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Introduction

e Supersymmetry (SUSY) is one of the promising
extensions of the Standard Model (SM)

e [ts minimal extension is known as MSSM

Same set of copy (but different spin by +1/2) is introduced

https://higgstan.com/
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Introduction
e SUSY is attractive because of OH n l

. HY \\ ! HO
v Solving EW naturalness problem NS et
v Realizing gauge coupling unification =" . o & o
: S 7145
v Existing dark matter candidates S

v ...

%46 é 1'0 1'2)1‘4 TRETR

e But in SUSY models, we should solve
> Shodp 4 5 Spodp d s S di 4
» SUSY CP problem 7 S 2 O 9
d___}dr SR s d___jpdr  SL, s d____pdr SR, s

> | problem

. W o uH,Hy = p~ Mpgur +— g~ 0.1-1TeV for EWSB

e SUSY is interesting, but still challenging

Some figures are borrowed from S.P. Martin’s SUSY primer
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Introduction
e SUSY FCNC ... originates from soft-SUSY breaking para.

Esoft D — Z(MJ%)ZJJZTE — {(Au)z]QzHu&] + (Ad)ij@iﬂddj —+ (Ae)ijziﬂdéj —+ C.C.}
f

T~

Not diagonalize simultaneously with Yukawas

 Flavor-changing parameters are severely constrained
when msoit ~ TeV scale

Gn particular for flavor-changing related with first and second gens)

D%D0, K KO u—ey,---
e Easy solution: taking higher SUSY scale

Not interesting both for theoretical and experimental reasons

Th) Loss of the motivation: Ex) Loss of the testability:
Arise little hierarchy problem Higher energy and/or luminosity




Introduction
e SUSY FCNC ... originates from soft-SUSY breaking para.

Esoft D — Z(MJ%)ZJJZTE — {(Au)z]QzHu&] + (Ad)ij@iﬂddj —+ (Ae)ijziﬂdéj —+ C.C.}
f

T~

Not diagonalize simultaneously with Yukawas

e (Other solution: alignment mechanism NPB398(1993)319, PLB309(1993)337,

NPB420(1994)468, PLB332(1994)100,
Suppose we have U(1) horizontal symmetries  NPB448(1995)30, PLB382(1996)363

. correct mass hierarchies .
v Proper charge assignments lead to: - for SM fermions
correct mixing angles

via Froggatt-Nielsen mechanism together with holomorphic nature of W

o Off-diagonal elements of soft-SUSY breaking para. are
small even in the mass basis of SM fermions!

v We can safely set Msusy ~ O(TeV) in the sense of SUSY FCNC bounds
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Introduction

e |s the horizontal symmetry only possibility to do that?
1. No!

 Another way to realize alignment mechanism:

[Non-lnvertible Symmetry)

p
v SpeCifiC “selection rules” Yukawa textures are consistent with exp.:
\ JHEP11(2024)120, JHEP12(2024)117,

\ v Non-trivial textures can be obtained JHEP05(2025)177, JHEP08(2025)189

> Totally different from ordinary group-based sym.

e Lots of applications to phenomenological models

PRL129(2022)161601, PRX13(2023)011034, PRX14(2024)031033, PRX15(2025)031011, 2503.19964, PLB868(2025)139706, JHEP12(2025)111,
2506.10241, 2506.16706, PRD113(2026)056028, 2507.10299, NPB1025(2026)117391, 2507.16198, PRD113(2026)055016, 2508.14970, 2508.16174,
2510.01680, PRD112(2025)115029, 2510.17156, 2510.17292, 2512.16376, 2512.20891, 2512.21509, 2601.15749, 2602.24214, 2604.04423

— Most of them focus on non-SUSY model

* |t may give hints for the Yukawa hierarchies and textures
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Introduction
e We apply this NIS to MSSM

Correct mass hierarchies and mixing angles for SM (charged) fermions
Alignment mechanism works when SUSY breaking sector respects NIS

 NIS should be applied at high scale (Mpi, Mgur)

[Taking account RGE effects on MSSM parametersJ

e Some questions are

? Textures are stable against RGEs or not
? SUSY FCNCs are enough suppressed or not

Crucial points of this work

e If yes, NIS offers a robust and attractive framework!

