Application of
a non-holomorphic modular symmetry
for neutrino mass models

Takaaki Nomura (Sichuan University)

aJuL s
&’ SICHUAN UNIVERSITY

2026-08-18 : FLASY 2026



1. Introduction
Non-zero neutrino masses require new physics
v We need a mechanism to generate neutrino mass

v Why neutrino masses are so small?

Many mechanisms to explain neutrino masses are proposed

» Type-LILIlI (Inverse/Linear) Seesaw
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Yukawa couplings are source of flavor structure




1. Introduction

Many mechanisms to explain neutrino masses

However, they do not explain flavor structure

b Structures of Yukawa couplings are not restricted

g

An introduction of symmetry can constrain flavor structure

g

Flavor symmetries
o Flavor dependent gauge symmetries
o Non-Abelian discrete symmetries
<4 o Modular symmetries This talk
o Non-invertible symmetries

o Etc.




1. Introduction

Neutrino models with modular flavor symmetry

Ve

Explaining neutrino masses + more predictive structure

In particular, we focus on non-holomorphic modular symmetries
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2. Modular symmetry
Modular flavor symmetry

F. Feruglio, Are neutrino masses modular forms? (2019), “From My Vast Repertoire ...” pp. 227-266, 1706.08749.
f‘> Attractive framework to describe flavor

Originated from extra dimensional symmetry (e.g. transformation on torus)

Modular transformation & modular group , , , From 2307.03384

b [ef ] . 2
o= e @)~ D@ T e

This lattice corresponds to Torus

4
I' =SL(2,Z) : ad-bc=1, {a,b,c,d} are integer

o e_(0 1 _(1 1 4 _ 3_
Generators: S_(—l O) T—(O 1) S (ST)*=1
T_>_1 ToT+1
T

Finite modular group

[y = [/T(N)
Ly = /40Ny 0D S (¢ 2= 1) moam}

Non-Abelian discrete symmetry appears : I, =~ S5, I3 =~ A,, efc.



2. Modular symmetry
Modular flavor symmetry (A, example)

Yukawa couplings can be given by modular forms transformed under A,

. K: modular weight
filyr) = (ct + d)*p(¥)y; fi(7) p: A, transformation matrix

ﬂT+b, where a,b,c,d € Z and ad —bc=1, Im[7] ‘;:-O?)
cT+d |

('r — YT =

Field (with weight k) is also transformed by
® - (ct+d) *ep® ()
Yukawa term can be invariant under modular transformation

|:> Sum of modular weight = 0, invariant under A,
EX) fq)l(D](Dk (kf_kCDL — kq)]. — k.,q)k = O)




2. Modular symmetry
Holomorphic & Non-holomorphic cases

Originally modular symmetry is given in supersymmetric framework

> Yukawa interactions are from super-potential (holomorphic)

Non-holomorphic framework is also possible!
B.Y. Qu, G.J. Ding, JHEP08(2024)136

Holomorphic case Non-holomorphic case
v" Yukawa coupling v" Yukawa coupling
Modular form Polyharmonic Maap form
v' Supersymmetric Lagrangian Satisfying the Laplacian condition
ALY =0

v" Non-supersymmetric




2. Modular symmetry

Weight ky | Polyharmonic Maafl forms Yr(kY)
ky = —4 Y1(_4): Yef_4)

ky = —2 Yl(_Q); Y3(—2)

ky = Yl(o); Y;O)

5 Y1(2)a Yg(z)

B — yl(“l)? yl(jl)? Y3(4)

hy = Ry

B.Y. Qu, G.J. Ding, JHEP08(2024)136

There are 0 and negative weight ones




2. Modular symmetry

Example of modular form (non-holomorphic version)

v/(© B.Y. Qu, G.J. Ding, JHEP08(2024)136
31 Y1
O . .
v =| v z(h) A, triplet (modular weight 0)
(0) Y3
Y3,3
Y(O) . 36—47ry 96—87ry 6—127ry 21 e—l67ry 186—201ry 36—24773; —I_
i Tq 2mq? g3 4mq* 5mq® 2mqb
_9log3 3¢ 97 & 2¢ 188 3¢
A £« 21 0 Amr S 2m ’
Y(O) 27q1/367ry/3 e—37ry e—77ry 5 e—ll'rry 9 e—l57ry 2 6—197ry 4 6—237ry
o ( IR TR U ol RN A e T +)
9¢'/3 7¢ 8¢° 9¢° 14¢* 31¢° 20¢°
1
+27T +4—|_7+5+13—I_16+19+ ’
Y(O) 9 q2/3627ry/3 e—27ry 7 e—67ry 8 e—lOwy 9 e—l47ry 14 6—187ry 31 6—227ry
o B 27 ( q . 442 - 7q3 - 5q* o 13¢° g5 1646 +)
9% (I g Dbgo 29 g D D10
L i
g=¢e"

