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1 Introduction

Mass hierarchy
Flavor mixing

CP violation

of quarks and leptons

In order to challenge these questions, one can discuss them
in the framework of “texture zeros approach”.

Many works in Quarks and Leptons



Texture zeros approach

Two generations of quarks

- In the basis in which the up-type quark mass matrix is diagonal,

S. Weinberg, Trans. New York Acad. Sci. 38 (1977) 185
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one prediction

The Cabibbo angle is successfully predicted to be

sinf, ~tan68, = m/M = \/m,/m;

GST relation (1968) S. Weinberg (1977)
R. Gatto, G. Sartori and M. Tonin, Phys. Lett. B 28 (1968) 128.




How do we derive Yukawa interaction Y; 1y H with

=, )

- EX., let us consider U(1) or Zy symmetry
- U(1) or Zy charges for fermions and Higgs should satisfy

Qf +Qf +Qy # 0
Qf +QF+Qy =0
Q; +Qf +Qu =0
Q; +Q3 +Qu =0

No solutions!



H.Fritzsch and Z.z.Xing, Mass and flavor mixing schemes of quarks and leptons
Prog. Part. Nucl. Phys. 45 (2000)

Four zero texture of Hermitian quark mass matrices and current experimental tests
Phys. Lett. B 555(2003)

Three generations of quarks

- Fritzsch extended this approach to the three family case (1978)
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leading to various relations between masses and mixing angles

6 These textures are not viable today under the precise experimental data



Texture zeros approach

Three generations of quarks

The Fritzsch texture belongs to the more generic
Nearest-neighbor-interaction (NNI) form of quark mass matrices :
G.C.Branco, L.Lavoura, F.Mota (89),

Both up and down (NNI) 0 a O
are NNI type m,qs =|b 0 c
0 d e

consistent with observed CKM matrices and quark masses
(also for leptons)

Q : Origin of these textures ?
7 A They cannot be derived by the conventional symmetry



“Occam’s Razor” approach for quark mass matrices

For quark masses and CKM, Tanimoto and Yanagida arXiv:1601.04459

Three zeros of down-type quark mass matrix

Diagonal basis of up-type quarks Mu

0 ap 0 m, 0 0
Mp = ﬂ.b bDE’_w P , My = 0 m. 0
0 cp  dp 0 0 my

9 real parameters and one phase = CKM phase

Lepton sector

Successful neutrino mass matrix with 2 zeros

P.H. Frampton, S.L. Glashow and D. Marfatia, Phys. Lett. B536 (2002) 79.



2 Non-invertible selection rules
Possible Origin of Texture zeros

““Modular Zeros *‘ talk by Michale Ratz

-~

L

Group theory
Closure

If aand b are elements of group 6, c=a . b is also its element.

C iS unique

each field corresponds to a (representation of) element of G

Inverse process is realized

a b=1

<

/
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Fusion Rule

Consider set of elements {U;} UU; = Z Cijk Uk
k

Let us consider an example, U; U,= U3 + Us

Q1+ 02 = @3 O1+ P2 = @5

Right-handed side is not unique.

Inverse operation cannot be defined !

These fusion rules may be originated from string compactification.

Ex: Type IIB magnetized D-brane models on toroidal orbifolds T.Kobayashi, H.Otsuka



Many examples in 2D CFT

. ] E.PVerlinde (1988),
Ordinary symmetry : G.W.Moore and N. Seiberg (1989),

- Fusion rule of symmetry operator :

UQ1U92 = U9192 91,92 € G

Ex., U(1): plf1p102 — pi(0,+03)

U =1 |

Non-invertible symmetry :

11

- Fusion rule of symmetry operator :
EX., U91U92 — U91_|_92 + U91_92
Ug = %(eiﬂ +e7%) exceptfor = 0,7

For 0, — —6, — 6 [ Upl_y = Us + Uy = 1+ Uy ]




Non-invertible symmetries in type |IB string theory
T? = : T?/Z
© - I
- Operators: ;_
P eMD H.OTUka

1
e l‘

- Chiral matters:

) | &

- Representations:

Z}(\fl) M |¢]M> |l/)j+?,M> /
zggﬂ:eﬁﬁzwﬂM):eZﬂ%wf,M) € /
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Non-invertible symmetries in type |IB string theory

TZ

- Operators: ;_
emP1

eM~?

