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of the universe (BAU)

ngMB — an;nB — (62]_ + 0]_6) X 10_10 [Astron.Astrophys. 641 (2020)]
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Big bang: Equal amount of matter-antimatter was produced

!

Inflationary epoch: Dilutes any pre-existing asymmetry

!

After reheating : Generation of more baryon over anti-baryons?



Baryon asymmetry of the universe (BAU)

ng,MB — ”Bnﬂ = (6.21 £0.16) x 10~10 [Astron.Astrophys. 641 (2020)]
8!
Big bang: Equal amount of matter-antimatter was produced BIL violation CP violation
. ?P.haQEFPTS_ New CP violation in scalars,
pICIt viofation
l Explicit L violation quars, eptons
Other particle number violation CP violation in a dark sector
Sakharov
Inflationary epoch: Dilutes any pre-existing asymmetry Conditions

l Cosmological phase transitions
Out-of-equilibrium decays
Chemical potential

After reheating : Generation of more baryon over anti-baryons?

Out of equilibrium

arXiv: 2203.05010



Baryon asymmetry of the universe (BAU)

ng,MB — ”Bnﬂ = (6.21 £0.16) x 10~10 [Astron.Astrophys. 641 (2020)]
i

Big bang: Equal amount of matter-antimatter was produced BIL violation CP violation

) Ep.haéerpl;s | New CP violation in scalars,
plicit b violation ks, leptan
l Explicit L violation s

Other particle number violation
Inflationary epoch: Dilutes any pre-existing asymmetry
l osmological phase transitions
Out-of-equilibrium decays
Chemical potential

After reheating : Generation of more baryon over anti-baryons?

Out of equilibrium

arXiv: 2203.05010



Leptogenesis:

A phenomenon which explains the baryon asymmetry
through the generation of a lepton asymmetry, which is

later converted into baryon asymmetry via sphaleron
processes.

Fukugita, M., & Yanagida, T. (1986)
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Testability of Leptogenesis :

~

Thermal Leptogenesis  RHNSs are in Thermal equilibrium at production.
(M; < My < M;) Leptogenesis Scale : Very high (Difficult to test)

 Davidson Ibara bound : //; > 107 GeV  [Phys. Lett. B 535 (2002)]

[Phys. Lett. B 174 (1986)]
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- RHNs were never in thermal equilibrium (scalar decay)
Non-thermal Leptogenesis * Leptogenesis Scale: 1/, = 10° GeV (Difficult to test)

[Nucl. Phys. B 806 (2009)]

[Phys. Lett. B 464 (1999)]
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Resonant Leptogenesis * Self energy diagrams enhance the CP asymmetry
(M; ~ My < M) * Leptogenesis Scale: 1/, ~ 100 GeV  (Testable)

[Phys. Rev. D72 (2005)]
[Nucl. Phys. B 504 (1997)]




Inflationary Gravitational wave (GW)

Phys. Rev. D 85 (2012)[1109.0022]
JCAP 08 (2014) 036 [1405.0346],
JCAP 02 (2015) 003 [1407.4785],
JHEP 05 (2023) 172 [2301.05672]
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Intermediate matter domination

massive RH neutrinos Leptogenesis
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S. Dutta et. al., JHEP (2022).
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Inflationary Gravitational wave (GW)

______________________ F(k)standard — T12 (

o) 7 (5

eq. c.
{22’2 (ac) = (1 — 0.22:193/2 -+ 0.65:1:2)

TZ(x) =1+ 0.592 + 0.65z
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Leptogenesis via scalar decay :

We have considered resonant non-thermal
leptogenesis for this work!

15



Mgy ~ 2M; » = Non-relativistic RHNs

My > 2M; 2 = Relativistic RHNs

EN(Z) ~ <

(% for T' > T,
QJVITZ% fOI'T¢2T>TNR
\Ml fOl“TSTNR

F¢ — qu)—)NlNl + Fqb—)NgNg —I_ Pqﬁ—)R

I'y, = Fr']q\'}:: Ef(lz) ~ H(M;) K Ef(lz) Lorentz boost: vy = En(2)/M;
y) D) 3/2 9 b e yr = 0 — For non-thermal case
N; 4M:;
Losmin; = |ymi‘ Mg (1_ Mé) , Loar= |y8R| My T
vt $ m ® Yyr 2 ;- \/ 31> — For thermal case
J \ Ly y
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Boltzmann equations

po=—3Hps — Ty (pp — py)

pn, = —=3H (o5, +PN,) + Tosnin, (0 — pg') — Ty (o, — PN,
pNQ = —3H (pNz ‘|‘pN2) + F¢—>N2N2 (Pqﬁ - pqu) - FN:) (pN2
2
nB L——S%?’LB L_EZFN ?’LN—RN) F]DnB L

1=1
2

pr=—4Hpr+Tgmr (ps — p5) + Y T, (pn, — P3)
=1

Ellﬁ:f ~ (.96 x 10~* €1K f
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Classification of scenarios

Cases

|

|

Instantaneous
RHN decay

RHN Radiation
Domination

|

RHN Matter
Domination

|

Thermalized
RHNs
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Classification of scenarios
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| | - | |