T=x+ 1y




2. Modular symmetry

Other modular forms

(2) 2 iy Modular weight 2
Ys" = | Vau(n)e(r) | = | va(r)
—9%(7) Y3(7)

Yi(7) =1+ 12¢9 + 36¢> + 12¢° + 84¢* + 72¢° + . ..
Yo(1) = —6¢'3(1 4+ 7q + 8> + 18¢% + 14¢* + ...) q=c¢€
Ya(7)=—18¢*3(1 + 2¢ + 5¢° + 4¢* + 8¢* +...).

2T

Vi = (V0 )s = (Y2 - YoY3, Y2 — VY5, Y2 - ViY5)T,
8 eati i B e L e Modular weight 4
Y = (¥PvP) = Y2 +211Y,.

Y1(6) - (Y3(2)Y;3(4))1 = }/13 1 Y;‘?) 1 YE),S . SYVIYT‘)_‘Y;},
Yop =¥ V1Y = (V] + 205Y5, V7Y, 4+ 2V75, YEY; + 2V5Yh)

Modular weight 6
Yl =YV = (V3 + 5%, Y2Yi + 2Y2Ys, YiYs + 2020, |




2. Modular symmetry

Example of Yukawa interaction under the symmetry

B El €1 Y3(,3) V1
vYOLen L=|L,| 1=(e]| r=[v9|= (y>
ZB €3 Y3(,g) 73
A, triplet (k,=0) A, triplet (k,=0) A, triplet
Zl el . Zzlel - Z283 - dez " Z283 - Z3€2
ZZ ® <ez>= 2Z3€3 - Zlez - Lzel @E Zlez - Zzel
Ls €3 2Lye; — Lzey — Lqes 3 Lze; —Lie3/ 3,
(Le)ss (Le)sy

A, invariant term

ng,(O) (Le)ssH + ng(O) (Le)3qH
= f[Y1(2Z1e1 - Z233 — Z392) + Yz(zzzez — Z331 - Z132) + 3’3(2Z333 — Z132 - Z291)]

+g [yl (Z283 — dez) + 34, (del — Zlez) + V3 (l_llez — Zzel)]



2. Modular symmetry

Example of Yukawa interaction under the symmetry

a bl
ay | ® | b = (a1by + agbs + asby), @ (asbs + arby + azb,),,
Y(O) as/ 5 b3 3 ()/1)
3 D (a‘Zb‘Z + a’lb3 20 a'3bl)1” \yB
1 ‘2a1b1 = (l-zbg = (13b2 1 (l-)_bg — (l3b2
tE § 2(13[)3 = (llb-z — (l-zbl *:P,‘ § (lrlb-z — (lle
‘2(121)2 — (l3b1 — (llbg 3 (1-3[)1 — a.lbg 3 Bt
Zl 81 . 2L161 - L283 - L362 " L263 Z3€2
LZ ® eZ = g 2L3€3 Llez Lzel @E L162 — L261
— e —
L3 3 2Lye, — Lze; — Lqeg 3 Lze; — Lie3/ 3,
— S —
(Le)gs (Le) 3A

A, invariant term

fY3(0) (Le)ssH + ng(O) (Le)3qH
= f[Y1(2Z1e1 - Z233 — Zsez) + Yz(zzzez — Z331 - Z132) + 3’3(2Z333 — Z132 - Z291)]

+g [yl (Z283 — Z3€2) + 34, (del — Zlez) + V3 (l_llez — Zzel)]



2. Modular symmetry
Holomorphic & Non-holomorphic models

Type-ll seesaw example

Holomorphic model (T.Kobayashi, T.N., T.Shimomura PRD 102 (2020) 3, 035019)

Lepton Higgs
L (erHrs TR) T, T, H, H,
SU(2), 2 | 3 3 2 2
U(l)y -3 1 1 ~1 1 -1
Ay 3 L1717 Model (1), (3): 1 (1), 3): 1 (1), 3): 1 1
Model (2), 4): 1”7 (2), 4): 1" (2), 4): U
ky Model (1), (2): —1 -1 0 0 0 0

Model (3), (4): =2 0[-2] for case A[B]

Non-Holomorphic model TN., H.Okada PLB 868 (2025) 139763)

Ly |t | H| AT
SU2)r|l 2 | 1|2 3 We can reduce field contents in non-holomophic case
Uly || 5 |-1] 35| -1
Ay 3 [{1}| 1] 1
~kr || 4+1] r | O] +2
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3. A LQ neutrino mass model