- Chiral matters:

1)

- Representations:

Z}(\fl)ﬂ . eI\—i,ID\1|l/)j,M> — |1/}j+1,M>

7.02) . e%ﬁzw}f',M) - ezﬂ%|¢j,M>

T%/Z,

Corresponding to the gauging the (outer) automorphism of each Zl(\fl) and ngz)

j - [j]:jandM—j
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Selection rules without group actions

T. Kobayashi, H. Otuka, M. Tanimoto, 2409.05270

- Let us start with Z,, symmetry (generators : g = e*™/M)

b; > g

Transformation of fields ¢; in 4D QFT : Charge k; under Z,,

- Let us consider the automorphism of Z,,, i.e.,[DM = Ty XN Zo ]

14



Dy group [DM = Ty X 7, J

gM=e r’=e rgr'=g

7
“class ege =g rgrli=g71

[gk] = {hgkh_l | h = e, 7"} — {gk ’gM—k} g—k _ gM_k

Example: D; case There are 4 classes

vari
C,={e} C,={g, g} C,@={g? g3 }C5 ={r, gr,gr, g°r g*r}

5 Labelling fields by class Q= + Py
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In Z, basis, they have both j and M-j Zycharges.

corresponding to Z, invariant modes : D=+ Py
labelling fields by class No definite Zy charge

% ¢; is not invariant under Z, orbifolding T?"/Z,

% @; has both charge j and M-j

That is Z, gauging of Zy; symmetry
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Selection rules without group actions

Instead of labelling fields by representations,
we label them by class:

g-9° =49 94 — 4

Nk]"‘;uz _ ~ky Ik:r Nk|~ ko __ f\%,] Il,g
[ ]_ {g, ~M— k} g—k1§kg — 7 —ki +R21‘g ’i"g ko —E_k' ,Eggr

[g¥11[g"2] = [gi+¥e] + [gM~athe]

Suppose that ®; is labeld by a class [g"/].
An interaction in the classical Lagrangian

LD, D,

Is allowed when gk ... gkn = e (identity)  §% € [g"]
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How do we understand the Yukawa texture
without group-like structure?



M=3 (Z, gauging of Z.; X Z,)
T. Kobayashi, H.Otsuka, M. Tanimoto, 2409.05270
- Two different classes :

[9°], [9"] = {g% §°} [g¥] o g~ 53 *
- Fusion rule : [g°1[9°]=[9°]
gl = [9°11g1=[g"]

[gk1+kz] + [gM—k1+k2]

- Previous example for two generations of fermions:

Left :([g°],[9"]) v — (0 *
Right : (19°1,[9"]) *
Higgs : [g']



M=5 (Z, gauging of Zc X 7Z,)

- Three different classes :

- Yukawa couplings for 3 generations of fermions :

l9*][9*]

Fusion rules :

= =[g°]

[ k1+k2] [gM—Fatke] [9"1lg"]1=[9°] + [g°]

[9%1[9°]= [g°] + [g']

[9*1[9°]=[g'] + [g7]

a

Left :(g°] 9] [g%) 0a0
Right : (|9°],19"1,(9%]) Yigy=1060c
. Higgs : [g'] 0de
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Consider Direct product group theory
Z, gaugings of ZyXZy sSymmetries
VAY Y/ AV IR

Two multiplication rules

T f f Tf
U?UJ — E ﬂg:jkbr_:g:. [f'_ir'[)rj.r = E ﬂi’j"ﬁ:" L’
k

k!‘

(U“L‘rf Lj Lﬁ wakf .F’Lbf Uh E)rkr)
kK
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ZsxZsx Ty 3 classes [{[g][ HM}]

