussianity and
isocurvature

» because light scalar fields (m < H) might exist and it is
important to calculate their consequences

> because the curvaton mechanism gives more freedom for the
inflation model

» because they have interesting, constrainable dynamics after
inflation
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fNL as probe of seesaw and leptogenesis

Curvaton: a light scalar field which is partially or totally
responsible for the density fluctuation.
(Usually, quantum fluctuation of the inflaton is assumed to be responsible for that.)

Curvaton scenario

Inflaton =P causes the inflation,
not fully responsible for the cosmic fluctuation

Curvaton = s not responsible for the inflation,
is fully or partially responsible for the cosmic fluctuation
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fNL as probe of seesaw and leptogenesis

Thermal history of the universe with the curvaton

Inflation; RD
. . Curvaton
Inflation | RDI ) RD2 F (Standard case):
> A dominated 3 :
£ : 3
c B
= 8
2
B |
g :
g H :
= \~ ! E
1 >
reheating Time
—+BBN
reheating reheating "
(For simphcity, an oscillating Inflaten period Is omitted.) Time
" N 1 g
The potential of the curvaton is assumed as Veurvaon = , M56"

- The oscillating field behaves as matter.
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fNL as probe of seesaw and leptogenesis

Thermal history of the universe with the curvaton

[H>my V(e

Curvaton

Inflation | RDI 4 o RD2
> i ominated
@
S .
= — |
= [
s
=
w \‘ J
H o~my fvie)
—~+BBN
i > — e
reheating reheating : ™ - - %
Time | @
(For simplicity, an oscillating Inflaton period is omitted) e
The potential of the curvaton is assumed as  Vourvaion = ! mie?

== The oscillating field behaves as matter.
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fNL as probe of seesaw and leptogenesis

Density Perturbation
* Fluctuation of the inflaton == Curvature perturbation
H
(v~ 3¢) Rw—I—;«Sx

* Fluctuation of the curvaton == No curvature Pert,urbation
(ﬁg e 2” ) {The curvaron is subdominant component during inflation.)
8

= However, isocurvature fluctuation can be generated.

206G
S@X ~ 5)( - 5¢ = @i Curvaton becomes dominant
it
where & = "Li Inflaton
At some point, the curvaton umtonfl
dominates the universe. ! — .
| M
- the isocurvature fluc.becomes || | \.\\\
I | )

adiabatic (curvature) fluc. s

L
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fNL as probe of seesaw and leptogenesis

The Quadratic Curvaton Scenario

: a light field with negligible energy density during inflation

v
log p

Po +inflaton

0pa}
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fNL as probe of seesaw and leptogenesis

Curvatons with Arbitrary Potentials

P :inflaton

0po}

loga

Additional contributions to the density perturbations!
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fNL as probe of seesaw and leptogenesis

Density Perturbations

ON H,\*
s (aa. 21)

V' (Gene) _ SX(%C)} V' (Gosc)

ON T =
= e (- Xow) { Vo] (a8

Toac

* : @ horizon exit
osc : @ onset of curvaton oscillation

] UUH\' V - [ﬂum. )

Xlowe) = 5075 ( ) l)
: effects due to non-uniform onset of oscillation

2mi Hy
n,— 1 3 cos By 20
. 2 i

3H?
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fNL as probe of seesaw and leptogenesis

Density Perturbations

ON H,\*
s (aa. 21)

V' (Gene) _ SX(%C)} V' (Gosc)

ON T =
= e (- Xow) { Vo] (a8

Toac

* : @ horizon exit
osc : @ onset of curvaton oscillation

] UUH\' V - [ﬂum. )

Xlowe) = 5075 ( ) l)
: effects due to non-uniform onset of oscillation

2mi Hy
n,— 1 3 cos By 20
. 2 i

3H?
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fNL as probe of seesaw and leptogenesis

Non-Gaussianity
_ 401 +7) | B(4+30) [ V'(0os)  3X(mesc) | T - -
Ja = 3r(4 +3r) Gr { V(o et g } [[I = X(0ouc)) ' X (Tonc)

