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Flavor puzzle

Origin of flavor and CP : important issue in the SM
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Hierarchical structure of quarks/lepton masses
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—  Non-trivial flavor structure of quarks and leptons



“Traditional” flavor symmetry

Field transformations:

g
¢ =2 Pi(DPi g€ Ghaver

Given Gpavor, Abelian and non-Abelian symmetries are proposed.

Ex., U(Dgn
Ay . Tetrahedral sym.

Question :

1B H [LInvertible symmetryZ#& Z 4 HY. non-invertible symmetry ?
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Main message

Non-invertible symmetries
in type IIB magnetized D-branes on T2 /Zy

Fusion algebras of Z-invariant operators :
ex.. ngll)ng) _ Ugﬁlz) n Uéfzh—ﬂz)

- Representations of chiral zero-modes

Chiral zero-modes will correspond to
3 generations of quarks/leptons
Non-invertible symmetries = flavor symmetries



6D QED on T? with magnetic flux
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T? = C/A - I




6D QED on T? with magnetic flux
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- U(1) magnetic flux

E, y, = 2niM (M € 7)



6D QED on T? with magnetic flux
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- Two stacks of D5-branes wrapping T?with magnetic flux

U(1)q

Magnetized D-branes in type IIB string

s

U(1lp)

U(2) SUSY Yang-Mills theory

U(2) - U1, x U(1),

= (1) magnetic flux

M, O
E,,, =2 a
Y1y W(O Mb)

* Matter .

Y (x,y) : bifundamental rep. of U(1), X U(1),
with charge (1, -1)
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Chiral matters on T2

D.Cremades, L.E.Ibanez, F.Marchesano (2004,

/ / Y(x,y) bifundamental rep. of U(1), X U(1),

with charge (1, -1)

(1
Ad - MO flux ZZC&(M =M, — M, > 0)
2 .
M, M, T4 _£DIndex theorem :

1ftF—MeZ
/ / — [ tF =

M & & Chiral matt _modes) WM (y) A 7EZE
U(l), U(1,) i iral matters(zero-modes) WM (y) DV 7F £
j - 0)1;2, ---,M - 1




Chiral matters on T2

D.Cremades, L.E.Ibanez, F.Marchesano (2004,

/ / Y(x,y) bifundamental rep. of U(1), X U(1),

with charge (1, -1)

(1
Ad - MO flux ZZC&(M =M, — M, > 0)
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M, M, T4 _£DIndex theorem :
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Flavor symmetry of chiral matters on T2

H. Abe, K.Choi, T.Kobayashi, H.Ohki (2009),
M.Berasaluce-Gonzalez, P.G.Camara, F.Marchesano, (2012)

l/J’S

l/)2’3

Flavor symmetry :

M {E @ Chiral matters Y/ 'M& ANE Z 5% FiiE

Hy, =~ (ZM x 2 ) % 2

271l

Zy = e M diag(1,1, ...)
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Flavor symmetry of chiral matters on T2

H. Abe, K.Choi, T.Kobayashi, H.Ohki (2009),
/ M.Berasaluce-Gonzalez, P.G.Camara, F.Marchesano, (2012)

l/J’S

lpl,S

Flavor symmetry :

M {E @ Chiral matters Y/ 'M& ANE Z 5% FiiE

Hy, =~ (ZM x 2 ) % 2

l/)2’3

271l

Zy = e M diag(1,1, ...)

