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1. Introduction
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O 21—~/ IREMNGRIB[LONZEEACEEZENDIE

NuFit 6.0: http://www.nu-fit.org/?q=node/294 I. Estavan et. al. JHEP 12 (2025) 216, arXiv:2410.05380

Normal Ordering (best fit) Inverted Ordering (Ax® = 6.1)
bfp 1o 30 range bfp £1o 30 range
sin? 6,5 0,308 2212 0.275 — 0.345 D308 TEa e 0.275 — 0.345
012/° 33.687 075 31.63 — 35.95 33,6822 31.63 — 35.95
sin? a3 047075 015 0.435 — 0.585 0.55010 01z 0.440 — 0.584
023 /° 43.81 4 41.3 — 49.9 47.910-7 41.5 — 49.8

sin” 013 0.0221515:90056 (9.02030 — 0.02388 | 0.02231F9-09056  (,02060 — 0.02409

IC24 with SK atmospheric data

013/° 8.56 011 8.19 — 8.89 850781 8.25 — 8.93
dcp/° 2127%% 124 — 364 opares 201 — 335
A' g C . C
ﬁ 7.4910:19 6.92 — 8.05 7.4910:19 6.92 — 8.05
% g 1 1
_Amgy 9.513+0-021 2.451 — +2.578 9.484+0-020 9.547 — —2.421
10-3 eV2 +2. —0.019 +2.401 — +2.0 —4. —0.020 —2.0%0 — — 2.
m41<my<mj M3<m¢<Mm,

Lage 04, and 6,5 angles; small mass differences
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2. Review
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Ex2) Scotogenic model (Ma model, Ma 2006)
N: Z, odd singlet fermions, n : Z, odd Higgs doublet
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OModel by Krauss, Nasri and Trodden (2002)
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e == T. Kobayashi, H. Otsuka, JHEP 11 (2024) 120,
QFE'I-E ZM OD%IE' (*E&Eﬂg) S. Funakoshi, T. Kobayashi, H. Otsuka, JHEP 04 (2025) 183
Z, gauging of Z,, symmetry in

Magnetized D-brane models in type-Il super-string

+

T?/Z, orbifolding with Z, (extra dimension)
% Z, gauging of Zy, under Z, orbifolding
Z, DT r NROERESHEEE ege l=g, rgri=g"
ZOTTRD “class” (X BE)EES | 22y BERAREE |

[g¥] = {hg*h™! | h = e,7}

> [N gk&ghk=gVcZzEYD Class(%Z,,®
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Zy D FCEHRTERE—Rp, EEZ25: Pk = 9 0k

Under Z, orbifolding (e.g. T,/Z,)
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% “class” DIELEIRE

T. Kobayashi, H. Otsuka JHEP 11 (2024) 120
T. Kobayashi, H. Otsuka, M. Tanimoto JHEP 12 (2024) 117

[g*:][g"2] = [ghr+ie] + [gMFatke]
BlELTHBO, & d,2hEhiz[gh] & [ghe] zaIysT?
5 O,0, & [ghrthz] m[gMFatke] pt g irand
I RSO [ #8ISESE

=  lg]lg"] = [g*¥] + [g"]

= [g°]
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% “class”DIFLFERE!
B {K45: M=4

lg o] = [94] [gl] = [g3: [gz] ¥ 3T 7EclasslE3D

ClassD &8I [ tlg"e] = [g*t] + [gM_k1+k2]]
[9°11g] = [g*], [g°1lg?] = [g?], [9'1lg*] = [g°] + [g?],
[g*1lg?] = [g*]

{[9°1,[g1], [0%]} =D TzILzA Y1, Yo, ¥3}IzBIVETTHS

0 17 2

g g g%

B OEIHL o g g
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< JER[WRZ R IR A X EFMIETHEND

J.J. Heckman, et. al. PRD 110(2024), 106001;
J. Kaidi, Y.Tachikawa, H.Y.Zhang, SciPost Phys. 17 (2024) 6, 169

Ex) BIZIE ¢o: [g°], p1:[g1], Po: [g?] EFERIHEZLEM, DT TEIYHTH-ET S
[9°] = [g*]. [g"] = [4°], [g°]
[9°1lg] = [9*], [9°1[9°] = [g?], [g'llg*]
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HEERIE ¢popop, [FV)—LANILTIEELESNDH...