Fusion rules :

Qr = ([971l93], [gillga], [4V][ga]) [9°1lg%1=[g°)
Ur : ([971[93], [91]lga], [9V][g3]) g llg’1=1g 1+ 1g°]
D ]_:: 1: - Q:: E: 2 1} [ ][ ]_[g]+[g]
r o (loillea)s loillezls [9illgs [9%1[9%]= [g*] + [47]
Hu o 9% 19" . Hd : [9%]¢7]
4 )
0 ap 0 m, 0 0
i".*fg = ab bﬂf’._ié Ch \ f';-ir{,r — 0 m,. 0
0 cnp  dp 0 0 my
\_ y,

which are obtained in “Occam’s Razor” approach



3 Textures of dim.6 operators in SMEFT

T. Kobayashi, H. Otuka, M. Tanimoto, K. Yamamoto, arXiv xxxx

TsxTs XLy 3 classes | {19°]:[9']. (%]}

[a°] ® [¢"] = [¢"]. [I°l @ [g'] = [g'] @ [¢"] = [9"],
"1 @e’] =" ®[g"] = [¢°]. [g']®[g'] = [g°] + [a7].
dlell=lell=01+1. [Fleg]=I["+I].

~

Let us take a simple set of quark and lepton mass ma'rr'ices.\

- _ (D, (D,
—Lyukawa = Yuq_i@uuj + Yd@i'ijddj + Kzfi@dfj + Yw A

¥ 00 0% 0 0« 0 * 00
Yu=10x0|,Yy=]x*x|.Ye=]xx%|.,YIpy=10x%0
\ 00 % 0 % = 0 % % 00 = /

23 Impose [q;] = [(;], [di] = [e;] for assingnment of Class




i Xlg X 7y

Qu=1Lr : ([d]l], 91
UH (:‘g?: :gg: ! :‘g%:
Dr=c¢er : ([g]lgs]: o7
H, [91]92]
Case (a)

93], [97]
93], [o7]
93], [97]
H;: g

There are other 4 independent assignments.
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4 fermi Semi-leptonic operator (LL) (LL)

131;:5@{1:' — 1}k£(£1[,hf#‘€i}(QLf 'E'L} .
Flavor basis

UMQ{EJ = ukz[ff_. uT e )(Q‘L’T‘HT fI‘L)-
\_ Y,

O (11021 [JF[E  [OL[L0] Ol: (110212 [R[AE  [OhL1L[1];

@ ( [0]7[0)z  [0]1[1}1[0]2[1]2 [D]?[U]zll]z) ( O]F[0]z  [0]1[1]1[0]2[1]2 [U]flﬂ]z[llz)
ikl -
O]F[0]2[1]2 [0l [1h[17  [0FQE /, \ [0][0]2[1]2  [Ol:[1:[17  [0]Z[1]3

94

/v 0 0|ov olo o v\ 21non-zero entries
E=1 0 v 0|v 0 0[0 0 0
00 v|0O0O0|v 00 - ) )
0 v 0lv 0 0l0 0 0 [ Cré;;g{:fijki (6ij§ki+aik§ji‘|‘6ﬂ¢jkﬂ
~ k=2 | v 0 0|0 v 0|0 0 V
00 0/0 0V 0V 0
X 00 v|0O0O0|v 00 I,J=lep’rons
c=3 0000 0V|0V D _
\v 0 0|0 v 00 0 v ) k, €= quarks




26

59 dim.6 operators in Warsaw basis

MFV

Operator class

No symmetry, 3 Gen

U3)% O a)

