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1. Introduction
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NuFit 6.0: http://www.nu-fit.org/?q=node/294

l. Estavan et. al. JHEP 12 (2025) 216, arXiv:2410.05380
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Inverted Ordering (Ax* = 6.1)
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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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. = R T. Kobayashi, H. Otsuka, JHEP 11 (2024) 120,
QFE-I-E ZM O)%ﬁ (*EEH':') 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)
s Z, gauging of Z,, under Z, orbifolding
Z, DT r NRDIEAETHLEEE  ege l=g, rgrii=g"
ZODTTRD “class” (X &ZB)EFEE [ Zy—Zy BERESH ]
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T. Kobayashi, H. Otsuka JHEP 11 (2024) 120
T. Kobayashi, H. Otsuka, M. Tanimoto JHEP 12 (2024) 117

[9"11[g"?] = [g"+*"2] + [gM~"a¥e]
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[g°] = [g9*],[9%] = [g°], [g?] ¥hiIiclassl&3D
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|
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J.J. Heckman, et. al. PRD 110(2024), 106001;
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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 [gX]
» 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

[g°] = [9*],[9%] = 93], [g%] Three independent classes

{[g°], 1911, [g*]} for three generations of {L, e, N}

B E X 0 0\ /& Diagonal Yukawa structure
yeLeH: | L, ]| 0 x 0]|¢é|H T TN
L_3 0 0 X e samefor L[NH

7°1[g'®] = [¢'@],|Ig
[ °1lg%] = [g°]

N1g%l =191 [g'1[g']=1g°] + [g°]

g'] [g°1+1g%] [g*]

Q @« 'Q'<—
Q
Q




3. Constructing a model and analysis

How about the simplest case?
= M=4

[g°] = [g9*],[9%] = 93], [9%] Three independent classes

{[g°], 1911, [g*]} forthree generations of {L, e, N}

ynyLNn: The Yukawa structure depends on class for n

X 0 0 0 X O 0 0 X
n(lg°D: (0 X 0>,n([g1]): (x 0 ><> ,n([g°D: (0 X 0)

0 0 X 0 X O 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

[9°1 = [9°%],[g'] = [97], [g°] = [9°].[9°] =[g°],[g*] 5 classes

Le: {[g°][g']. [g°1} and N: {[g°], [g*]}

y.LeH: Diagonal and no LNH

ok gl o'l
YeLNn: | L, || [g°] + [g*] [g° (N;)n
L3/ \lg']+1g°] g

0 0 X 0 0 x
E{}n([gz]):(x 0>,n([g3]):<0 ><>,n([g4]):<>< o)

0 X X 0 0 O

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
[9°1 = [9°].[9"] = [g’]. [9°] = [9°].[g°] = [g°],[g"]

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

Ly 9°. 9"
- 7 1 3 Ny
YeLNT: | Ly g 9”7 (Nz)n
L3/ \[g'l+1[g°] [g']+[g°]

0 X
> n([gl]):(x o)

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 Zs L(e) N n y" m,
0 % x 0 x
(1) Zg {[go]>[94]a[92]} {[Qg]a[gl]} [gl] (* 0) (0 * *)
x 0 x 0 %
(2) Zs {ld°): 9%, 11} {lg°]: 6"} 6] (0 *) (0 x *)
x 00 * x 0
(3) Z1o {19°):19]; [9%1} {1g°)lg']; [9°]} [9°] (8 * 0) (; * *)
0 * * * % %
4)  Zwo {lg°),1g']:[9°1} {lg°); [g"]: [6°1} [9'] (* 0 *) (* * 0)
0 «x 0 * 0 %
00 % % % 0
) Zu {l¢° 9] [¢°1} {lg°): [97]: [9°]} [9°] (0 x ;) (; x *)
0 % 0 ) s
6)  Zu {[¢°),1¢"], [¢°1} {lg°], [¢"], [¢°]} [g"] (* 0 ;) (0 x *)
x 00 x* 0 %
(7) Z11 {(9%, 19", 16°1} {lg°]lg"], 1671} [g°)] (0 ; *) (0 * *)
0 % 0 ¥ % U
®)  Zu {g°1¢°[9°1} {lg"], [9%] [g°]} lg"] (* - 0) (3 * *)




3. Constructing a model and analysis
We consider benchmark model
M=11
[9°1 = [g"'],[9"] = [9*°], [9°] = [9°).[9°] = [9°].[9*] = [g7],
[9°1=1[9°] 6 classes

Le: {[g°],[g'], [g*]} and N: {[g°], (9], [9°]}

+ 3

Ll :gg- -g4- _gs N1
veLNn: | Ly || [9%] + [9*] [g3] +1[g°] [g*]+ [g°] <N2>n
+[g°] [g%1+1g°] [g°

@ 0 X O 0 0 X
n([g4]):<>< 0 ><>,77([95]):<0 X x)

0 0 X X X 0

+
.
n

[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 SU(2), U(1)y 711
L 2 e
{ 1 I g hilgl ol
N ) lellsl g
2] 2 : |
n 2 —2 i
D) &

L - 1
L:yg — yeLLgRH 1 y”LLNRn S ij\/[NNI%NR a5 h.C.,

V = pZn'n— Xo(Hn)? + Apyy (H'H) (n'n)
T )‘,Hn |H 77|2 + other trivial terms.