- b,

........................ ; b V—TEATTSLTHD
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M. Suzuki, L.X. Xu, 2503.19964; T.Kobayashi, H.Okada, H.Otsuka, 2505.14878
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3. Constructing a model and analysis

We apply a non-invertible Z,, symmetry to Scotogenic model

—> Replacing original discrete Z, symmetry

Some criteria:

» The flavors of lepton are distinguished by class [gK]
» The neutrino mass is generated by Scotogenic way at 1-loop
» Stability of DM is guaranteed at least renormalizable level

» The SM Higgs field is trivial under Z,,

We explore minimal assignment of classes



3. Constructing a model and analysis

How about the simplest case?
> M=4

19°] = [9*],[g9] = [g°], [9°] Three independent classes

{[go], [gl], [gz]} for three generations of {L, e, N}
B E X 0 0\ /& Diagonal Yukawa structure
veLeH: | L, 0 x 0 32 H Th tor TN T
E 0 0 X e same for [NH

19°1[g'®] = [¢'@],|lg
[9%1[9%] = [¢°]

] = [g'], [g*] [9'] = [9°] + [9°]

g _ﬁg ﬁ 9]
g
g°]




3. Constructing a model and analysis

How about the simplest case?
= M=4

[9°] = [9*],[9] = [4°], [9°] Three independent classes
{[g°], [g], [g*]} for three generations of {L, e, N}
ynyLNn: The Yukawa structure depends on class for n
x 0 0 0 X O 0 0 X
n([g°D: (0 X 0>,n([gl]): (x 0 x>,n([gz]): (0 X o)

0 0 X 0 X 0 x 0 0
Anyway, we can not forbid LNH

—> Type-l + Scotogenic and no DM candidate

We need to distinguish {L,e} and N



3. Constructing a model and analysis

We need at least 5 classes (for two generation of N)

—> M=8
[°1 = [9°].[g"] = [97], [9°] = [g°]. [9°] = [9°], [g*] 5 classes
Le: {[g°][g'], [g°]} and N: {[g°], [¢*]}
y.LeH: Diagonal and no LN

L, 9>

I A N
yeLNy: | Ly || [9°] + [g*] (N;)n
L3/ \[lg'l+ [g°]

0 O X 0 0 X
E{}n([gz]):(x 0>,n([93]):<0 ><>,n([g“‘]):<>< 0)

0 X X 0 0O O

H

g*
:gSZ
g°

n([g3]) would work but 23(32) element of Len is not forbidden

No DM



3. Constructing a model and analysis

Other combination gives different pattern in M=8
[°1 = [9°]. [g"] = [97]. [9°] = [g°). [9°] = [g°], [g*]

Le: {[g°][g*] [g*]} and N: {[g°], [g"]}

Ly g° g
7 T 1 3 Ny
YeLN7: | Ly ' 97 (Nz)n
Ly/ \lg'1 +[g°] [g']+[g°]