Both for addressing origin of flavor structures and ensuring flavor safety



Non-Invertible Symmetry

More details: e.g., Kobayashi, Otsuka JHEP11(2024)120

e \We focus on Zo gauging of ZN Dong et al. PRD113(2026)056028

Generators of Zn, g, obey g’“lg’€2 = gk1+k2 for k12 =0,1,---,N —1

It allows n-point interaction only when k1 +---+ %k, =0 mod N

e Considering Z> (generator r) outer automorphism

r? = e (identity), rg"r ! =g~ "

* We can define “classes” of Z> gauging of Zn

"] = {hg"h M h = e,r} = {gF, g7} o {7

Z> gauging of Z3 has two classes, [g°], [g']
E.g.{ Z2 gauging of Z4 has three classes, [g°], [9'], [92]

Z> gauging of Zs has three classes, [g°], [9'], [92]

 This is related to high energy theory (such as string theory)

Theoretically grounded path


https://inspirehep.net/literature/2821766
https://inspirehep.net/literature/2941982

Non-Invertible Symmetry

e The “classes” of Z> gauging of Zn
9") = {hg"h ™ h = e,7} = {g", 97"}



Non-Invertible Symmetry

e The “classes” of Z> gauging of Zn
9") = {hg"h ™ h = e,7} = {g", 97"}

N=Ll  for odd N

kEk=0,1,---, 2
{% for even IV

e Fusion rule: [¢"] ® [¢"2] = [¢"* 7] @ [¢"F2]

gk gt )

ki+ko g—kl—l—kQ

- gkl_,@ par— (One “class” has some set of elements)

e This leads a crucial consequence

We can construct models with non-ordinary procedure!

Non-trivial textures can be obtained!



Non-Invertible Symmetry

e What's the essence?
Fusion rule: [¢"] @ [¢"2] = [¢" "] @ [¢" "] Cfikl ()”:nw(;hN}

/

Term is allowed when one of these is identity class (= [g°])

forbid allow
allow allow

e Example: 2x2 submatrix of Yukawa ... Try to get (

Group-based case . Non-invertible symmetry case (N=5)
each field has charge q ... . each field has class [gK] ... D4l —5
Q , D Hy ,Q , D Hy, 1k kb ki ko kb ki
q° +aqr +q7 qF +aqy +q flrelelinlelgin] lgale gl d])
a5 +qP +q" g5 +qf + " Ugko:] @ [g21] @ [ghoa]  [ghes] @ [g22] @ [gha
1+0-1=0 1-241=0

( Q D Hyg _
T 5 koo ko kp. koo kg b= {2.1.0,2.1
i€ +¢P + g% =0 is required, but this means i 9 1kQ1;kQa: kpys kpy kit =12,1,0,2, 1}

\q§2+QQD+qu:O

Q D H, :
g7 +q7 +q¢ ¢ =0 : {}
X = v

If three elements are allowed, (allow allow) (forbid a]low>

. . . '
remaining one is also allowed! | \ allow allow allow  allow

7\




Yukawa textures thanks to NISR

e Charge assignments for each (super-)field:
Ui23

NIS Q12,3

Nakai, Otsuka, YS, Zhang

e Check each term:

Yo -2 [Pl @ [¢Y] @ |
(V)1 --Zé”::g?@:g“:@: |
Yoz 28 1 [g? @ [¢Y] @

_ . _ _ ~ 2 _ _ _ . _ _ _ .
9" (% 22 : [¢*) @ [¢°) @ [¢"] 2 [¢"]

