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Introduction

Introduction

Neutrino masses and mixings are confirmed by the neutrino oscillations.
m Am3, = 7.49%x107 [eVz], Am%l — 2.513x107 [eVz] (Normal hierarchy)

m Large mixing angles of the PMNS matrix

sin® 01,= 0.308, sin’ 6,3 = 0.470, sin” #;3 = 0.02215.

Remaining problems

m Mass ordering (NH or IH?)

m Neutrinos are Dirac or Majorana? A

m How much is CP phase?
dcp = 2121728 [°] for NH,
5@}) — 274t%% O] for IH
= CP conservation? or

maximal violation?
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Introduction

In SM, charged Lepton Flavor Violation (cLFV) via small neutrino mases
2
2

* ml/i -54
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Experimental sensitivity: Br ~ 107* = Too small to be detected

y
%%
%%
. ” .
fa t 55

m cLFV detection < New physics beyond the SM
(closely related to v mass generation)
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Neutrino mass generation mechanims

Neutrino mass generation mechanims

m Type-l, ll, lll seesaw, Inverse seesaw, Linear seesaw, radiative seesaw

etc.
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Neutrino mass generation mechanims

Neutrino Mass Generation (tree level)
m Seesaw mechanism (Type I, Type I, Type Ill...)

In Type | seesaw, heavy right-handed neutrinos Ny are introduced.

— 1
L=—HUy,Ng— SNEMNg + e,

1

Mass matrix
( OT”];}D> . my=-—mpM 'mp+ -
Mp (if mp <K ]Vf)
Typical scale

- If Yukawa coupling is O(1), mp ~ 100 GeV and M ~ 10 GeV.

= Cannot reach collider search.
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Neutrino mass generation mechanims

Type-| seesaw mechanism

10
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Neutrino mass generation mechanims

Type-| seesaw mechanism

10*
102 L q
- Perturbativity |
N (L S
o ' canonical
£ 1072 ¢ seesaw -
o, : /N
= Q
5 107} Tev :
= 6 | scale
g 107 seesaw :
- i /\g\)\
= 1078 | |
_ VMSM
10710 | ]
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Neutrino mass generation mechanims

cLFV in Type-l seesaw mechanism

m cLFV branching ratio (¢, — ¢37)
)

SOZGm 3+N m2
Br == ZZ;UMU&-GW (m%v )

1/2
L N LT 101 GeV y
M M M .
(1m0, ~ m%/M) W
104GeV *
— Br ~ 10-51< Me ) — still small (. 2

m Current experimental bounds
Br(p — ey) < 3.1 x 107
Br(t — ey) < 3.3 x 10°®
Br(t — py) < 4.2 x 107
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Radiative Generation of Neutrino Masses
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Radiative Generation of Neutrino Masses

Radiative generation of neutrino masses

m /ee model
First radiative model at one-loop (60)
= Almost excluded by current v oscillation data. )

How to construct a radiative model

R /

— Forbid Dirac mass term with a symmetry (ex. Zs) 7
Type | seesaw

loop 0 1 1T
(O M) — mVN_(47T)2mDM mp

Inverse seesaw

loop 0 O | 1
0 0 M| — my~-—mpM 'uM" my
0 A477/L (47)

where mp ~ y,(H)
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Radiative Generation of Neutrino Masses

Radiative models

m Zee-Babu model (1986)

h* 1 1
kT 1 2

- Neutrino mass (2-loop level)

m Ma-Tao model (2006)
(Scotogenic model)

SUR2), U(l)y | Zs

N; 1 0 -1

n. 2 | 1/2 -1

- Neutrino mass (1-loop

- DM candidates (/V; or 770)
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Radiative Generation of Neutrino Masses

Radiative models
m Krauss-Nasri-Trodden model (2002)

SUR)L UQl)y Zs
S 1 I+l AN
SHo1 1 =1 %d NS
Ne| 1 0 |-t n (. Ng [ or
- Neutrino mass (3-loop level) V= A (STSQ_)Q

- DM candidate (/NR)
m Gustafsson-No-Rivera model (2012)
SU2) ULy Zs
o, 2 1/2 —1

g+ 1 1 1 Cocktail diagram
p T 1 2 +1
- Neutrino masses (3-loop level) > A

. . 2
- DM candidate (inert doublet) V= upttS=S™ + A\ (cqu)Q)

Takashi Toma (Kanazawa U.) cLFV and v mass model building 20th April 2026 13/31




Radiative Generation of Neutrino Masses

Features of Radiative Models
(Yukawa)"™

(47r)2n

m Neutrino masses are suppressed by loop factor m, ~
(n is number of loop)

m Coupling with SM particles can be larger than the canonical seesaw
mechanism at tree level.
= Strong correlation with cLFV.