0 X
> n([gll):<>< 0)

X X

[g'] is good for neutrino mass matrix and no Len term
DM is OK




3. Constructing a model and analysis

Viable assignments up to M=11

Model class Zj L(e) N n y' m,
0 =% * 0 %
(1) Zs {l¢°): g, 1¢°1} {lg°L ']} o] (* 0) (U * *)
* 0 * 0 %
(2) Zs {1¢°),1¢");19°1} {lg’)1g'} [9’] (0 *) (0 * *)
% D, 0 x x 0
) Zwo {[s", ¢, [9°1} {l¢°]:[9'], 9"} [9°] (* x 0) (* * *)
0 % % 0 * *
0 % & ¥ ¥ %
4)  Zwo {lg°],9']:[9°1} {l6°), [9"]; [9°]} [g'] (* 0 *) (* * 0)
0 % 0 * 0 %
| [0 0 x % % 0
(5) Zn {19, 19"], %1} {l¢°]: [¢7], [¢°]} [¢°] | O = *) (* * *)
\* x 0 0 % x
/0 x 0 * 0 =
6)  Zu {[¢°) l¢*]: [¢°]} {le°) l9'], [0°]} lg] \* 0 ;) (0 * *)
) % 0 0 * 0 =
(M) Zu {¢° ') [9°)} {le°]: [97), [9%]} [9°] (0 - *) (0 * *)
0 % 0 * x 0
8)  Zu {[s°,1¢°19°1} {l¢"]. [9"], 9”1} [g"] (* ; 0) (S * *)




3. Constructing a model and analysis
We consider benchmark model
M=11

g(s’] = [92_1], ('] =1[g"], [9°] = [9°],[9°] = [9°]. [g*] = [97],
[9°1 =191 6 classes

Le: {[g°][g"], [g*]} and N: {[g°], [g*]. [9°}

Ly g° g* g° N,
YeLNm: | Ly || [9%] + [9*] [g°]1+19°] [g*]+1g°] <N2>n
L3/ \[g']1+[g%1 [g%1+1[g°] I[g31+I[g*1/ \Ns
@ 0 x 0 0 0 X
n([g*D: (X 0 ><>,17([g5]): (O X x)
0 0 X X X 0

[g°] is good for neutrino mass matrix and no Len term
DM is OK




3. Constructing a model and analysis

We thus consider non-invertible Z,, as a benchmark case
(Note: we consider three generation of N but two generation is also possible)

Field contents and assignment of classes

Fields SUR), U(l)y  Zy1
L2 -3 {lgLlgLlh
e 1 1 {:90:7 :91:7 :92:}
N 1 0 {l¢’],[g"], [¢°D}
H 2 1 9"

1 O]
Ui 2 —3 il

_ — 1
Ly, = y'LilrH +vy"L;Nrn + §MNNENR + h.c.,

¥ = u%nTn — Xo(HN)? + Ay (HTH) (n'n)
£ )‘/Hn |H 77|2 + other trivial terms.




3. Constructing a model and analysis

Scalar sector is the same as original Scotogenic model

L .
n = (\/5 (nR_+ ml)) Inert scalar doublet
n

Masses after electroweak symmetry breaking

2
()
Moy = My + = (A + Ny — [+]2X0)

— :
2
2 o U AHn
mni —_— /’L?’] + 2 9
Here we define
Am?2 =m?2 —m2_ = 2 v




3. Constructing a model and analysis

Assigning as

{Le,e}: [g°) ALy 1}: [97], {Lr, T}: [9°%], Nt [9°], N2t [g*], Nt [9°]

» Charged Lepton mass matrix

vin 0 0
Mc=—| 0 g5 O Flavor basis = mass basis

\/§OOIU§3

» Singlet fermion mass matrix

My O 0
My = 0 My O N: is Mass eigenstate without rotation
0 0 Ms




3. Constructing a model and analysis

Assigning as

{Le,e}: [g°) ALy 1}: [97], {Lr, T}: [9°%], Nt [9°], N2t [g*], Nt [9°]

» Yukawa coupling matrix ynL_LNRU

0 0 9?3
0. 0 n n _ic
o= - 737/22, Ya3€
Y31 932€ZB 0
Some phases can be removed by phase transformation of fermions

> Neutrino mass matrix

7 "D
yz’a‘]\{aFa <y 7)aj
(1m0 )5 = Z (47)2 ’
a=1-3
Fa = Qm% 5 In [m—%] — le% 5 In l:m—%i| ’
m% — M2 | M2| m2-M2 | M2