Vi(0ine) _ 3K (0ure) | [V (i) _ V' (Oone)? _ 3K (une) | 3X (o)
{V(a'm—.) . } {V{m-} " Vi(owe)? e o2, }
V" (nc)
T Vi{Gue)

(1 - X(0e)) ""(""]

V'(ooae)

_ Pa * : @ horizon exit
r==—=
i

@ curvaton deca e
y osc : @ onset of curvaton oscillation

¥ 1
cf. quadratic curvatons :  fnr ~ =

fx1. > 1 only for curvatons decaying when subdominant ( r << 1 )
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fNL as probe of seesaw and leptogenesis

pseudo-NG boson of a broken U(1)
symmetry i 54
v fi=on ()

curvaton decay rate : T 1l md_ 1A%
" y Sasaliti] fov If 4 ) Graf
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fNL as probe of seesaw and leptogenesis

Density Pert. from a NG-Curvaton

curvaton dominant case,

7
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fNL as probe of seesaw and leptogenesis

Equations of motion to solve numerically

1
Hfznf 3‘49 (pr +pﬂ)

pr+4Hp, =0

1.,
pa = =" +V(a)

2
a+3Ha+ dV(a) =
da

Convert these into the variable Nefolds. We then integrate from the time ALP starts
to oscillate (m, =H) till the time when the ALP decays (', = H) and then plug it into
the definition of P¢, fy. and gny.
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fNL as probe of seesaw and leptogenesis

Majoron neutrino mass model from strongly-coupled sector:

We will consider the simplest Majoron model [47,48] with a global baryon minus lepton
number U(1)p;, symmetry under which three SM singlet fermions N; carry charge —1 and

a complex scalar field o carries charge 2. The relevant new interactions for us is

-L> %E‘o,\_',".\] + AaibieH' N, + y.l, He, + Hec., (1)

where £, and H are respectively the SM lepton and Higgs doublet (¢ is the SU(2) anti-
symmetry tensor) and without loss of generality, we work in the basis where dimensionless
couplings & and y,, are real and diagonal while A remains a complex 3x3 matrix. After ¢

acquires a vacuum expectation value v, [MHR: along the radial direction],
o = (vpi+p)eX o, (2
we have

) [p— P 1 Rp— P —
—L > ZMNNe k4 20> ENEN, + dloeH' Ni+ yoloHeo + He.. (3)
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fNL as probe of seesaw and leptogenesis

Leptonic curent:

d.x
e PR 4
2 g Bl (4)
where Jj | = > q? EF~# f is the B — L current. Carrying out integration by parts in the
action and discarding the surface term, we have
£> X g, =X MNN, (5)
2up_1 T Vp-L
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fNL as probe of seesaw and leptogenesis

Decay of the Majoranon as the curvaton:

mass m, to x by assuming that U'(1)_; is anomalous under a new gauge interaction which

becomes strong at A < vg_p. If m, > 2M, for some i, the decay width of y — N, NV, is given

by:i
m,M? [ 4AM? X
= 25 1-— (6)
167vy ,_\: m3

For definiteness, we will assume that m, > 2M; while m, < M,, M, such that the dominant
channel is ¥ — N N;. As we will discuss in the next section, the decay to the new sector

through anomaly is either loop-suppressed or forbidden in the absence of light states.

Mass of the right-handed neutrino M; = vg_| X &;
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fNL as probe of seesaw and leptogenesis

Probing seesaw breaking scale via Non-Gaussianity:

. I el GV 10 Gey
10 PlaiiXs 10 Flasck s 10
1 MR 4 LT 1 — 1
Z = =
= 0100 = 0,100 = 0100
o.o0) —; 0.010f — - 0.010f — e .
0.001 - 0001 0.001 - -
10000 1" 10* 10°- 10 10° w0 1™ 1000 107 10 10° 107
M, [Ge¥ A, [Ge\ M,y |GeV