Introduction of Leptoquarks (LQs) is interesting

Examples of scalar LQ couplings: 5 < Ry ;3 >
2 — ~
__ R_
QFLLS UilRSy :
LLpo3 -
. erR Etc.
d-L R, rerR;

Review of LQ pheno: 1603.04993

v' Meson decays
v’ Lepton flavor violations Connecting quark-lepton sectors

v Neutrino mass generation

Good to apply modular symmetry

E:} For both quark and lepton flavor




3. A LQ neutrino mass model

Let us consider a neutrino mass model with LQs
U. Mahanta, PRD 62 (2000), C.K. Chua etc. PLB 479 (2000)

L D $Q°P;LS; + w ucPglS;

|
(H
H(H)
> ®- o~
// B
R-1/3F % g-1/3
/ \
I \
Foommmd 3 = e L—
1% de-_ de Vj

Taken from 2510.08504

=j7(?PLl - ﬁPL‘V)Sl
+f(cfPLl§2/3 — CIPLV§_1/3)

+h.c.

Assuming LQs are sufficiently heavy, two-loop contribution is neglected

There are many free parameters : y and f are 3 X 3 complex matrices

U

|::> Generally 18 complex parameters in total

Let us apply A, modular flavor symmetry to reduce free parameters

We can get some prediction in neutrino observables




3. A LQ neutrino mass model

Structure of the model

R, 51

Ly (R QL dRr UR H n S

SU(3) 1 1 3 3 3 1 3 3

SU(2), | 2 | 1 2 i 2 2 |
(a minimal choice Ui . L e s e
that can fit the data) Ay 3 3 3 g {4 1 1
—kg 0 0 0 6 00 0

i T.N., H. Okada, X.Y. Wang JHEP09(2025), arXiv: 2504.21404
Yukawa Interactions :

~Ly = YY" ® (QFSLL)1] + fs[Vs" ® (QTSLL)ss] + fal¥s” ® (@FSLL)s,]
+ [V @ (drnLp)1) + gs[Ya” ® (drnLy)ss] + falYaD ® (drnly)s,]
+ 9 {” ® @rHdr)1) + yi[YaY ® (QrHdp)ss] + v4 Vs ® (QrHdg)s,]
+ (V" ® (LLHCR)1] + y4[Ys" ® (LLHCR)ss) + ¥4 (Vs ® (LLH(R)s,]

-+ Z [ Yg(A QLH]IURl + BA [Yg(g)@ﬁ]ln'URI, + '7;? [ng(g)@ﬁ]lluf{l”}
A=12

+ Y [attuf, [Yad Strln + biug, [Vaa Strlyr + ciufy, [Yan Strly|
A=1,2

Scalar Potential

V= —py[H” + pilnl* + p3SP° + (wH'nS + h.c.)
+ A H| + Xyl + As|SI* 4+ Ay [ HP nl? + Aus|HIIS)? + Ays|nl?|S)?




3. A LQ neutrino mass model

Leptoquark mass

V= —uy[HP + prlnl® + p3|SP + (uH'nS + h.c.)
+ g HI* 4+ X nl* + As|SI* 4+ Al HI? 012 4+ Ams|HI?[S)? + Ays|nl?|S|?

_ (772/3 )
@ = N-1/3

S and n_,,3 mix after EWSB

N1 cos  Sin p1
3| = 3 _
(5) . (_Sma Com) (Xl) Mass eigenstate
3




3. A LQ neutrino mass model

Quark mass matrices

—Ly = LYY ® (Q5SLr)1] + fs[Va” ® (Q5SLL)ss) + falYa” ® (Q5SLL)s,]
o [Y‘ ) ® @nm ]+ QS[Y( ) ® <dm;LL>351 + fA[ Vo @ @ ;LL>3A]

s Z [a ufy, Y2 Strx + biug, [Yg(j)SER]1,,+C uf,, [Ygfj Strl1 ]
A=1.2

N Y1

yi+208y1 (—ui+yg)ys — (U3 +us )y y{» = <y2>
Moo= -2 (—ad @Yo @ (0 4 2 94 V3
d NG (—ys +y3)y2 yi — (Y5 +y5)y1 Ysys
—(y§ +¥5)ys 2y4y> yi 4+ (—vs + v5)u 5,
6) __ ~
[ [~ s ~1 ~1 ~ I 1 Y3(1)_ Y2
Y1 Y3 Y2 Y1 Y3 Yo a 00 o, 0 0 V3
v o o, i
MuZﬁ G2 th g3 |+ | 95 Uy s 0 0 By 0 X
o N _ 1
g3 G2 G 79 91) \0075)] \0 0 y©® | &
i B 32 = | V2