2512.21509
Dio3 Li23 Ei23 H, Hyg
9, 16% 19'] [9°119%) 1971 [9°),19'), 1921 [9'],1¢°], 19"  [g']  [9']
T 971,197, 1¢°] [9°],19'], 19" [g'], 197 1d"] [9']  lg']

g°] — allowed
g°] — forbidden

— forbidden

 Finally, we obtain diagonal Y,e while non-trivial Yqat g = My

2.89 x 10~ 0 0 0 0.0256 0
YMSSM (A ) ~ 0 146 x 1072 0 |, Y2"™"M(My) ~ [ 0.0109 0.118¢9%  0.0199 | x 102
0 0 0.527 0 2.53 1.27

YeMSSM (MU)

~ diag (1.02 x 107%,2.15 x 1072, 3.66 x 1072)

[Note: Y4 texture cannot be obtained in ordinary symmetry models)

10


https://inspirehep.net/literature/3095765

RGE effect on the Yukawa textures

e Yukawas at SUSY scale (3 TeV, for tanf3 = 5)

578 x 107°%  4.55 x 10719 2.59 x 106)

Y, (Msusy)| ~ | 9.01 x 107 2,92 x 1072 1.25 x107?
1.46 x 10~ 3.55 x 1078 0.816

RGE-induced entries

N

258 x 1071 1.29%x 1074 5.75 x 108
Enough small!

Yy(Mgysy)| ~ [ 5.51 x 107°  5.94 x 10~* 1.00 x 10~*
240 x 107 1.17x 1072 5.88x 1073

Y. (Msusy)| =~ diag (2.840 x 1075,5.982 x 107,1.016 x 10~2)

e Qut textures are essentially stable against RGE

This results in ...

Small FCNC in up-type sector, safe for any FCNC processes
Enough large FCNC in down-type sector, leading to testable predictions

No charged lepton flavor violating (cLFV) processes

We mainly focus on quark FCNCs

11



Soft-SUSY breaking parameters

 We have following soft-SUSY breaking terms:

Lot D — > MIfIf - (AUQHuiZ + AyOHyd + A LH ¢ + c.c.)
7

e Scalar trilinear couplings (A-terms) have same textures

0 x 0
A, = ,Ag=|x x x|, A. =
0 %

e Soft mass-squared matrices are diagonal forms!

S O %
o x O
* O O
o O *
O *x O
* O O

But, each entry doesn’t need to be
same as one corresponding in Y;

2 _ 7 2 2 2
Mf — dlag(mfla M ¢, mf?,) But, in general, not proportional to identity matrix

e In the analysis, we just assume O(1) coefficient as like
(Af(Mvy))ij = 0 aMsusyO(1) (Y (My))i; and Mj(My) = Mgygydiag (O(1), O(1),0(1))

+ Of -
Note: other parameters ... Mi 2 3(My) = Msusy , mi, g,(My) = M3ygy

12



Mass Insertion parameters

e 6X6 sfermion mass matrices: (similar for selectron sector)

M <Mg2 + 02V Yu+Day, vadl
“ vuAT

M2 — VCTKMM VexkMm + UdeYd + Dy,
—vdAT + 1 vqu

T /M)dYu

,uvY Mz—l—vQYlAfu—l—D

2 2
D-term contribution: Dy = 9 ¥ f/ 5)91 (T3(¢) — Q(¢) sin” Ow) 008(26)11%1] X 13x3

(s — (Agcy)
e M| parameters: (0xy)ij =

_ ( Ny A%R>
in (Atp)T A%p
—vdfl:} + ,quf/d
M(% + vngYd + DJR

We take “super-CKM basis” V. = LY, R, , M3 = LiM3L, , M;

(e
(ALR)T

= RLMELRU : flu = LLAURU

d
ARp

)

2~ forf=u,d eand X, Y=LorR

f

* Non-zero off-diagonal elements lead to flavor changing

processes

For example: -

.