Under the discrete translations :

1 1

}’1_’3’1+M» 3’2—>}’2+M

1

1
. : =D —D
The chiral zero-modes W)™ transform as (Generators : eM Yiand em Y2 ) :

1
Z: emPripiM = o2y iM M =M =1
) 2mi
C : eMDyzl/)j,M — l/)j+1’M CZ=eM/C 12



Quantum mechanical system for the magnetized D-branes

D.Cremades, L.E.Ibanez, F.Marchesano (2004)

/ / T.h.Abe, Y.Fujimoto, T.Kobayashi, T.Miura, K.Nishiwaki,
] ) M. Sakamoto (2014)
- Hamiltonian ,
~ 1
P H=(p—A)2=<p—§Fy>
NN
M, M, 9 8;] = 15y ij =12

U(1), U(1p)



Quantum mechanical system for the magnetized D-branes

U(1)q

D.Cremades, L.E.Ibanez, F.Marchesano (2004)
T.h.Abe, Y.Fujimoto, T.Kobayashi, T.Miura, K.Nishiwaki,

] ) M. Sakamoto (2014)
/ / - Hamiltonian

U(1lp)

Harmonic oscillator :

2
_ 1
H=(p—A)2=<p—§Fy>

19:,0,] = i6;; ij=1,2

{yli yZi ﬁli pAZ} - {?: ﬁ, TlJTZ}

|V,P|=i,|T,T,]| = 2miM , (others=0)
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Quantum mechanical system for the magnetized D-branes

D.Cremades, L.E.Ibanez, F.Marchesano (2004)

/ / T.h.Abe, Y.Fujimoto, T.Kobayashi, T.Miura, K.Nishiwaki,

i Hamiltonian M. Sakamoto (2014)
1 2
0 H=(25—A)2=<23—§F37>
NN
M, M, 9 8;] = 15y ij =12
{yli yZi ﬁli pAZ} - {?: ﬁ, Tl; TZ}

U(1), U(1p)

. . ~ 1., w,,
Harmonic oscillator : H = > P + > Y

|V,P|=i,|T,T,]| = 2miM , (others=0)

T,, T,1&. Hamitonian IR NG LMRTFE D, statesIZHIBE 5 2 5

15



Quantum mechanical system for the magnetized D-branes

- Constraints on states ( ~boundary conditions of wavefunctios)
e'Talyp) = 1)
two operators Ty, T, IF. degenerate states Z/X 5/

- We choose the eigenstate of T, for the state s.t.

[p ) = ‘ﬁ) = 7" |0)

| Y
elTZ 2| = eZTL'l] 2z
- Schrédinger eq. For two-dimensional spinor,
E,=wn
ﬁle,M> = E, |[yp/M) n = 0: zero modes y

n # 0 : KK modes



T2 /Zy orbifolds~L 5k

- Non-invertible symmetries



Orbifolding

- Two-dimensional rotation around the origin y; =y, = 0 :

Yy = Rgy Ry — (cos@ sin@)

sinf cos@

- In the operator formalism: Tih.Abe, Y.Fujimoto, TKobayashi, TMiura, K. Nishiwaki
M. Sakamoto (2014)

y — Up9U; = Ry
P - UgPU, = RoPp
H-H dueto [Rg,F] =0

- However, boundary conditions generated by T; and T, are modified

S (. 1 .
Tq — UQTCLU; = (Rgea) <p _EFTY>



Ex., Z, -twist

A

€1

ﬂ ZZ - twist

- Boundary conditions generated by T, and T :

7A11 — —T1 Tz . —Tz
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Non-invertible symmetry on T2 /Z, with magnetic flux

- After gauging 7., , \k
only the Z,-invariant operator survives < >

ﬁill) = el}ll’j\wl _I_ e_ial’f'l ’

ﬁZ(AZ) = ellz’fz _I_ e_iAZTZ



Non-invertible symmetry on T2 /Z, with magnetic flux

- After gauging 7, , \k
only the Z,-invariant operator survives < >

ﬁfll) = el)ll’j\wl _I_ e—i)ll’f"l ’

ﬁZ(AZ) = elAZTZ _I_ e—ilz’fz

- Fusion Algebra : , , ,
U\l()l) U\l()t ) _ U\l()t+/'l ) n U\l( A-1")

U\Z(A)ﬁz(l) _ U\2(7L+A) n U\Z()l—)l)

U(AZ)U(M) olP U(Al)U(/lz)

If e'? =1 : Abelian structure
e'P = —1 : Non-abelian structure 2!