= Bal By and 7 = vu/7, Y's



3. A LQ neutrino mass model

Quark mass matrix

_Lv = 1V @ (07SL)0 4 £s1VEY & (QFSL a4+ £f41Vi® @ (OZSL1)a ]

~

diag.(mg, ms, mp) = VJLIWdVdR and diag.(my, me, my) = V,J 1 My Vur

The mass matrices are diagonalized as in the SM

dL,R - VdL,dR dL,R

Veku = Tij Va,

\ Uy r = VururUL R

- Y1

yi+208y1 (—ui+yg)ys — (U3 +us )y v =

Moo= -2 (—ad @Yo @ (0 4 2 94 V3

1= "7 (—y3 +y5)y2 yi — (¥§ +y5)y1 Y$Y3

—(y§ + y$)ys 2ydyo y¢ + (—yd + v 5,

6) _ ~

[ [~ s ~1 ~1 ~ I 1 Y3(1)= Y2

Y1 Y3 Y2 Y1 Y3 Yo a 00 e O B Vs

v o o -

Mu:ﬁ g ys| | gyos] 080 0 B0 5
o N _ 1

Js T2 G Js U5 91 ) \0 07 0 0 ~, ~

(6) — 7
L - Y32 ) yz
~ I 2/l ~ 1 -
a=a,/a,, B=83;/8,and ¥ = /v, V'3




3. A LQ neutrino mass model

Charged lepton mass matrix

—Ly = LYY ® (Q5SLr)1] + fs[Va” ® (Q5SLL)ss) + falYa” ® (Q5SLL)s,]
+ o [Y“” ® (drnLp)1] + QS[Y(O) ® (drnLr)ss) + falYs? ® (drnLr)s,]
+y1[ <QLHdR>] yg[ (QLHdmgS] yff/[Y(O (QLHdmsA]

e Z [ [Y;A)QLH]%+5A[¥;§>QLH}1 BT QLHJluRl }
A=12

2 Z [a uf, Y. 3,4 S@R] +bfu§21,[}fg(j)5€p] p i w VR, [YESER]ll],

A=1.2
yi+2ysy1 (—us+us s —(ys + vs) e
/ (¥
Me= 7 | (=95 +ya)y2 1 — (45 +ya ) 2y/53
— (v + v5)ys 295 ys i + (—v5 +v5)wn

The mass matrix is diagonalized by

diag.(me, my, ms) = ngﬂgVR lL,R - VL,RlL,R




3. A LQ neutrino mass model

Interactions in generating neutrino mass

|
1 _ 1
Lt gy [Y‘ ) <anLL> ] + QS[Y( ) ® (drnLr)ss) + fa [Y“” ® (dgnLi)s,] |

h——————————————————————————————————————————————

+ Y0 @ (QrHdR)1] + v4Ys” ® (QrHdR)s,) + & Vs ® (QpHdR)s,]
+ {0 ® (LLHER)1] + 45[Ys" ® (LLHLR)3s) + y5[Ya" ® (LLHLR)3,]

+ Z [ Y3(A)QLH]1UR1 +BA[ )QLH]I”URll +'Yu[ (j)@ﬁ]1/UR1,,:|
A=12

+ 3 [attuf, [Vad Strln + biug [Vas Strlyr + ciugy, [Yan Strly|
A=1.2

N

—Ly D Q5 f1Fi;L;S + dp,g1Gi;Lin + h.c.,

( 1+2fs/fiyi (=fs+ fa)/fiys —(fs+ fa)/fiye
Fij = | —(fs + fa)/ fry3 2fs/ f1ye L —1{fs — £a)/ fwi | 5
\(=fs+ fa)/fiy2 1 = (fs + fa)/ fipn 2fs/ f1ys

[ 1+ 295/91y1 (—gs +g9a)/q1ys  —(9s +9a4)/91y2
Gij= | (—9s+94)/g1y2 1 — (95 + 94)/9191 295/ 91Y3
\— (95 + 94)/91y3 295/91Y2 14+ (—gs+9a)/q1y1




3. A LQ neutrino mass model

Interactions In generating neutrino mass

—Ly D Q5 f1Fi;L;S + dp,g1Gi;Lin + h.c.,

( 1+2fs/fimn  (=fs+ fa)/fiys —(fs+ fa)/fiye
Fij = | —(fs + fa)/ fry3 2fs/ f1y2 1 —{fs— Fa)/fiwi | 5
\(=fs + fa)/ fry2 1 = (fs + fa)/ Frn 2fs/f1ys