3. Constructing a model and analysis

Scalar sector is the same as original Scotogenic model

L .
n = (\/§ (nR_Jr ?/"71)) Inert scalar doublet
n

Masses after electroweak symmetry breaking

3
v
m?yR[I] = N% + = (Amy + )‘}In — [+]2X0)

—> :
9
mnj: — ,Un I 9 777
Here we define
2 2 2 2
Am* = my, — My = 2V




3. Constructing a model and analysis

Assigning as

{Le, €} [9°] (L w3 [97] {Ley T3: [9°) Nat [g°], Not [g7], Va2 [9°]

» Charged Lepton mass matrix

yfl (3 0
M,=—10 0 Flavor basis = mass basis
\/5 0 y(Q)Q yf
33

» Singlet fermion mass matrix

My 0 O
My=1 0 My 0 N. is Mass eigenstate without rotation
0 0 M;s




3. Constructing a model and analysis

Assigning as

{Le, €} [9°] (L w3 [97] {Ley T3: [9°) Nat [g°], Not [g7], Va2 [9°]

» Yukawa coupling matrix ynL—LNRT]

0 0 9?3,
O T
Y3 Yap€®’ 0
Some phases can be removed by phase transformation of fermions

> Neutrino mass matrix

n g5
yio:MCl‘FOf(yn)o:'
(m‘/)@ﬂ = Z (4%)2 j’
a=1-—-3
Fo = zm% an[m—%]— 2m% an[m_%],



3. Constructing a model and analysis

> Neutrino mass matrix

n g5
yiOaMOéFOé (yn)a ]
(mV)U = Z (47?)2 j’
a=1—3
i zm% _In [—m%] . Qm% _In [—mz]

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

7
LFV is induced at 1-loop level: ) ,'/ N, -
y" M7
BR(4; — £7)
2
- 48(7;20‘2: ij azlzgyjaynfp Ma,mos)| | (€1 =1,Cyy ~ 0.178,C5, ~ 0.174]
EF(mq,ms)

6 4.0 o, 6 ) mp
2mg, + 3mgmy — 6mim, +my + 12mg mj In (m—a)
R~ 5 .

12(m7 — my)*

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

(L)} {lg°]:[9°]: 1g°1} {lg’], [g°): [g°]} {lg°], [g°]; [g]}
x x () * k% x (0 *
9L, * % % x x () 0 *x =*
0 *x % * U = * ok k

ey e e o )
Forbidden at 1-loop 7 — 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, €} [9°1 (L u}: [97] {Le, T3: [9°) Nt [9°], Na: [g7], N2 [9°]

(M) = YiaMaFo(y")a;
Y 2 ’
a=—=1-3 (47T)
s e kel el
S w EEEYOEe vl B TRl YD)
R « « I o v
a4 N
0 0 ’y?g. X X 0
=0 b uhe) | ome{xoxx
Y31 Yzo€' 0 0 X X
31 32 \ /

Scanning free parameters: )
{Ma, Ms, .} € [1,10], Am? € [1075,0.1], #pnn = Mppn /M
{y??,vygzvyg&ygpygz} < [10_8a 1]: {@aﬁ} = [_Wa W]-




3. Constructing a model and analysis

“* Results: preferredNEegion from allowed parameﬁer sets

a2 [deg]

a31 [deg]
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3. Constructing a model and analysis

% Results: preferred region from allowed parameter sets
NH IH

i i
e L —
100 : E- KamLand - Zen(weakest) |
50, i ]
: i
H B ..3. : KamLand - Zen(storongest)|
— o ) 1
> z 1
Q 10 r !
E ¢ =
— ]
3 F 1
£ i
1
1
1
1t i
i i
0.5 ; 1cmB
CMB + BAO :
50 | 100 150 200 250
2m, [meV]
100 Kamiend-Zenweakesy -
50¢
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— “::I E
3 10 s
= S
—g 5: .,'f.?‘ “;'.,:'..‘
gy
1 i
0.5/ .
1 5 10 50 100
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i i
1 1
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L 1 1
50 E E pamsnce E"""
H 1 J
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> H !
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Summary and Discussions
1 Neutrino mass models

v Type-l Il Il seesaw models
v Radiative neutrino mass models
A 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 (Z4; model)

v Constraining neutrino mass matrix and LFV




Appendix




i 2 ¥ & -Dark Matter (DM)

FHICEET AEREH - RAOME

4.9%

Dark
Energy
68.3%

) BHONEOSELULOENDHD .

26.8%

SDECAHTFHET DAMIIENDEZENLDH

TODAY

RXF+FHm+FHF/RF#% etc.
DIFBDERICLYDMIEERF SN TV o

> SR D[EERRE

> ERATEIRERAIDEE 75

> FHOKBFEBEDEA -2 3aL—ay
> FEESNST O

> BT N TTRERK

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




DM %1

From Slide by Raidal (S12014)

thermal
ol Planck scale
I a—11 sealare aw articles
Ultra—light scalars, axion Y, particics 10710 1 1010 1020 107" IDmkg
'r%n ; :zn : :m } -ttt I 1""?}2}]""'|"-"16'"'Ir"'=F'f"*1'""|r" ; f IR e
10~ 10 10 T 1 10 “T 10 10"VeV Primordial T
Thow weak scale black hole Solar mass

< FFEICIRLVEERT —ILIZE> TRMHATFHE
v JE¥IZELDM B)  Primordial black hole
v JEHIZEEL'DM E)  Axion, Axion-like particle etc.

v ZDOREKHLY B Sterile neutrino, thermal particle DM
=) (\HBZWIMP DMESSE

fILEBDIRFENFET D

BI~TeVRA T —ILDFHHFELTWIMP DMAVEERRZR L
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