(53(1/)12’21 — [ meson

(53l<y)13,31 — B4 meson

: (53lcy)12,21 — K meson,

7 (53lcy)23,32 — B, meson

Ty

v

13



Mass Insertion parameters

e Numerical results for Ml parameters . note: no cLFv since no LFV sources

O Up-type sector
1.2(1.0,1.3) 7.1(5.5,9.5) x 1077 1.3(1.0,1.8) x 107°
6%, | = 7.1(5.5,9.5) x 1077 1.2(1.0,1.3) 6.0(4.6,8.2) x 107°
1.3(1.0,1.8) x 107> 6.0(4.6,8.2) x 107> 0.94(0.82,1.07)
1.1(0.9,1.2) 5.9(0.2,14.8) x 10711 6.0(0.2,16.2) x 10~ !2
6% 5| = [ 5.9(0.2,14.8) x 1011 1.1(0.9,1.2) 8.1(5.9,10.5) x 1078 _
6.0(0.2,16.2) x 10712 8.1(5.9,10.5) x 108 0.63(0.50,0.76) ... due to diagonal forms

)
)
2.1(1.2,3.1) x 1077 4.8(2.7,7.0) x 10711 1.1(0.3,1.9) x 10~
)
)

y Tiny off-diag. elements
X

6% R = [ 9.7(5.5,13.7) x 10~ 1.1(0.6,1.6) x 10~* 1.1(0.7,1.5) x 107°

X
7.8(0.5,16.9) x 10713 3.0(1.9,4.2) x 1072 2.4(1.9,3.0) x 1072

O Down-type sector

1.1(1.0,1.2) 1.97(0.08,4.94) x 1072 1.2(0.3,2.2) x 103
69, | = | 1.97(0.08,4.94) x 1072 1.1(1.0,1.2) 8.7(0.7,17.0) x 1073
1.2(0.3,2.2) x 1073 8.7(0.7,17.0) x 1073 0.89(0.77,1.01)
0.98(0.86,1.10) 1.71(0.07,4.25) x 1072 7.5(0.3,19.2) x 10~? . .
64| = | 1.71(0.07,4.25) x 102 0.98(0.89, 1.08) 3.4(0.1,8.8) x 10-2 || Sizable oft-diag. elements
7.5(0.3,19.2) x 1073 3.4(0.1,8.8) x 102 0.98(0.88, 1.08) ... Interesting predictions!

1.2(0.8,1.6) x 107°  6.8(5.1,8.4) x 107°  8.4(5.7,11.0) x 107°
09 5] = [ 6.5(4.2,8.9) x 1076 3.5(2.4,4.7) x 107°  5.0(3.9,6.2) x 10~°
1.8(1.2,2.3) x 107%  8.2(5.7,10.7) x 10~* 9.0(7.0,11.0) x 10~

14



e Relevant bounds on FCNC processes

Experimental status for FCNC

Values from PDG2025

Observable Exp. results/bounds
AMp = 3.483(6) x 1071° GeV
AMpg, = 3.33(1) x 10713 GeV
AMp. = 1.1700(4) x 10711 GeV
ek | = 2.228(11) x 1073
BR(KT — mtvp) = (1.147033) x 10710
BR(K; — mouvi) <3.0x107°
BR(B — X,v) = (3.49 £0.19) x 1074
BR(Bg — 40) (£ = {e, u, T}) {<25x1079,< 1.5 x 10719, < 2.1 x 1073}
BR(Bs — 0) (0 ={e,p,7}) {<9.4x1072,=(3.34£0.27) x 1079, < 6.8 x 1073}
BR(BT — 71v) = (1.09 £ 0.24) x 10~
R(D) = BRipopra — 0.342 + 0.026

«\ _ BR(B—=D*t,) o
R(D*) = Br(B=D 50 = 0.287 £ 0.012

w SUSY FCNC predictions are calculated by susy_flavor_v2.54

15
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Result: Kaon mixing parameters

AMPZP = 3.483(6) x 1071° GeV

* Enough large to be tested €527 = 2.228(11) x 102
+—95% C| — <+«—95% Cl|—
0.20. 0.30
I 0.25"
0.15 : | 0.20 i i
0.10 =il 015
| a a ot a a
I ] 0.05;
-40 -20 0 20 40 -15 -10 -5 0 3 10 15
AMZYSY [107"° GeV] €"°" [107°]
AMPYPY = —0.1(-20.6,20.5) x 107> GeV e2V5Y = —0.02(—5.11,4.92) x 1073

v Some samples can explain the discrepancy btw exp. and SM

AMM =273 x 1071 GeV

SM predictions calculated by susy flavor v2.54:
M =234 x 1073



Result: B meson mixing parameters

AMpE? =3.33(1) x 107" GeV
AME® =1.1700(4) x 107" GeV

e Safely small

0.20
0.15
0.10
0.05

0.00.