[ 14+ 295/91y1 (—gs +g9a)/q1ys  —(9s +9a4)/91y2
Gij = | (—gs + ga)/g1y2 1 — (g9s + g9a)/g1v1 295/ 91Y3
\—(95 +94)/9193  29s/q12 1+ (—gs+ga)/ay

1 i pL
! ! q SV d m\ _ [ cosa sina 1
L,R dL,dR*L,R S —sina cos a X1

EY ) fld?acﬁaiylzi(_sap% - CO{X%) o glzéail/[/i (Caﬁ_% + SozX_%)
yr f & ~ -
I = 6 — (‘@TR)ajsz,

Written in mass basis




3. A LQ neutrino mass model

One-loop diagram generating neutrino mass

P1/3,X1/3

— P —

/ \
Wil d; L (v);

Analytical formula of neutrino mass matrix

NeSaca n ~ ~ ~

(M) :f1g1m (1—m—§) > {(FT)jamdaGai‘I’(GT)jadeFaj] L)
X/ a=1

r1(ro—1)In(ry)—ra(ri—1)In(rs)

(ri—1)(ro—=1)(r1—r2)

Fr(ri,re) =

5 m?c/mi




3. A LQ neutrino mass model

Free parameters
» Original model (without modular symmetry)

{M,,M;,M,,f,y} 5x(3x3)=45complex elements

SM fermion mass matrices

v

» This model (with modular symmetry)
U fo fa 91 9s) 9 v, ¥8, ¥5, ¥4 v v e, af, Ba, BE Vi vid )

18 complex parameters

# of free parameters is well reduced




3. A LQ neutrino mass model

Numerical Analysis

We search for parameters to fit the experimental data
Original free coupling parameters

d d d l l l
{fi fs fa, 91, 95 G Y yE v, v v, vial, a2, BL, B2, v, v2)
1 a=aj/ay, B=061/6,and ¥ =3/7,

{fi, fo far 91, 95 G YL ¥ vE, vi, v va.al, Ba vt @, B,7 }

Used to fit d-type quark mass / Used to fit u-type quark mass
Used to fit charged lepton mass

Then we scan other parameters  {|a/. |3, |5]} € [107°, 107]

{I7s],1fal;lgs], lgal} € [107°,1],  {m,,my} € [10% 10°] [GeV], sq € [1077,1]
Modulus 7 in fundamental domain
O 10

|:> Estimate chi-square value Ax* = ( S0P

+
Neutrino observables

)2 CKM mixing angles




3. A LQ neutrino mass model

O Current fit from various neutrino oscillation experiment data

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

l. 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

s | sin? 62 0. 3080 0.275 — 0.345 0.3081001¢ 0.275 — 0.345
S | 012/° 3368102 31.63 — 35.95 33,682 %2 31.63 — 35.95
o
% sin? fa3 0.4707 5511 0.435 — 0.585 0.550%2 018 0.440 — 0.584
é 023 /° 4332 41.3 — 49.9 4791 0L 41.5 — 49.8
Q sin? 0,3 0.0221570 00028 0.02030 — 0.02388 | 0.0223110-0002¢  0.02060 — 0.02409
T | s/ 8562 15 8.19 — 8.89 8.597 91 8.25 — 8.93
2| dop/° 219+38 124 — 364 oatal 201 — 335
(]
9 ATn%l 1+0.19 . +0.19 . ~

W 7.49_0‘19 6.92 — 8.05 7.49_()‘19 6.92 — 8.05

Am:%e +0.021 2 1 +0.020
m{<my<mg M3z<mq<my




3. A LQ neutrino mass model

Results

3.0—

2.0

Im[1]

— - —————— .
1-0 = —_--""""I--..-
-_‘
-~ —

o
-—-
-
= e

0.5_ | | I I | \ | | | | | | I | | |
-04 -0.2 0.0 0.2 0.4

v Only limited region can accommodate observed data




3. A LQ neutrino mass model

Results
Osii 0.040 [~
0.7 o NH i
P 0.035[ i
A 0.030 i
s :
——— £ 0.025:________5_
0.020 p======= -
0.015} i E ]
07 08 020 0.25 030 035 040 045 0.50
sin2912
0040 T B 7
: 5 I NH .
0.035 ; ; Red points: x? value corresponds to 50-30
5 | Blue points: X2 value corresponds to 30-10
D r 1 1
Eoosf b % ____________ :
: T;‘%{ﬁ ] Green points: X2 value corresponds to <10
0.020f==mmm=—n== T
oot P P v' Some tendency for s,