Non-invertible flavor symmetry on T2 /Z,

- After gauging 7, , \k
only the Z,-invariant operator survives < >

ﬁfll) = el)ll’j\wl _I_ e—i)ll’f"l ’

ﬁZ(AZ) = elAZTZ _I_ e—ilz’fz

- Representations of chiral matters:

~(1/M ', +1, —1,
gy M = |y M gy M

—~ : 2TT]
Uz(l/M)II/J)i’M =2 cos( ) |1/))JM

7, -even state : [p)M = (|¢)1M + |yY)” ]M)



Non-invertible flavor symmetry on T2 /Z,

- M=2 Z, -even state : [p)." = %(ll/J)j'M + [y M

=iz By () 26 o) (i)
2+ ()~ 26 2D (k)
- | 2-dim. Irreducible rep. of D, = (Zz X ZgﬁZ/ 2)) X Zgﬁl/ 2)

Loy : (_01 _01)
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Non-invertible flavor symmetry on T2 /Z,

- M=2 Z, -even state : [p)." = %(ll/J)j'M + [y M

1=1/2 ~ |¢>‘l’2) 0 1 (hp)‘i'z)
/ Uy : (|¢>1'2 ~2(7 o) L2
= |¢>°+'2) 1 0 (Iw>°+'2)
Uy : (w»i'z ~ 2(0 —1) )y
- | 2-dim. irreducible rep. of D, = (Zz X ZgUZ/ 2)) X Zgul/ 2
_a. -1 0
- M=3. Loy : ( 0 _1)
_ ~ |zp>°'3) ( 0 1 )(I¢>°'3)
A=1/3 . + +
7 U (W > 2 172\
~ |w>2'3> (1 0 )(l¢>‘i’3)
U, : <|¢>};3 - 2 0 cos(2m/3)) \Iy)?

-| No “invertible “symmetry remains y




Non-invertible flavor symmetry on T2 /Z,

- M=2k : Z, -even state : [p)." = %(ll/J)j'M + [y M

- Similarly, we discuss transformations of chiral matters
under the non-invertible symmetries.

- They belong to 2-dim. or singlet irreducible rep. of

Dy = (2, x 237/%) % 7/



ex
ﬂ Z3 - twist

/e

€y

- Boundary conditions generated by T, and T :

7\11 — _T1 — Tz; Tz — 7\11
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Non-invertible symmetry on T2 /Z5 with magnetic flux

- After gauging 75, \k
only the Zs-invariant operator survives < >

!

U\éALAZ) = eill’fl_l_iAZTZ _I_ eillTZ_iAZ(Tl-l'TZ) _I_ e—ill (T1+T2)+i127\11
3

- Fusion Algebra :

U‘glb/lz) U‘gtsﬂz}) — eniM (AxA3—241144) U‘gtl +A3,A2+44)
3 3 3

TIM (A A3 = A3+ 2,2,) (- A1+ A2—=A4,—A1 +A3—A4)
+ e 143~ A2A3TA244 UZB

TIM (A Ag =254 =1 A3) fT(A1— A4, A2+ A3—A4)
4+ e 14— A2A4— A1 A3 UZ3
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Conclusion

Non-invertible symmetries
in type 11B magnetized D-branes on T? /Zy

- Fusion algebras of Zx-invariant operators :

ex., ngtl) nglz) — qu"'ﬂz) + qu—AZ)

- Representations of chiral zero-modes

Chiral zero-modes will correspond to
3 generations of quarks/leptons
Non-invertible symmetries = flavor symmetries
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Discussion

One can analyze the selection rule of n-point couplings
Our analysis will be applicable to T®/Zy or T® /7, X Zy
Breaking of non-invertible symmetries

- would be realized on resolutions of T29 /Z,,

- blowup modes will determine the breaking of non-inv. symmetries

Thank you!
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