Large fyy can be reached, and verified in next generation CMB, 21-cm and LSS
experiments. Scale on Inflation given in the inset.
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fNL as probe of seesaw and leptogenesis

Testing leptogenesis via Non-Gaussianity:

= 10" G&V o = 10" GeV
1 1y = 13 L
1 o 113 B
0001 o001 fef 2 0,001 2
i~ LR -~ . T =
T h A" 9 “ 1wt
! ¥ & R Ay
e 3 o p 10" e P " 10°?
100 10° il 102 1w w1 1w 000 100 1w0¢ 108 10
M, [GeV) W, [Gev M, [GeV]

FIG. 4: Left: Ygr/d as a function of the right-handed neutrino mass M, for vp.j =
and different ¢, for different H,,;. Different colors and line styles correspond to different
in Fig. [§. Dashed horizontal line corresponds to Y_.';':’*. Right: zoomed near the region

produced baryon asymmetry accounting for dilution matches the observed asymmetry, for
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If you have interactions present for inflaton, you will have Non-gaussianity.
Non-Gaussianity fyr, as novel probe of baryogenesis: ongoing work, stay tuned !
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Inflation driven by SU(5) GUT Higgs

Cosmological probes of Grand Unification:

Primordial Blackholes & scalar-induced Gravitational Waves

Anish Ghoshal ,‘= Ahmad Moursy ,2' and Qaisar Shafi “'
!Institute of Theoretical Physics, Faculty of Physics, University of Warsaw,
ul. Pasteure 5, 02-093 Warsaw, Poland
2 Department of Basic Sciences, Faculty of Computers and Artificial Intelligence,
Cairo Unwersity, Giza 12613, Egypt.

*Bartol Research Institute, Department of Physics and Astronomy
University of Delaware, Newark, DE 19716, USA
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GW probing GUT scale 101 GeV.

H r Planck-19

1078t -

1075

10-18

10° 107 10 10° 10"
f[Hz]

FIG. 5: The spectrum of scalar induced gravitational waves (solid red, blue and green curves
forv=0.1, 0.8, 10 Mp,) versus current and future GW detectors constraints. We have used
the parameter values in Table[ The red dotted curve corresponds to v = 10 Mp|, but with a

modified value of the tensor to scalar ratio, v ~ 0.064.
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Inflation driven by SU(5) GUT Higgs

Gravitational Wave Pathway to Testable Leptogenesis

Arnab Dasgupta,’* P. 8. Bhupal Dev,? ! Anish Ghoshal,®? and Anupam Mazumdar?: ¥

! pittsburgh Particle Physics, Astrophysics, and Cosmology Center,

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15206, USA
2 Department of Physics and MeDonnell Center for the Space Sciences,
Washington University, St. Louis, MO 63130, USA
*Institute of Theoretical Physics, Faculty of Physics,

University of Warsaw, ul. Pasteura 5, 02-095 Warsaw, Poland
4 Van Swinderen Institute, University of Groningen, 9747 AG Groningen, The Netherlands

‘We analyze the classically scale-invariant B — L model in the context of resonant leptogenesis
with the recently proposed mass-gain mechanism. The B — L symmetry breaking in this scenario is
associated with a strong first order phase transition that gives rise to detectable gravitational waves
(GWs) via bubble collisions. The same B — L symmetry breaking also gives Majorana mass to right-
handed neutrinos inside the bubbles, and their out of equilibrium decays can produce the observed
baryon asymmetry of the Universe via leptogenesis. We show that the current LIGO-VIRGO limit
on stochastic GW background already excludes part of the B — L parameter space, complementary
to the collider searches for heavy Z' resonances. Moreover, future GW experiments like Einstein
Telescope and Cosmic Explorer can effectively probe the parameter space of leptogenesis over a wide
range of the B — L symmetry-breaking scales and gauge coupling values.
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GW probing GUT scale 10'° GeV.

Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which {¢} # 0) and the old vacuum background (in which (¢} = 0),
respectively. The FOPT occurs at temperature T}, and the bubble expands at a wall velocity
vy. Inside a bubble, v gains a huge mass M, > T, such that the vg’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout effects (some of which are
illustrated inside the yellow rectangle) are suppressed since My /T, 3 1.
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Inflation driven by SU(5) GUT Higgs

Bremsstrahlung High-frequency Gravitational Wave Signatures
of High-scale Non-thermal Leptogenesis

Anish Ghoshal,*:* Rome Samanta,?® and Graham Whif

! Institute of Theoretical Physics, Faculty of Physics,
University of Warsaw, ul. Pasteura 5, 02-095 Warsaw, Poland
2CEICO, Institute of Physics of the Czech Academy of Sciences,
Na Slovance 1999/2, 182 21 Prague 8, Czech Republic
SKavli IPMU {WPI), UTIAS, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan

Inflaton seeds non-thermal leptogenesis by pair producing right-handed neutrinos in the seesaw
model. We show that the inevitable graviton bremsstrahlung associated with inflaton decay can be
a unique probe of non-thermal leptogenesis. The emitted gravitons contribute to a high-frequency
stochastic gravitational waves background with a characteristic fall-off below the peak frequency.
Besides leading to a lower bound on the frequency (f 2 10" Hz), the seesaw-perturbativity condition
makes the mechanism sensitive to the lightest neutrino mass. For an inflaton mass close to the Planck
scale, the gravitational waves contribute to sizeable dark radiation, which is within the projected
sensitivity limits of future experiments such as CMB-54 and CMB-HD.
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GW probing GUT scale 101 GeV.

Ng

[ al8 - -l -

Nk

FIG. 1. Diagrams representing the three-body decay of in-
ﬁatan (o) ta right-handed neutrinos (Ng) and graviton (h)
. A similar diag with a graviton attached to
thc incoming fcrmmn line also contributes to the total decay-
width. However, the four-point interaction vanishes [{4].
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Conclusions: part .

High-scale baryogenesis (via leptogenesis) testable via novel Primordial GW
spectral shape analysis.

LISA and ET GW detectors are going to cover the parameter space where it can
test minimal type-l seesaw and successful leptogenesis.

Freeze-in Dark Matter from RHN decay testable in similar fashion.

Era to think about low scale as well as high scale baryogenesis and leptogenesis
models with complementary GW versus laboratory tests in future.
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Conclusions: part Il.

1. In this work, we reinforce the fact that the final amount of lepton asym-
metry yield crucially depends on the reheating dynamics of the Universe.

2. We find that such correlations results into very predictive inflationary
observable values (ng, r).

3. In the first case, we find that the corresponding bound as ob- tained,
appears stronger than the recent Planck-BICEP data. For example, our
analysis reveals that for @ = 5, successful baryogenesis via leptogenesis
predicts 0.9616 < ns < 0.9630 with 0.0038 < r < 0.00437.

4. In the second case, we have a single independent param- eter (involving
inflaton) which is inflaton to RHN coupling coefficient. We obtain unique

correlations between yy and (ns — r) values for a constant a that leads to
successful baryogenesis in the early Universe. For example, o = 5 requires

yn = 2.3 x 1077 to yield correct order of baryon asymmetry which implies
ns = 0.9632 and r = 0.015.
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Conclusions: part IlI.

o High-scale baryogenesis (via leptogenesis) testable via novel Primordial
Non-Gaussianity signatures.

@ Mojaronn which gives neutrino mass can act as the curvaton and generate the
entire CMB.

o Next generation experiments measuring fNL will probe seesaw scales and
leptogenesis.
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What NanoGrav result may tell

-t

1%

12

SZ(J\\‘

ol (M, gy Bt} = (0.0,

—— no leptogenesis (M, g By} = (100GEV. 10776V 12 Mel')

G
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f/He
Figure 6. We fix M, = 107 GeV, i = 10717 eV, Tau = 5 x 10'2 GeV and ny = 0.85 to fit the
NANOGRAV anomaly [205]. Furthermore we show the value of m,BR, = 12 MeV required for

the given m; to generate the observed dark matter relic abundance.
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