— 4
n KemlY
//’>\\ B g % gl

m Discrete symmetry forbids Dirac mass term and stabilize DM.

m DM couples with neutrinos (and charged leptons).
m Sensitive at collider searches
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Scotogenic Model

Scotogenic Model
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Scotogenic Model (Ma-Tao Model)

(skotos = darkness in Greek)

New particles m Neutrino mass generation at one-loop level
SUR2) Uy Zs (Benchmark model for radiative v masses)
N; 1 0 |—1
¢ m |nert n: =0
S R Y n: (1)

m DM candidates: N; and 7"

Lagrangian m No mixing between H and 7

1 _
= \Dw\Q + §Nz‘ (1 — Mz) N; — ymnN@La +h.c. =V (9,n)

V(¢,m) = mi [H|" +m; |n| + 2 !H\ 42 \ ¥

A5

P () (618 3 )+ (')
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Neutrino masses

After electroweak symmetry breaking,

+1 .
0 _ IR (mass eigenstates), m% —m7 = 2\;(H )’
V2
3 2 2 2 2
YiaYigM, My My mi my
m = log | — | — log | —5
( V)&ﬁ ; 2 (477)2 |:m2R o MZQ i <M22> m% o M22 i (M22>:|
T
™~ (y My) af
m Neutrino mass scale m, ~ 0.1 eV
(H) (H)
~ X m Diagonalization
\\ // T :
00 = ea Upningm Upning = diag (my, mo, ms)
// \\ = Casa-lbarra parametrization
:/ \\ —1 /o2 T
Ve N; Vs y=VvA R T Upains
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Scotogenic Model

Lepton Flavor Violation

lo con ls
( s

N; ls {5

/-

(0}

mly,— lgyand £, — 65@85 at one-loop level
(1 — ev) (1 — 3e)

m In most of parameter space, Br({, — £57) > Br({, — {305(5)

x y* x °

(also phase space suppression for 1 — 3e)

m Dipole operator iM., = temy,Apu(k)ioc" qu(p)e,(q)

3(47) e
A1G*,

cLFV and v mass model building

= Br(l, — lg7) = |Ap|”Br({y — Lsv,75)
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Scotogenic Model

Lepton Flavor Violation

ls
7;’_‘ 4»_//\77/ Nz 77+\\ / )
la 3 \77+ Lo . ls
N; ! -|-\ < 774_\\\4
ls ls
ml, — 656585 at one-loop level
m M., = ie” Ay pu(k)y" Pru(p)u(k:)y,o (ko)
+ie q—ADu(kl)UWQVPRu( p)u(ks)y,v(ks) — (k1 < ks)
iMpoe = B [a(kgwpw(@)} a(/quLu(p)]
m /-penguin contribution is negligible.
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Scotogenic Model

Lepton Flavor Violation

05 ls
N; .~ nt N; h //
nt #,< ﬁ .
- . . _ + _
l N N N iy 1, (
Ni nt ~ N
ls

0 ls
m Branching ratio
_ 3(4m)%a? ;8 m? 11 1,
Br (£, — lglsls) = = 1A —|A | — | —— —|B
r (o — Lalsls) el [Anp|” + 5| Ap|” | log m2 | T + 5| Bl

1 2
+ <—2ANDAE + §14J\TDB>k — gADB* + h-C-)] Br ({o — lsroVp)

The experimental bounds
mBrip—ey)<42x107¥  Br(p—3e) <1.0x 107"
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Scotogenic Model

Lepton Flavor Violation

If dipole operator is dominant,

my\ 11
Br(u — 3e) ~ % log Hg — — | Br(pt — e7y) ~ 0.006 Br(u — e7)

Normal hiearchy
VS
1070
10 '

|
0

[S—Y
(@)
L
o o
O ;Hmm‘ TP T—F—T—TFT—F—F F Ty~ T Ty T
| x

S —
o O O
|
o

Br(u — 3e) Br(u —» e vy)
=

U

[« o] (@) N

[a—
-

1072 10° 10?

E=(my/m )’

6 107

Inverted hierarchy

1074

Br(u — 3e) Br(u —» e vy)

1072 10° 10?

E=(my/m )’

107*

m /1 — 3e can be larger than p — ey if m;/m,+ < 1 or m;/my+ > 1.

Takashi Toma (Kanazawa U.)

cLFV and v mass model building

20th April 2026 21/31



Lepton Flavor Violation

- =
Hﬁ )
? 0
= 3.
~ =
M
e = 107"
o107 =
1 7
3 2
10_202 T B E T T B T E T eTY R ST AT R EeT SRR SN AR OTTH R | 10_2 sl il il ol il il il il il ol
10°° 10* 1072 10° 10> 10* 10° 10 10* 1072 10° 10> 10* 10°
§=(Wuv/nftn+)2 §=(n’uv/nftn+)2

m [, — e is dominant.
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Scotogenic Model

Dark matter
Nj or ng (n7) can be dark matter candidates.

