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§ Introduction



Nonvanishing neutrino mass

* Neutrino flavor oscillation: e.g., v, = v,

— tiny (< 0.1 eV ) but massive neutrino

* Majorana neutrino mass operator
(¢) (¢)
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Neutrino mass generation

» At Tree level: Smallness due to high scale origin
* Type-I: Singlet vg

« Type-ll : Triplet Higgs [Schechter and Valle, Magg and C. Wetterich,
Cheng and Li (1980)]

* Type-lll: Triplet vi [Footetal (1989)]
* At loop level: Smallness due to quantum correction
* New particles are relatively light: accessible(?)

« Without a parity: Zee model [zee (1980)], Others...

* With a parity : “radiative seesaw’’ [Krauss, Nasri and Trodden
(2003), Ma (2006), Aoki, Kanemura and Seto (2008), ...]



Neutrino mass generatio

Type-I : Singlet vg

* Type-Il : Triplet Higgs le, Magg and C. Wetterich,
Cheng and Li (1980)]
o Type-IIl: Tripl

« At loop levg s due to quantum correction




§ Radlative generation of
neutrino mass



Lepton flavor violation in radiative

generation of neutrino mass
» Majorana neutrino mass at loop
() () flavor mixing is large
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Lepton flavor violation in radiative
generation of neutrino mass

« Charged fermion inside loop
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§ § Extracting neutrino Yukawa



Exercise: Type-l seesaw case

1
e Massm, = —y, v — ylv
My

e Casas-lbarra [Casas and Ibarra (2001)]

v diag /2
L 10 ()" ot
U : PMNS

R : complex orthogonal matrix



MaSS tO COUp|IngS [Irie, Seto and Shindou (2021)]

* In a class of radiative neutrino mass models,
neutrino mass [Kanemura and Sugiyama (2016)]

M, «< hm;Xe m;h!
h : anti-symmetric Yukawa
m; . charged lepton mass
Xs: symmetric Yukawa
e.g.,
— Zee-Babu model [zee (1986), Babu (1987)],
— KNT model [Krauss, Nasri and Trodden (2003)]



MaSS tO COUp|IngS [Irie, Seto and Shindou (2021)]

e Neutrino mass
Mv X h leS mlhT
« Assumption

— m, dependent parts are negligible
- |Mv22|~|Mv23|~|Mv33|
* Indeed true except certain points of 10 case

* The ratios of Yukawa couplings

hi> hq3
k — 1 , kl -— 1 ’
hy3 hy3
k . MeuMuT_MeTMuu k/ . MBLLMLLT_MQTM[,L[,L
p— , p—
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§ § Revisiting the Zee-Babu model

[Irie, Seto and Shindou (2021)]



Zee-Babu model [Zee (1986), Babu (1987)]

-

« Content
usual usual usual
partlcles
W~ 1 —1 0
K™~ 1 —2 0
 Neutrino mass ran
- Y, : anti-symmetric
- Y, : symmetric Sy g
P TN
l;, —p———>——< > <
Yw * Yn Yw



LFV In Zee-Babu model
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§ Radiative seesaw models



Radiative seesaw models

Non-vanishing neutrino mass

WIMP dark matter by the parity
— Extra Parity

* Primarily to forbid tree-level terms @’
« Stability of DM as a bonus

Baryon asymmetric Universe

Small neutrino mass as quantum corrections
— TeV scale new particles: accessible(?)



A three IOOp m0d6| [Krauss, Nasri and Trodden (2003)]

e Particle content

--

usual usual usual
partlcles
N; 1 0 — 1/2
S{ 1 —1 + 0
AYY 1 —1 — 0

* The lightest iIs stable



A three |OOp mOdEI [Krauss, Nasri and Trodden (2003)]

« Additional new
Interactions
Lint
1 T +

+ gUNClR]S2

2

V

1

e Neutrino mass

vy,

n 1NCMN N, +h.c. +v ° Lepton flavor V|olat|on

— Anti-symmetric tensor h;

ST o y
n Ny ¢ \ ¢
v h13



§ § Revisiting the KNT model

[Seto, Shindou and Tsuyuki (2022)]
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Upper bound on S; mass

« The maximal of f(x;,y) and |g| < 1,

‘21 9t f(xl:Y)‘ < 1.05 nggy

- nesr - the number of RH neutrinos effectively
contributing neutrino mass

« With A¢ < 1, we obtain

0.02 eV
ms, < 3.4 X 104GeV (ST ) [hys | ne

« Other components also give similar bounds.



LFV
e S, Inevitably induces LFV

2

Br(u — ey) = 768G2m? |hy3h53 ’
1

but the mass Is bounded from above by the
maximal of mg,

* Normal ordering (NO)

Br(u — ey) > 5.0 x 107*% (n%ﬂc)_4 (ol.:’zlg)z

* |nverted ordering (10)

Br(u — ey) >7.4x10713 (n%ﬂc)_4 (Slk()'ll)z



CP phases In neutrino oscillation

 No constraints on NO

e Constraints on IO  for n.¢ = 2, 20 in osc. params.
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DM and Br(t = uy)

BABAR bound (2010)
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§ Summary

 Yukawa coupling for loop-induced neutrino mass.

— In certain class of model, the ratio of Yukawa
coupling can be rewritten in terms of M,

* For Zee-Babu model, we found
— LFV constraint : the scale of new scalar > 1 TeV
— The forthcoming experiments will work well.
 For KNT model, we found
- mg, < several X 10 TeV
— CP phases will be well constrained by LFV for 10
- mg, < 700 GeV Is predicted
— The model will be tested by T — uy experiments