3. Constructing a model and analysis

> Neutrino mass matrix

Ui n\T
yiaA/[aFCY (y ))a '
(my)ig = D g
a=1-—3 (471')
2 2 s D 2
F, = QmR 5 In [—m—g] — me 5 In [m—é] .
m2 — M2 | M2 mi-M2 | M2

v Non-trivial structure arises from the Yukawa coupling only

X %X 0
I:> m,~|{ X X X One-zero structure appears
0 X X

Other one-zero structures are also obtained by shifting class assignment




3. Constructing a model and analysis

» LFV decay processes

LFVis induced at 1-loop level:  ,  / N \
. k \

y" oM?
2
481 tem G
R (;“4;; : Z J]aJ(iTF Ma,mys)| . [Co1=1,Co ~ 0.178,Cs5 ~ 0.174)

F(mg, mp)

2mg + 3mgm; — 6mZmy + my + 12mim? In <'"’b)

Mg
~
~S )

12(m2 — m2)*

The Yukawa coupling y" determines allowed LFV




3. Constructing a model and analysis
» One-zero texture of neutrino mass matrix and LFV

ﬁ=> Representative assignments

{LO} {lg°] 971, [9%]} {lg]. [9°], [9°]} {lg°]: [9%], (g1}
% % 0 % # % % 0 %
m, % kX% x* % 0 0 x =
0 = = % 0 = *x k%

cLFV u(r) = e(w)y  wlr) = ey T — e(u)y
Forbidden at1-loop T — ey T > Uy u—-ey

One cLFV mode is forbidden at one-loop level

One-zero neutrino mass structure and forbidden cLFV are related




3. Constructing a model and analysis

For illustration, we perform numerical analysis

Assignment is
{Le e} [9°] {Ly 1} [97] {Loy T3 [9°) Naz [97], N2t [g7], N2: [9°]

n q
yiaA{CYFCY <y77)
(M )i =~ Z

aj
a=1—3

(4m)>

7 M 1 m_QR _ mi 1 m_%
=2 a2z 2| T mEoaz | M2
'R 10 e zF Q Q

4 )
0 0yl X x 0
y'=10 ygz Yoz’ my~| X x X
yg1 yggezﬁ 0 N 0 X X D

Scanning free parameters: )
M, = My /M

{ My, M3, } € [1,10], Am? € [1078,0.1], #ippmr = Mygn /M
{9?373/32731337931»932} < [10_8> 1); {es8} €l—mnl:




3. Constructing a model and analysis

“* Results: preferredNL'egion from allowed paramelser sets
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3. Constructing a model and analysis

% Results: preferred region from allowed parameter sets
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Summary and Discussions
1 Neutrino mass models

v' Type-L Il seesaw models

v Radiative neutrino mass models

4 A non-invertible Z,; symmetry for neutrino model

v" New types of selection rules

v Application for flavor

O A scotogenic model with non-invertible symmetry

v’ Stability of DM and distinguishing flavors
v' Exploring benchmark scenario is analyzed (Z;; model)

v Constraining neutrino mass matrix and LFV
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IE 2 'E-Dark Matter (DM)

THICEETIEBER I RMOYE
) BHONEDSEULNELNHS

SHECAHTFHRT DAMFIENDEZEN D H

RXF+FHM+RAF/RF etc.
DHFDZERICKYDMIEERFH SN TLI 7=

> #RIA[OD Bl EnR E

> SR ENERA D IEE 5

> FHOKBRERZEOEHA-IaL—3>
> FEHERRSTOEA

> BT NUTRERK

Atoms
4.9%

Dark
Energy

68.3%
Dark .

Matter
26.8%

TODAY

(Review of DM history : G. Bertone, D. Hooper, Rev. Mod. Phys. 90 (2018) 4, 045002)




DM &

From Slide by Raidal (S12014)

. lh;r.mldl Planck scale
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o EFBICERENVEERT—ILIZE-TIRENEFEE
v JE#(ZEL\DM B)  Primordial black hole
v JEEIZE2L'DM E)  Axion, Axion-like particle etc.

v ZMOREK5LY  B)  Sterile neutrino, thermal particle DM
=) (\HBWIMP DMEEL
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