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Years after the Big Bang

The Big Ba

400 thousand 0.4 billion 1 billion 4 billion 8 billion 13.8 billion
: 3 0\* . o . o
3 ,' | / . £ - ~ a - , -. z ¢
3 CI'I ¥ s ., > " " \ - ~ q
T ~7 ’. ;, = . é ,'
3 # \ -~ g
.g g o ‘/ o 2N N R ~ . . . P
The Dark Age 3 ?; g}, 2 P e g s - * ™ Present day
Q5 < » 7o) - X
3_:_‘_: ‘(“.‘ ‘ - i ’ v N : - i / »
8:9"'.. KD 7~ AR - ’ -~ = - < ’
. £ l/'\'eioniz.ation. T T » o . . -
<+ - —» Fully ionize : i
l N | . . 5 b 1
100 10 1
1+Redshift >
present
Tensor
 / perturbation

Primordial

Curved metric

fluctuations

> (h,"h,)

—o (04 50 (R
g!W g;w * g!W( @ GWSpeCtrum




Years after the Big Bang
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e Primordial GWs carry the information of cosmic inflation.
o Travel uninterrupted, from past to present.



Wait...we have some difficulties in probing the early
Universe!

‘. Energy scale of
- BBNis~1MeV

~

,‘,;\’i‘”
CMB predicts maximum |
inflationary energy scale

~1014 GeV



Reheating may be a possible solution ...

Reheating

Inflationary
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Gravitational Reheating e ¢
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d No evidence of DM from direct and indirect search
till now, except gravitational interaction.

ad No direct coupling between inflaton and daughter
particles. But always couples to gravity.

a LHC can not probe very high scale whereas GWs can
carry these signatures.



Gravitational production of DM and

Gravitational production of particles o _
gravitational leptogenesis
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( ) Markkanen et al. (2015), Artymowski

et al.(2017), Hashiba et al. (2018),
Mambrini et al. (2021), Adshead et al.
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till now

Gravitational reheating and
several inflationary scenarios

Signature at the PGWs
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Gravitational production of other cosmological relics

Barman et al.(2023)



What we have studied ...

e Probed the mass scale of DM wusing the
interferometric missions with assessing high SNR.

e Probed the scale of gravitational leptogenesis.

e Assessed the uncertainties on the parameters for

the upcoming GW missions.

A.Ghoshal, DP, S.Pal (arXiv: 2405.06741)
JHEP 12(2024)150



Outline of the discussion ...

> Signatures of the parameters at the GW detectors.

> Assessing the signal-to-noise ratio for each of
the detectors.

> Forecast analysis on the parameters for the GW
missions.

> Estimating the uncertainties of the parameters
using MCMC analysis.

> Probing the scale of DM and gravitational
leptogenesis.
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Equation of state, w = (n-2)/(n+2)




Model parameters

Considering _ L .
non-minimal coupling non-min
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Eq. Ref.: Barman et al., JHEP 12 (2022) 072
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Tensor spectral index, n,,




Model parameters

Considering _ 2 5
non-minimal coupling [‘Cnon—min_ §|h| R/ MP]
Tensor spectral index, n ‘ (L \"T
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Eq. Ref.: Haque et al., Phys.Rev.D 107 (2023) 4, 043531

GW spectrum for today

6w—2

. 2
Y b2 P ( 1) 42 543w k| 3w+l pco g o oo g
ey (k)12 = | PR PE() % r ()| (5 for kru < k < Kend
Qrh?Pr(k) for k£ < krn,
1073 p— 1077 BBN
10~ %{crps; (*MRI.Jg::f;tHBAOMbU//‘Q o 10~ %{crps; (*MRI.Jg::f;fHBAOMG(‘J/;/S
CMB-HD /K3 CMB-HD {
1077 1079
! 7 p!
—12 ] i —12]
10151 o 10_15'/
"\§/§ — &=0 (minimal)
_18 | N --- £=10 _18 | ;
10 N e, §=100 10 —-—= w: 0.70
...... £=500 e w090
10?1 1021

10-9 10-6 10-3 10° 10° 105 10° 10-9 10-6 10-3 10° 10° 105 10°
f (Hz) f (Hz)

