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I1C24 with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax” = 6.1)
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Need to introduce BSM physics

[ 1. Esteban et al, JHEP 12 (2024) 216]




Type | seesaw and neutrino mass

Type-l seesaw: SM + 3 Right handed neutrinos

[Minkowsky, 1977; Yanagida, 1979;

— ~ 1 _ Gell-Mann,Ramond,Slansky,1979;
—_— 1% _ C Mohapatra,Senjanovic,1980]
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D,, = diag(m;, my, ms) Dy, = diag(M,, M,, M5)

[see Prof. Xing’s slide]



Type | seesaw and Baryogenesis via Leptogenesis

Observed Y, = 8.7 X 10~11 Y, =
Baryon asymmetry [Planck, 2018] \

Dynamically generate baryon asymmetry

. C and CP violation
e baryon number violation

e QOut of equilibrium dynamics
[Sakharov,1965]

Type-l seesaw: SM + 3 Right handed neutrinos

_ . 1 -
gBSM — YglfLaH]\]l_l_EMNNCN_I-hC’

| |

CP Violation Lepton number
violation

Out of equilibrium dynamics —— Decay of RHN below T<M Sphaleron
[N —> ¢+ H] Transition
[N—> ¢+ H']

[Fukugita, Yangida, 1986; Luty 1992;
Covi, Roulet, Vissani 1996]




Type | seesaw, Leptogenesis and neutrino mass

Note:

Neutrino mass

Y 2
m ~ (1) > m, ~0.05eV—s M, ~ 10*Y? GeV

v
2My
[crude estimation]

Large RHNS

Leptogenesis (thermal)

Ml < M2 < M3 + RHNs are in thermal bath befor¢ decay

|

e | S §M1(m3 —nmy) —» M, 2 10° GeV

Direct experimental test is impossible

[see Prof. Yang’s Talk]




Type | seesaw, Leptogenesis and neutrino mass, Gravitational waves

Gravitational Waves can help probing the
Seesaw/Leptogenesis scale




How do we get the diagrams?

S = Jd“x\ /—8 [2K‘2% + L + SZN]
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How do we get the diagrams?

S = Jd“x, /—8 [2K‘2% + Lo T+ EZN]
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Decay rates

dr'=3% (yv), M;

= ¢
dE, 12873 M2 ()

Note: (1 -x)21-2x)/x  x=E/M,

IR divergence

For small £, :



Decay rates

dri=?  (YJY), M;

= 7
B, 12m

Note: (1-x)X1-2x)/x  x=E/M,

Forsmall £4 * Two body decay with graviton loop

cancels this divergence

[S. Weinberg, 1965]



Decay rates

<

Note:
For large £, :

dri=?  (YJY), M;

_ @
B 12

(1 —x)%(1 = 2x)/x x=E/M,

dl‘*l—)?)
dE,

=0 [Kinematic contraint]



Gravitational wave relic

(1 —x)%(1 = 2x)/x
dri=?  (YJY), M;

= g
dE, 12873 M2 D x=E/m

d [ d d E, dri=3
PGw LAY PGw _ Tk ny Ey
dt dE; dE;, M, dE, b

_ _ o
Q0 2= |1op o | _ o (&> R
0)

Ak



Gravitational wave relic

(1 —x)%(1 = 2x)/x
dri=?  (YJY), M;
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Gravitational wave relic
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Actual scenario: with Leptogenesis

b +3Fny = — (ny — nSI) Ty ) —ny 177
At My, = _an an Ny My, )
dng_; . i’lffq
— — —_ n%4 !
7 + 3K ng_; = (ny, an)ef +ng_; o (I'y,)

d (d dp, E, dr'=>
a [ 2Pgw LAY Pow _ Lk ny Ey
dt \ dE, dE, M, dE, "

Assumption: Initially, lightest RHN is in thermal equilibrium

M, = 1010 GeV Thermal Leptogenesis



Actual scenario: with Leptogenesis
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Actual scenario: with Leptogenesis
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Actual scenario: with Leptogenesis

BP1 :

M, = 10'° GeV
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Actual scenario: with Leptogenesis

BP2: M, = 10" GeV

| | | ]
l / e BBN _
E \ . B
DECIGO )
i \
B P B
.~ \
- -
- /‘/ """" \ ....... BP1
e \
L L —-— BP2-
- g
-~ -
N B | T B | .
5 10 15 20



Actual scenario: with Leptogenesis

For M, > 10'° GeV, complete
washout of lepton asymmetry by

z,”L+H—>z,”L+HT




Actual scenario: with Leptogenesis
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Actual scenario: with nonthermal Leptogenesis

My ATC ATC
—NNeN — §N°N
’ |
T. = 10" GeV : ¢ gets large vev and RHN gets huge mass

|

M, = 10" GeV

No inverse decay

|

“Non thermal” Leptogenesis



Actual scenario: with nonthermal Leptogenesis
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Other sources: inflationary tensor modes
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Other sources: inflationary tensor modes
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Conclusion:

 High scale seesaw mechanism can generate baryon asymmetry via Leptogenesis
mechanism.

 We cannot probe high scale seesaw mechanism in colliders.

* Gravitational bremsstrahlung from this heavy seesaw state decay provides a new
source of stochastic high frequency gravitational waves.

* Although strength is suppressed due to the presence of Planck mass, the signal is
not contaminated by other gravitational wave sources.

 Though undetectable with current experiments, such spectra encode early-
Universe particle physics at extremely high scales.

* Future cavity experiments may have the ability to detect such signal and probe
the High scale seesaw along with Leptogenesis mechanism.



Thank you!!