3. A LQ neutrino mass model

Results

08—

0.040

0.7} P ok i i H
] 0.035f I I
(Y S— = | i
' ] 0.030+ | i
&os} ' . = i :
F - panne. e -~ ‘:‘g 0.025)
0.4 ! ! e
. E E 0.020f
0.2f i i 0.015
D‘.2 !013 ! 0:4 015 0:6 U.IT 0-.8 0.20 0.I25 I 0.23{] 0:35 O.AO 0.45 0.750
sin2912 sin2012
= Color of points are the same as previous figures
0.040 ; ; ;
_ .
v i v Little tendency for s,;
0.030+ E i
‘% 0.025+ l i
0.020F ]
0.015} E i




3. A LQ neutrino mass model

Results

e - N AN s R :';P‘.x:vzuﬁ
150 L : 7 150 ..quemermamnast 700 7 00 eSS :
100, NH | 100 NH ]
50 - . 50/ ]
E L 1 L |
& -
. .
s i i
-50 ] -50 .
-100" 1 -100] ]
-150- . P 1 -150] . ]
=5 MY L . N T T e st ISP YS
~150 =100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Ocp [deg] a3

v' Possible region of Majorana phase is limited




3. A LQ neutrino mass model

Results

150

1007

(¢)]
(=]
T
I

ayq [deg]
o

I
(31
o

T
L

-100;

-150}

yyyyyyyyyyyyyyyyy

-150 -100 -50 O 50 100 150

Ocp [deg]

T

T

-150 -100 -50 O

a3l

v' Possible region of Majorana phase is limited

50

100 150




3. A LQ neutrino mass model

Results

500 51— ‘ — 500
| CMB } DESI CMB (Planck) | I NH
: : NH
1 1
I | kamao-zenEdR) | ] GmLAND-Zen(DF)
100} i i 100
L l L
— F ] p— L
3 50| i > 50}
E I KamlAND-Zen@RA) e kamLAND-Zen@RA)
8 - & 3 P
g : ! g
H 1 «® o®
10 i }; ¥ ; 10} ;:,/ 7"
5l E L 1 B :
F n I - |
' 1
L 1 | L
1
N 1 . ; . . , i . . i Ca e .
50 100 200 500 10 20 50 100 200
>m, [meV] m4 [meV]

v Realized value of observables are restricted




3. A LQ neutrino mass model

Results
500, - o1 o . 500
CMB } DES| CE\AB (Planck) IH ] I IH
. 1
H 1
N T KamlAND-Zen®OF) | | ] KemLAND - Zen (EDF)
100+ ; i 100}
i ' ! :
— F 1 —_ -
> 50f | > 50f
_ s [ _
E Lo i 8xF5 7 kamao-zen@ra) | E | e@Eme 995 e KamlaND-Zen(@RA)
[} 1 [}
g i g
|
10} | 10}
E ! i
5 i 5!
L 1 L
1
1
1
A D o o o ‘
50 100 200 500 10 20 50 100 200
2m, [meV] m3; [meV]

v Realized value of observables are restricted

v It could be tested in future OvB observations




Summary and Discussions

1 Neutrino mass and flavor symmetry

v Generation of neutrino masses requires new physics
v' Mass generation mechanisms do not explain flavor structure

v" Introduction of flavor symmetry would help to understand flavor

O Neutrino mass generation in a flavor symmetric model

v" We consider one-loop neutrino mass generation with leptoquarks
v Application of modular flavor symmetry (non-holomorphic A,)

v" We got some predictions due to the symmetry

0 Future direction

v Explore other phenomenology under the symmetry
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Types of leptoquarks

(SU(3),SU(2),U(1)) | Spin Symbol Type F
(3,3,1/3) 0 Ss EF (55 5
(3,2,7/6) 0 Ro RL(S{)5), LR (S{%) 0
(3,2,1/6) 0 Ry RL (8f;5), LR(S]),) 0
(3,1,4/3) 0 Si RR (5% =
(3,1,1/3) 0 S LL(S%), RR(6F), BR(SY) —2

(3.1,—2/8) 0 S RR(5F) =
(3,3,2/3) 1 Us LLE) 0
(3,2,5/6) 1 Va RL (V,), LR (V) 9

(3727_1/6) 1 ‘?2 RL (V1172)7 {’_071]}2) ~i2
(3,1,5/3) 1 U, BRI(V:Y) 0
(3,1,2/3) 1 U, LL(VE), RR(VE),RR(VE) 0

(8,1, —~179) 1 Ui RR(VE) 0

Table from 1603.04993
There are various types of LQs with different gauge charges

I:> Different interaction structures




Leptoquarks from GUT

LEPTOQUARK SU(5)
Ss = (3,3,1/3) 45,70
R, =(8,2,7/6) 45,50
Ro=(3,2,1/6) | 10,15,40
S; =(3,1,4/3) 45

S, =(3,1,1/3) | 5,45,50,70
S: =(3,1,-2/3) 10,40
. 83 35.40
Vo =(3,2,5/6) 24,75

> 32 16 10,40
[, 31573 75
- 11 10,40
U, =(3,1,-1/3) | 5,45,50,70

Table from 1603.04993

LQs could be embedded in GUT

SU(5) o SU(3) x SU(2) x U(1)




Yukawa interactions of the LQs
® SU(2), singlet scalar S;: (3, 1, 1/3)

L D yQC¢P,LS; + wuCPrlS; + z Q°P,QS; + z u°P,dS; + h.c.