®=0.8 £=10




GW spectrum for today
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Signal-to-noise ratio

SNR serves as a crucial tool in analysing the detectional
prospect of signal

f-mx Q( w( f {()})h




Signal-to-noise ratio

SNR serves as a crucial tool in analysing the detectional
prospect of signal
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Signal-to-noise ratio

SNR serves as a crucial tool in analysing the detectional

prospect of signal

Gk O
fnnx S)(;\\(f. {9})}12 -
SNR. = Q) h?
fmm ll(f) I
0.5
BBO —— BBO
DECIGO | 0.4 —— DECIGO |
ET — ET
LISA 0.31 LISA
& 0.2 :
0.1 g=20""]
0.0 - %
d % —0.1
Q Q Q Q Q Q Q Q

50

401
30;
201

10/

—— BBO

DECIGO
ET
LISA




Proceeding further ...

estimation of uncertainties on the parameters
for the future GW missions

MCMC
analysis

Fisher matrix
analysis

¥

e Does not shift the mean value.
e Estimate only the error on the
parameters.

.

Shifts the mean value.

Estimate both mean value and error
on it, providing combined parameter
estimation.




Fisher matrix analysis

Likelihood function for GW signal is defined as

Ny 2
() — ny, b (Rsig (o, 0) — Ryia(fo))
/(9) ; b1;[1 \/QWQII(fb)2 = ( Qn(fb)2 )




Fisher matrix analysis

Likelihood function for GW signal is defined as

Q . for the fiducial
valques of the parameters

Noise spectra for
the detectors

GW spectra of
the signal



Fisher matrix analysis

Likelihood function for GW signal is defined as
H \/ T oo (=7 (Rin(fo0) = Qrialfe)”
27 (fb)? Qu(fp)?

Chi-squared distribution

L(O)=1In(Z(0))

Fisher matrix

o — <_ i)2c(o)>

0000,
‘ I Fy i O
_ - F.. = :
[Cij] = [Fij] 1 ij T - Qz 00, (-)9.].

Using
chi-square




Fisher matrix analysis
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Fisher matrix analysis
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Markov chain Monte Carlo analysis

Likelihood function for GW signal is defined as

e (Quig(f5, ) — Qria(fp))”
H \/QTQH fb P ( Qn(fb)‘z )

Parameters: {», %, n._}



Markov chain Monte Carlo analysis
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Markov chain Monte Carlo analysis

mean=t o
Parameter
BBO DECIGO ET
w 0:6000129017 | 0518800019 | (51080098
¢ 10.0407 7550 | 53771083 | 5.049705%)
ny 0.0106702088 | 0:00227 09233 | Di0p03 290K

ET is most promising.




Gravitational production of DM

Majorana RHNs

. Other two massive

Decay to active
neutrinos

Produces lepton
asymmetry



Gravitational production of DM

S.
e Least massive RHN serves as DM B
e DM can be generated via two possible ways: g ’
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Eq. Ref.: Barman et al., JHEP 12 (2022) 072



Gravitational production of DM

e Least massive RHN serves as DM

e DM can be generated via two possible ways:
o from the thermal bath of SM 50
o from the direct scattering of inflaton

40

30
UV

BBO, DECIGO, ET, for instance, are able to probe DM =0

mass for 5x10° GeV < M with SNR > 10 for 4 years of
observations.
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Gravitational leptogenesis

e Other two RHNSs produce lepton asymmetry (Y, ). This lepton
asymmetry can be converted into baryon asymmetry (Y;) as

Y;=(28/79) Y,

e Y, canbe expressed as:

28 n{(Tru)
B = —€ —r-——
79 S
)
. my M, ny (13
~ 3.5 % 10‘4095( - ) My ) ny(Trar)
0.05eV/ \ 1013 GeV ) s(Trn)

e Observed value of Y,;=8.7x107" GeV

Eq. Ref.: Barman et al., JHEP 12 (2022) 072



Gravitational leptogenesis

e Observed value of Y,=8.7x107" GeV

\ Ys underproduced

BBO, DECIGO, ET, for instance, are able to probe
gravitational leptogenesis for M_=8x10"* GeV with
DM mass for 5x10° GeV < M, < 1.6x 107 GeV, with
SNR > 10 for 4 years of observations.

w



MCMC analysis

We have shown combined parameter
analysis and the correlation is unaltered as it
is in Fisher analysis. The error on the
parameter is minimum for ET.