N7 DM case = strong correlation with cLFV
m Interactions: £ = y;,nN,P.L, + h.c.

m Annihilation cross section 0 N 0

y M7 - N\

87T2]\4;L ?” K

(ov) ~

Nj ls N; ls

= Large y fcir Qh? ~ (.12, but tension with cLFV
Oh*
(o)

m (1) parameter tuning between flavors
(2) consider co-ann. with n (M; S M,)
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Correlation with charged lepton EDM

EDM at two-loop
M;
a EDM ~ T

42
(4)m77 m77

x y*
m (bl) + (b2) =0,
(c1) + (c2) =0

at any order
Similar argument for g-2

= number of diagrams
are reduced.
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Correlation with charged lepton EDM 2

|del/e [cm]

10727 ¢ —— — —
i Allowed parameter points ]
[ Current limit ——— |
1028 L Future prospect - - -- |
Br(p — ey) < 10714
1072 | ]
TR p—— . o mmmmmmm o
10731 | )
10732 | ]
10-3 | NH]
102

M; [GeV]

m Constraints: v oscillation data, LFV, EWPT, DM

m 100 GeV < M, < 100 TeV.

0 < CP phases < 2,
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Zz symmetric model

/i3 symmetric model
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Zi3 symmetric model

Lp | e Y Y H | X | n | X

SU(2); 2 | 1 2 |1 21
Uly |-1/2 1 1 0] 0 [ 1/2 0 1/2] 0
Global U(1), 1 = -1 |-1/3/-5/3] 0 = 2 |2/32/3
Remnant Zs | O 0 1 | -1 0 0 1 1
Spin 1/2]1/21/2/1/2] 0 | 0 | 0 | 0

Lagrangian
L =idv; + 0,5 + | Dunl* + @X\Q V(H,%,n,X)

yozHTEOzLoz + ?J@Vaﬁ%PLLa + yl] chp ¢j + Y Z¢ Psz + h.c. >
) A A (T
m V(H, Y, 1,%) D Aus|HPIS)P + fiy (HTn) Y+ 37(2 Y’ X?f' >X3

m Global U(1); = Zs;
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Neutrino masses

~

A Ug st 200 COS°

Ay ~ yzayz y ]100
(1100 )ag WG Z igtoop
X
m Diagonalization: <ff|_> i <_If{>
Ul'm,U = diag(mi,ma,ms3) N -+~ X
with PMNS matrix U N
A S L &
| > | < |
Yoo Vv VB

m Correlation with DM coupling (assuming diagonal ")

Lo (00 *(1GeV) /0.1 (M) ee
Y =" Ye1 SIN 20 S‘XUU Tioop 1072 eV

= tension between cLFV and DM can be relaxed.
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Constraints

m Neutrino masses and mixings = m, o< y” (mixing)

m Lepton flavor violation ¢, — ¢3y = Roughly diagonal 3"
1% V\x |2
1 )ay)1s

m Electroweak precision test (Ap and Z invisible decay Z — ©*p)
= m, K< mg ~ m, ~ TeV and sina < 0.39

m Higgs mixing angle sinf: K™ — nvw
= 107 <sinf < 107

m BBN: 75, < 1s = m, = 1 MeV X~XX
m Potential stabilit ) X X
1 A v Junnn ~
)\ . X~0o > O x/ X ‘s\
X 96v/3r ( my, ) ~ X *
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Zz symmetric model

Boosted DM search from semi-ann. (yy — ¢v)

o, [cm?]

10—26 10—26
10~28 , 10728 |
1072 ; 10720 |
1032 , 10732 |
1034 , 10734 +
107% ; 10790
10738 — 10738
1040 mw/m¢:1‘9 . 1040 mw/md):?)‘() ARSI e
1073 102 10! 1073 102 1071 10° 10!
my [GeV] my [GeV]
m Scattering with nucleons Y N — ¢ N (0 (0
= Testable by DARWIN and DUNE gl
I 0
m Br(y — ey) ~ 107 >'<h
: 1 TUSM
assuming —— = 0.
diag N N
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Summary
cLFV is closely related to neutrino mass generation mechanisms.

Radiative neutrino mass generation is interesting because an imposed
symmetry simultaneusly forbids tree level neutrino masses and DM
decays.

= cLFV and DM phenomenology are strongly correlated.
(also electron EDM)

In the Z3 symmetric model, prediction for cLFV also correlates with
new signals of DM (boosted DM).
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