E'll.g}"i {_’]Irl?l&l.ll

CP-even CP-odd |CP-even CP-odd |CP-even CP-odd
X3 HS HiD? X2H® ] 6 ] 6 9 f
Ui H? 27 27 3 3 g 0
WIXH 72 72 : 8 24 24
W2H2D 51 30 7 19 5
(LL)(LL) 171 126 s 40 17
(LL)(RR) 360 288 s 53 21
(RR)(RR) ity 105 0 20
(LR)(RL) and (LR)(LR)| 405 405 20 20
Total 1350 1149 52 17 212 111
Our case (a) 693 953 Introducing Suprions



Let us move to the mass basis

LMRL = diag (yd, ¥s, Ub) LY. R, = diag (ye, yu. yr)

4 Vexm =LY, Upnns = L h
o V2 V2N N 1 AZ/CCA?
R;“_v— ~X 1 1 R, ~ —}ngﬁj 1 CA
V2 A—11 (A =N 1

\_ /
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Consider a few examples of operators

not complehensive analyses
Charged current

uka{dj = Cijkl E’L YuT Ly ){qu]e“'rfqij b—cT VvV

Flavor basis C’ﬁi = fijki (0ijOk1 + 0ikdj1 + 0itdjik)
3

Mass basis Q';‘q‘is = E | Ufivs*{fijkf (0i0k1 + 0irdj1 + 0i1djk)
i.f=1
| A Y

PMNS CKM

éIE?IE‘S qur?‘ Pq + frq:r"q U TV* + Z fE‘rrE'{ pE E é’qr

b=cuv o, WEV

b—cev Ci1s = Frioa UnViy + faron UraVi A2 suppressed
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- e‘. Neutral current
7 j = # —
131:1@ — 1}1:1_"[: iy H",LA‘E?L}(QLHI“ ';'L}s \/.
b —svyv,

uka{dj = Clijkl fL nT ' ){QL’?'”TI@’E}-
Flavor basis Cﬁ‘;ﬁ; = fijkt (0:0k1 + 0indj1 + 011dk)

MGSS bGSiS C(a) Z V..V, e.fmkl 5235kl + 52195]5 -+ 6zl5_7k)

iJrs
k4=1

Taking izj and r=2,s=3 b — sV, VJ

3

Z ,[:gla = Z fiirr VorVa + me.aﬂ Vo + Z freeetVaeVyy  —> ()

=1 t,k=1
For the case i#

b—sv,v; and b—sv;Vv, arenot Cabibbo suppressed.
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4 Summary and Outlook

Non-invertible selection rules give us new aspects
in flavor physics

These are obtained by the String (Orbifold) compactification

Applications of non-invertible selection rules are
progressive in particle physics:
(Yukawa couplings, SMEFT .....)

© Desired texture zeros of Yukawas are realized simply.

© Texture zeros in coefficients of dim.6 operators can predict
the flavor structure of the new physics, which will be
testable in the rare deacy processes of quarks and leptons.

B anomaly, LFV, g-2, EDM, Higgs decays



Back up slide
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My 0
0  m,
0 0



“Occam’s Razor” approach for quark mass matrices Tanimoto, Yanagida 2016

4 )

0 0 ap arr 0 0
M D= Up 0 b_j_j: Ch 4 ﬂ'f{;‘ = Ui 0 b{;‘ 0
dp ep fpe™™"/) .. 0 0 dv/ g

\_ det [Mp] = —apbpdp , det [My| = —apybydy . )

T 10 F
TexTs x Ty | 2o | (%) 1'], 1)) | (%), lo'],
Z2 | (160, [9'], [¢%]) | (1", L],

3 classes | {[¢%. [¢%]. [s*]}

5* Hy | Hy | 7y
9°]) || [d'] | [¢°] | [¢7]
g

D a'] | [6°1 | [¢]

[a"] @ [¢"] = [¢"]. [g"] @ [¢'] = [g'] @ [¢"] = [9"].
I"1®[e’] =g ®[d"] = [g7]. 9@ [g'] = [g"] + [g7].
Gledl= 12l =1+, @] =I["1+]d"].