SNR

We estimate the SNR for the detectors. We
have shown that the BBO indicates its
heightened sensitivity for detecting the
signal. The study reveals a negative
correlation between w and &.

~

&

A.Ghoshal, DP, S.Pal (arXiv: 2405.06741)

Probing DM and leptogenesis
Lightest RHN serves as DM. We find that
BBO, DECIGO, ET, for instance, are able to
probe DM mass for 5x10° GeV < M, < 1.6
x107 GeV with a SNR> 10, along with the
baryon asymmetry due to gravitational
leptogenesis for heavy RHN mass M, to be
around 8 x 10'? GeV.

Fisher forecast

The relative uncertainties on w and £ are
less than 10%, which is for SNR>10. We
have illustrated that correlation is stronger
for ET whereas it is lesser for LISA.

Detection of PGWs

We have presented the signature of EOS,
non-minimal coupling, tensor spectral
index and H, . at the GW detectors (BBO,
DECIGO, ET, LISA).

JHEP 12(2024)150



Probing DM and leptogenesis

Lightest RHN serves as DM. We find that

BBO, DECIGO, ET, for instance, are able to

probe DM mass for 5x10° GeV < M, < 1.6

x107 GeV with a SNR> 10, along with the
e baryon asymmetry due to gravitational

We have shown combined parameter leptogenesis for heavy RHN mass M, to be
analysis and the correlation is unaltered as it around 8 x 10'? GeV.

is in Fisher analysis. The error on the o
parameter is minimum for ET. Fisher forecast
The relative uncertainties on w and £ are

SNR less than 10%, which is for SNR>10. We

We estimate the SNR for the detectors. We
have shown that the BBO indicates its
heightened sensitivity for detecting the e

signal. The study reveals a negative
Detection of PGWs
a We have presented the signature of EOS,
non-minimal coupling, tensor spectral
index and H, . at the GW detectors (BBO,
DECIGO, ET, LISA).

correlation between w and &.
A.Ghoshal, DP, S.Pal (arXiv: 2405.06741)
'HEP 12(2024)150
Thank you!! YHIBEEI

MCMC analysis

have illustrated that correlation is stronger
for ET whereas it is lesser for LISA.
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A new opportunity...

3

... 4 unique observational window to
wnwvestigate the particle physics models.

Hidden

sectors

PGWs travel uninterrupted way.
Very high mass scale can be probed =
... not be probed in LHC. P cariici

wave probes

To probe the nature of dark matter, sucton 4 of dark matter
mass range of dark matter, axions. -

clouds

To probe the scale of leptogenesis.

mim-

Fig. Ref.: G. Bertone et al. SciPost Phys. Core 3, 007 (2020)



Model parameters
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Fisher matrix analysis
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Fisher matrix analysis
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Fisher matrix analysis
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Fisher matrix analysis
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Markov chain Monte Carlo analysis

Likelihood function for GW signal is defined as

H ny _exp - b (Qsig( fo,
2 ft)2 Q

Chi-squared distribution

L(O)=1In(ZL(0))

Parameters: {w, & n. }

n(fb)2

0) — infl(fb))g)

Parameter

Prior

BBO

DECIGO and ET

w

§

nr

Flat, 0.45 — 0.70 | Flat, 0.4 — 0.60

Flat, 1 — 30

Flat, 1 — 30

Flat, -0.2 — 0.1 | Flat, -0.2 — 0.15




Likelihood function

e \What we want to know: P(0|d)
e \What we know: P(d|6)

D

Posterior Likelihood
distribution function

Considered Prior
tobe1



Likelihood function

e \What we want to know: P(0|d)
e \What we know: P(d|6)

PO1d) x P(d) = P(O1d) x P(O)

dIn Z(0)
d0

(0— 6y )+ 1 d%In.Z(0)
{ — } | —_— - 3
By ML 2 ()9'

In.Z(0)=In.Z(6) + (0—60ng )2 +. ..

Byva.