® SU(2), doublet scalar R,: (3, 2, 1/6)

L > fdP,LR, + h.c. R, = < ?2/3)
R_q/3

® SU(2), triplet scalar Si: (3, 3, 1/3) .
] 51/3 /\/5 54/3

L > WFPLLS?, + h.c. : % 5, _51/3/\/5

FIir1riri




Yukawa interactions of the LQs
® SU(2), singlet scalar S;: (3, 1, 1/3)
L D yQC¢P,LS; + wuCPrlS; + z Q°P,QS; + z u°P,dS; + h.c.
=y(ucP.l — d°Pyv)S;
® SU(2), doublet scalar R,: (3, 2, 1/6)

L > fdP,LR, + h.c. R, = <f§2/3 )
L _ N R_q/3
— f(dPLlR2/3 — dPLVR—l/B)
® SU(2), triplet scalar Si: (3, 3, 1/3)

[] B

[ ] 51/3 / \/5 54/3 B
B B
B

L > WFPLL.S'g + h.c. : % 5, _51/3/\/5

_ 1 1 —
= w <uCPLv6_2/3 — ﬁuCPLlS% — ﬁ dCPLV% + dCPLl54/3>
+h.c.

These interactions induce various phenomena




Neutrino mass generation

Taken from 2510.08504

 (H)  (H)
One-loop ! Two-loop !
R—1/3/ X g-1/3 3—1/3/ & 5-1/3
/ I
I \\ I \\
N >- > » L —_——pyyp PPl ——— <
Vi d Rk drk Vj Vi dpy dpr ULl YR €Rj C€Li C Vj
Generated W+
Operators LLHH LLHHHH"
o 3.929

(M) i = 1672

mb{ [(AdT)jk(Dd)k)\k:z’ I ()‘T>jk(Dd>k)‘Zi} i

QthTnf’r

T
16722 {(D£>j<)‘R )jl(Du)lVlk(Dd)k)\kilﬁz T ()‘T)jk:(Dd)k’(VT)kl(Du)l)‘ﬁ(Dé)z’[i(lfl)] }

Two-loop diagram can be sizable if LQ mass is not much higher than EW scale




Lepton non-universality in meson decay

d b - ctv _ _
L D yQCPLle + WuCPRlS]_ + h.C.

% e i
b */ =y(ucP,l — d°PLv)S,
\

Contribution of S, LQ induce lepton non-universality

B BR(B — D1v) o BR(B - D*tv)
::> R(D) = BR(B - DIv) R(D™) = BR(B — D*I7)




68% CL contours

R(D*)
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WY =
4 L-QCD FLAG24 (Nf=2+1 for R(D*)) R(D*) =0.281+0.011,

R(D) =0.2938 + 0.0054 p =2—0.374
R(D*) = 0.2582 + 0.0051 PG = 27%
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¢ THEETSHdn Belle IT° ___di
02 R(D*) = 0.254 + 0.005 R(D)=0.358+0.024, | a

R(D)

R(D) = 0.358 + 0.024
R(D*) = 0.281 =+ 0.011

https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/htmIl/RDsDsstar/RDRDs.html

3.8 o tension with SM prediction
Exp Average:




LQ explanation of R(D) & R(D*)

| LD yWPLle + WFPRIS]_ + h.c.
=j7(?PLl - FPLV)Sl

C.H. Chen, T.N., H.Okada
PLB 774 (2017) 456-464

1000 1500 2000 2500 3000 3500 4000
mg[GeV]

R(D) = 0.358 =+ 0.024
R(D*) = 0.281 = 0.011

v' TeV scale LQ can explain the tension




Lepton Flavor Violation (LFV)
Ex) Singlet Leptoquark S

L D $Q°P,LS; + w ucPglS; + h.c.
=y(uP,l — d°P,v)S,

Ve \ / \
/. \ 4 \
( \ ) \
L “ o L, 1 \ £
48773 o C
BR( — lay) = — 2 (((ap)qp 2 + ] (@p)an ) T
Gmeb
dxdydzs(1 (1 - i . L )
AR~ (4n)zf xdydz8(1 = x =y = 2)mWI \ 3 Xt ms)es | 3 A(ms, Mo)ap

A(mq,my)gp X xm1 + (¥ + z)m2



Collider physics

v" LQ production at the LHC

LQs can be produced via QCD processes at the LHC

I — - -
jzzgx ;z@m . + >’(Yo‘0“60‘0“< .