+——095% Cl —

-5

0

5

10

AMZ”SY [107"° GeV]
AMEYSY = 4.7(-0.3,9.8) x 1070 GeV

15

0.20
0.15
0.10
0.05

0.00 -

+«——95% C| —

-2 0

2

4

AMZ”SY [107'* GeV]
AMEYSY =1.4(-0.4,3.2) x 107 GeV

v Below experimental constraints, non-zero mean values

SM predictions calculated by susy flavor v2.54:

AMpM = 3.51 x 107 GeV
AMZM =1.20 x 107" GeV

17



Result: b — sy

BR(B = Xs7)exp = (3.49 +0.19) x 107*

e Small SUSY contributions are expected, because ...

_ 3TeV \ > m;
BR(b — s7)susy =~ 6.25 x 1072 x ( ) [\(53{3)23!2 + \(5%3)32\2} + 0 ( > )
Mgsusy Mgysy

(69 )23 = 5.0(3.9,6.2) x 107, (6% )30 = 8.2(5.7,10.7) x 104 ff> BR(b — sv)susy < 107°

< 95% ClI > .
0.07} i b e i i [SUSY contributions are smaIID
0.06/ : ] B : 1™
0.05' 5 N E ] SM predictions calculated by
0 o4é - - © susy flavor v2.54: BR(b — s7)sm ~ 3.5 x 1074
0.03 L .
002 E Mo |? = IMEY x o + 2Re MEY MBI |
0.01"
000l ; e[ MPL, MBS
3.520 3.525 3.530 3.535 3.540 IMBL 2
BR(B-X.y) [107] ‘
BR(B — X,v) ~ BR(b — s7) = 3.529 (3.521, 3.537) x 10~* Consistent with

rough MI estimation!

18



Result: other processes

e AF =1 Iin Kaon system
BR(K'T — ntvp) =9.18(9.16,9.21) x 10~

( consistent with exp.)

BR(K, — 7'vi) = 3.2435 (3.2434, 3.2436) x 107!}

e Leptonic B meson decays

14 e g i ) T 95% CI

BR(By — £T47) | 291 x 107" | 1.24x 10719 2.60x107® | —0.077% ~ 0.080%

BR(B, = £t47) | 9.84x 107" (420x107% ) 892x 107" | —0.084% ~ 0.086%

These may be tested! BR(Bi—p"u) <15x1077 (90% CL)
BR(Bs — utp™) = (3.34 £0.27) x 107°

JHEP04(2019)098, JHEP04(2020)188, PRL128(2022)041801, PLB842(2023)137955

e Other B physics ... small due to same reason in b — sy
BR(BT — 77v) ~ 8.8 x 107° with +103%

BR(B — D™ rv)
BR(B — D*)fv)

Rpey = are almost fixed by SM predictions

Note: charged Higgs mass is mpy+ = 4.6 (4.2,5.1) TeV
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https://inspirehep.net/literature/1707605
https://inspirehep.net/literature/1761656
https://inspirehep.net/literature/1908214
https://inspirehep.net/literature/2616304

Summary
e We proposed new method to suppress SUSY FCNC

+ Not ordinary group-based symmetry

Non-Invertible Svmmetrles """ 4 Resultant selection rules control terms

* Not group-based selection rule

k kol 1. ki+k ki —Fk
g g®] =g @ g7 ] e— Due to fact that “class” has some elements

e We apply this to MSSM and check the FCNC predictions

All terms in superpotential and soft-breaking terms are controlled by NIS

e SUSY FCNC suppression is realized

Msusy = 3 TeV w/ tanf3 = 5 is still consistent with experimental bounds!

