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Physics Beyond the Standard Model

The Standard Model is a successful model for the elementary particle physics

All the particles contained in the SM have been discovered.

But there are a few problems which the SM cannot solve

What is the origin of tiny neutrino masses?
Baryogenesis?

What is the Dark Matter?

Inflation?

Charge Quantization?

The SM should be extended at some energy scale
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KNT model

KNT model is a radiative seesaw model
L. Krauss, S. Nasri, and M. Trodden, PRD67, 085002 (2003)

m,, is generated at the three loop level

Ag
s 2 2
///I\\\\ - Ash g m2
;! \\\ 174 ™~
SU(3) |su@) [u() |z PATRN (47)3M
N, |1 1 0 - Sy ’/55 ; \‘Sg‘ \ ‘Sf
S1+ 1 1 1 + /’/ /I \\ \\\
SZ_ 1 1 —1 — /// III \\\ \\\
y Ay Ay N N L LN
[ VS SR S S T VI G N S N —
h | g mN g | h
" Y Y
X X
(H) (H)

e Tiny neutrino mass

* N, is a Dark matter candidate

All the dimensionless couplings are less than one

’

The mass scale M have an upper limit
M < O(100 TeV)

O. Seto, T.S. and T. Tsuyuki, arXiv:2202.00931



DM and LFV
0. Seto, TS, T. Tsuyuki, PRD105, 095018(2022) 9) 4 4 c -
The annihilation of the DM: (oV) ~ ﬁ— 2 g >~
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DM In the KNT

In the case with g, = g, = 0

1.1,

O. Seto, 1.S., and T. Tsuyuki, 2211.10059v2
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The scenario can be explored by future lepton collider experiments.



Leptogenesis in the KNT model

How about the Baryogenesis in the KNT model?

Possibility of the thermal leptogenesis

The Lepton asymmetry is produced by /V, decay: N, — S, + eEi <t Ny — ST+ €p
32
The Lepton asymmetry — #B via Sphaleron Y, = T8 _ _ @YQR
\)

The Spharelon is in the thermal bath at 7. < T < 10'°GeV
I.=({159%x1)GeVand T. = (131.7 £2.3)GeV

M. D’Onofrio, K. Rummukainen, A. Tranberg, PRL113,141602(2014)

We should check whether the sceario can produce enough baryon asymmetry

If not, what kind of model extension is necessary?



Some issues in the scenario

o Yg =—1T, =P The late-time decay of Szir washes out #L NV, — Sz“_“ + e;e:i
Sphaleron should decoupled before Szi decay Is completed |—>N1 + 61}_;-

mg cannot be much larger than 7

e | 8| = O(107°) is required for Ny, # N]f,q at T ~ M,
2
N, cannot contribute to M

e Washout by AL = 2 scattering is significant
Ny Sy N
cH—2 = — Iy + 1”5)(NN2 — N;;l) v N 4

d
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Nuetrino mass matrix with g, < 1

N, cannot play a role in m,
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It tends to cause dangerous y — ey We can reproduce an appropriate m,,



Four generations RHN

O. Seto, 1.S., and T. Tsuyuki, 2211.10059v2
+ o+ + ot _ -
m, = g3, and gs3 are large wp- L7075 — 5785 (£ = Torp)is fast
A, + A, is washed out too fast

To produce A, large g, is necessary,

but the washout also becomes significant and Br(u — ey) is too large
We need a fourth RHN for successful leptogenesis!

A benchmark example Larameter Value
mgs; 2.33 x 10* GeV
ms, Scanned in [100, 350] GeV
O O g 13 mu, Depending on mg,
MN, Scanned in [100, 500] GeV
21 0 0 my, 3.67 x 10° GeV
g = mu, 1.0 x 10° GeV
Ag 1.0
0 83 & (hia, haz, hiz) | (0.600e 00307 1 0 ().329¢0-1027)
g O O (glg,ggz,ggg,g41) (1.0, 1.0, —0.053, 01)
41 1921 Depending on my,
arg(ga1) m/4




Evolutions of ¥_;

O. Seto, I.S., and T. Tsuyuki, 2211.10059v2
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Before N, decay is frozen, #B is frozen by sphaleron decoupling. =» NEW SCENARIO!



Scanning of mg and M,

O. Seto, 1.S., and T. Tsuyuki, 2211.10059v2
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In the wide range of the mass parameters,
enough Y can be produced.

mg ~ O(100)GeV is predicted.

100 150 200 250 300
mSQ [G@V]



Summary

 \We considered a leptogenesis scenario in the KNT model

* Three RHN case does not work because of too strong washout by AL = 2
scattering processes.

e A case with the fourth-generation RHN provides enough large baryon asymmetry!

© Mg = O(100)GeV is preferred by both DM and Leptogenesis

° A good benchmark for complementarity of v, cosmology, flavour and collider.

° We propose a new scenario for a leptogenesis at ' ~ 100GeV

e Constructing a UV picture of the model will be future work.






An idea of thermal Leptogenesis

Spharelon
An unstable static solution to EOM in the SU(2) gauge theory.

Spharelon leads to the effective operator Oy, ; = I1.(q;,9;,9;1;C Ll)

B+L is violated due to the vacuum structure, log ()]
» wWhile B—L is conserved

. The Spharelon s in the thermal bath at 7. < T < 10'?GeV

= (159 £ 1)GeV and T = (131.7 £2.3)GeV Sphareron
M. D’Onofrio, K. Rummukainen, A. Tranberg, 1404.3565 ((,ZWT) : :
Heavy neutrino decay e TC 102GoV
JH T B log('T")
o CP violating decay can produce Lepton number(#B L)

#B

by Q\\ RNH is a Majorana particle —— N; = N¢
1
¢

If CPis violated, I'(N; = ¢; + H) #1'(N; = £ + H*)



Loop functions
J(x,y)
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O. Seto, TS, T. Tsuyuki, arXiv:2202.00931
,  The function f(x, y) is maximized
y = s, when mSZ1 ~ BOm]%,. and these
Y - l
2

2
mg mass are larger than mg



Upper limit on mg
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How is the LFV constraint?
Depends on the oscillation parameters and Majorana CP phase



Flavour Structure of the KNT
As me 0 0 Tfloo me 0 0 X
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In this case, we can use the following relations
Y. Irie, O. Seto, TS, Phys. Lett. B820, 136486(2021)
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Constraints from the LFV

We focus on the S;- contribution 2
Br(y — hishkal?
(= ey) =~ 7687TG%mS hshas
0.02 eV
ms, < 7.39 X 104 Gev < ) ‘hgg‘zneﬂ-‘
(M) s

_ h13‘2 (MV)’T’T
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r(lu 67) |h23\6neﬂ: (002 eV

For Normal Ordering (NO) m; < m, < mj;

’=E~03<1Ieadstoh < hy, <1 Br(y—ey)>5.0x 1078 (M) 7| 4(neff)_4 K|\
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Significant!

Experimental constraint:Br(y — ey) < 4.2 x 1071



Majorana Phase
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The constraints on the model in the IO case

O. Seto, TS, T. Tsuyuki, arXiv:2202.00931
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