Instantaneous |RHN Radiation RHN Matter Thermalized
RHN decay Domination Domination RHNSs

\ J
|
Non-thermal
Leptogensis
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Leptogensis

(yr = 0) (yr # 0)
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Classification of scenarios : Case (a)

Case (a)
|

| |

Instantaneous
RHN decay

FN > Fq;

TN, 2]\]/;{5 L > Ty

RHN Radiation RHN Matter
Domination Domination

|

Thermalized
RHNs
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Case (a) : Instantaneous RHN decay

K =102 M; = 10°GeV, M, = 10"GeV, T, = 10°GeV K =10?,M; = 10°GeV,M; = 10"GeV, T; = 10°GeV
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Case (a) : Gravitational wave spectrum

Planck 2018

M,; = 10° GeV i
Try = 10" GeV | q
e ) — M, =10° GeV
== My =3 x10° GeV

102
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Case (a) : Gravitational wave spectrum

Dilution Factor from Entropy injection

Planck 2018

A — S(Tafter)a3 (Taftel")
S (Tbefore ) a3 (Tbefore)

3
1 n 4\ 4
272 (g (T 3 (XMy)3
= (14295 (20 ,
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ng | _ 45¢(3)
s | ¢ 274 gy g

1, =107 GeV
: J\[¢, =3 x 10° GeV
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Classification of scenarios : Case (b)

Case (b)
|

Instantaneous
RHN decay

|

RHN Matter
Domination

FN < Fqg

T3l ~ (T2, Tig) ">, when Ty (T58) ~ H(T™)

No entropy injection due to RHN decay
1mplies no change in spectral shapes.

|

Thermalized
RHNs
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Classification of scenarios : Case (c)

Case (c)

|

Instantaneous
RHN decay

RHN Radiation
Domination

PN <K F¢
TN1 < Tngr < T¢

— \/E < 2T¢/M¢
K >1 not possible!!

|

Thermalized
RHNs
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Case (c¢) : RHN Matter domination

Scalar decays to relativistic

K=10%M; =10°GeV, M, = 10"GeV, T, = 10°GeV
RHNs and injects entropy to
the universe.
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Non-relativistic RHNs decay
to SM particles at Tn: and
injects entropy again.

104 10%* 10t

T (GeV)

26




Case (c¢) : RHN Matter domination
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Case (c¢) : GW spectrum (Two step Entropy injection)
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Classification of scenarios : Case (d)

Case (d)
| | | |
Instantaneous |RHN Radiation RHN Matter
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Classification of scenarios : Case (d)

Case (d)
| | | |
Instantaneous |RHN Radiation RHN Matter
RHN decay Domination Domination
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dom

Ty, < T2L ~ 2%M,

30



Case (d) Thermalised RHNs (yr # 0)

Two step entropy
injection

AN ~ 1109 1OK10

TeV

M
Ay =37 x10° (e ) (

Ty = 10° GeV
M, = 10'* GeV
' Try = 10"° GeV

—_— M, = 10% GeV
- M; =3 x 108 GeV

Ty

)
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Two step entropy injection

Planck 2018 Planck 2018
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Signal to Noise ratio (SNR)

_~——Wante d component

=

S Unwanted component
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Non-Thermal Leptogenesis:

nt = 0,M, = 10"° GeV, T4 = 10'° GeV, Trg = 10'° GeV ny = 0.3, M, = 10'® GeV, T4 = 10'° GeV, Tr = 10'¢ GeV

~,

Case (c)

"DECIGO

Toy < 10 MeV Thy < 10 MeV
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Thermal Leptogenesis:

ny = 0,M, = 10" GeV, T, = 10" GeV, Try = 10'° GeV nt = 0, M = 10"° GeV, T, = 10° GeV, Try = 10'° GeV
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B dom

iy

DECIGO

Ty, < 10 MeV




Result :

IITZO
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Conclusion

The overall SNR is larger for a larger spectral index n.

For vanishing Yukawa coupling yr, we obtain non-thermal leptogenesis
which can be probed in future GW experiments such as U-DECIGO, BBO
etc.

Thermal leptogenesis with two-step entropy injection is possible with a
non-zero yr. We propose the two-step entropy injection transfer function.
Such two step will be detected in U-DECIGO, BBO, u—ARES etc. for
nt = 0 and LISA, ET and CE as well for ny = 0.3.

If Tn, < Ty, then lower values of M; and K reduce SNR and therefore
challenging to test for all experiments.

A higher My in general means larger entropy injection which decreases

the overall SNR values for all experiments. However, for Case (c), higher
M increases the SNR.

My also sets the upper bound on M; in our model, i.e. M; < My/2. We
are interested in the parameter space where ¢ is long-lived to dominate
the energy Budget of the Universe

In Case (a) and Case (b),the leptogenesis scale is ~ Ty which means GW
experiments can probe leptogenesis even for strong washout K > 1 where
RHNs might eventually thermalize with the radiation bath. Also a lower

T value decreases the SNR, making it more difficult to observe.
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