[NIS application to BSM is fascinating!)
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Calculation method

(1) starting from gauge and Yukawa couplings at some
scale ... summarized in, e.g. Antusch, Hinze, Saad PRD113(2026)095011

(2) running up gauge and Yukawa couplings at high scale
(we set My = 2x1016 GeV)

(3) take proper unitary rotations in order to get textures

(4) set each O(1) coefficient for soft-SUSY breaking
parameters

(5) running down to SUSY scale

Repeat (4), (5) with varying all O(1) coefficients

Note: for analysis, we generate 10,000 samples
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https://inspirehep.net/literature/3033993

Result: lepton sector

* |n the current setup, no cLFV due to no sources
Our predictions of cLFV = cLFV in the SM

e Still have predictions of g-2

PRD53(1996)6565, PRD64(2001)035003

Rough estimation:  afVSY 6.5 x 107" (tan Y ( 3TeV ?
ms T QeV? 3

Msusy

Our predictions: a2”* ~2.1 x 107, 3" ~88 x 107", a2">* ~ 25 x 1077

: PRL130(2023)071801, PRL135(2025)101802,
-—-> Smaller than each experimental result g 1512005151802, ReptProg.Phys.87(2024)107801

 Above results will be changed when we introduce Yy, Ay

0 x 0 0O x 0 NIS Li23 Ni23 H,
Y, = (* 0 *) , Ay = (* 0 *) Z 19, 19", 192 160,09, 06%]  [9"]
0 * = 0 * x 73 | 192, 19', 19" 1090 [9%), 102 9]

v Should have off-diag. elements for neutrino mixing
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https://inspirehep.net/literature/403916
https://inspirehep.net/literature/553822
https://inspirehep.net/literature/2157242
https://inspirehep.net/literature/2928642
https://inspirehep.net/literature/2074134
https://inspirehep.net/literature/2825167

Result: FCNC in up-type sector

e Top quark FCNC: extremely insensitive

our predictions...
BR(t — ch) = 1.44(1.35,1.53) x 10713
BR(t — uh) = 1.15(1.08,1.22) x 10~ *°

exp. bounds...

BR(t — ch) < 3.4 x 10~*

@ 95% CL
BR(t — uh) < 1.9 x 10~* i

* D meson mixing: also small prediction

0.10[
0.08
0.06
0.04
0.02

0.00"

-1.86 -1.84

AM3SY [107"8 GeV]

-1.82

v Below experimental constraints
and smaller than SM prediction

AMPUSY = —1.83(—1.85,—1.80) x 107 ¥ GeV

AMPP = 6.56(76) x 107° GeV
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Result: neutron EDM
e Small, due to only source of CPV is the phase in CKM

0.00

0.08
0.06 !
0.04]

0.02

< 95% ClI >
0 2 4 6 8

Id,| [107%® e-cm]

This is just an assumption

d,,| = 2.35(0.09,6.47) x 10"*® ecm

Note: future n2EDM experiment sensitivity ... ~ 5x10-28 e cm  The n2EDM experiment

EPJ Web Cong. 219 (2019) 02002

 Adding new CP phases in soft parameters enhances Idl

— relates to other obs., such as the strong CP, charged lepton EDMs, ...
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https://inspirehep.net/literature/1702365

Istributions

other process d

Result

0.08"
0.06"
0.04/
0.02"
0.00"

0.08-
0.06-
0.04}
0.02-
0.00:

3.243353.243403.243453.243508.243553.243608.243653.24370

9.22

921

916 917 918 919 920

9.15

BR(K, »t°v¥) [107]

BR(K* > vv) [1071]

T

0.08

0.06-

0.04¢

0.02¢

0.00c—=

4206 4208  4.210

4.204
BR(Bs—u* ™) [107°]

4.202

12420 12425 1.2430 1.2435
BR(By-u* ™) [107°]

1.2415

1.2410

4.200
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