The production cross section is sizable

» Opp_ialq ~ few x 10 fb for m g =1 TeV

% LQs decays into quarks + leptons
* BRs of LQ depend on Yukawa coupling

¢ Model structure would be tested by measuring BRs
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   Γ 2 ≃  S 3 ,  Γ 3 ≃  A 4 ,  


  𝜏 → 𝛾 𝜏 =   a 𝜏 + b  c 𝜏 + d


  Γ =


  S =  (     0  1   − 1  0 )


  T =  (     1  1   0  1 )


  𝜏 → −  1 𝜏


  𝜏 → 𝜏 + 1


   S 4 =   ( S T ) 3 = 1


    Γ ′ N = Γ / Γ ( N )


   Γ N = Γ / ± Γ ( N )


  Γ ( N ) ≡  {   (     a  b   c  d ) =  (     1  0   0  1 )   ( m o d   N ) }


   (      e 1    e 2 ) →  (     a  b   c  d )  (      e 1    e 2 )


  𝛾


   f i  (  𝛾 𝜏 ) =   ( c 𝜏 + d ) k   𝜌 ( 𝛾 )  i j  f i  ( 𝜏 )


  Φ →   ( c 𝜏 + d )  −  k Φ  𝜌  ( Φ )   ( 𝛾 ) Φ


    ( k f −  k   Φ i −  k   Φ j −  k   Φ k = 0 )


   Δ k Y = 0


   Y 3  ( 0 ) =  (      Y  3 , 1  ( 0 )    Y  3 , 2  ( 0 )    Y  3 , 3  ( 0 ) ) ≡  (      y 1    y 2    y 3 )


   Y 3  ( 0 )  L - e H


   L - =  (        L - 1      L - 2      L - 3 )


  l =  (      e 1    e 2    e 3 )


   Y 3  ( 0 ) =  (      Y  3 , 1  ( 0 )    Y  3 , 2  ( 0 )    Y  3 , 3  ( 0 ) ) ≡  (      y 1    y 2    y 3 )


   (        L - 1      L - 2      L - 3 ) ⨂  (      e 1    e 2    e 3 )


   1 3  (       2    L - 1 e 1 −      L - 2 e 3 −      L - 3 e 2     2    L - 3 e 3 −      L - 1 e 2 −      L - 2 e 1     2    L - 2 e 2 −      L - 3 e 1 −      L - 1 e 3 ) ⨁  1 2  (          L - 2 e 3 −      L - 3 e 2        L - 1 e 2 −      L - 2 e 1        L - 3 e 1 −      L - 1 e 3 )


     (   L - e )  3 S


     (   L - e )  3 A


    f Y 3  ( 0 )    (   L - e )  3 S H +   g Y 3  ( 0 )    (   L - e )  3 A H


  = f  [   y 1  (    2    L - 1 e 1 −      L - 2 e 3 −      L - 3 e 2 ) +  y 2  (    2    L - 2 e 2 −      L - 3 e 1 −      L - 1 e 2 ) +  y 3  (    2    L - 3 e 3 −      L - 1 e 2 −      L - 2 e 1 ) ]


  + g  [   y 1  (       L - 2 e 3 −      L - 3 e 2 ) +  y 2  (       L - 3 e 1 −      L - 1 e 2 ) +  y 3  (       L - 1 e 2 −      L - 2 e 1 ) ]


   Y 3  ( 0 )  L - e H


   L - =  (        L - 1      L - 2      L - 3 )


  l =  (      e 1    e 2    e 3 )


   Y 3  ( 0 ) =  (      Y  3 , 1  ( 0 )    Y  3 , 2  ( 0 )    Y  3 , 3  ( 0 ) ) ≡  (      y 1    y 2    y 3 )


   (        L - 1      L - 2      L - 3 ) ⨂  (      e 1    e 2    e 3 )


   1 3  (       2    L - 1 e 1 −      L - 2 e 3 −      L - 3 e 2     2    L - 3 e 3 −      L - 1 e 2 −      L - 2 e 1     2    L - 2 e 2 −      L - 3 e 1 −      L - 1 e 3 ) ⨁  1 2  (          L - 2 e 3 −      L - 3 e 2        L - 1 e 2 −      L - 2 e 1        L - 3 e 1 −      L - 1 e 3 )


     (   L - e )  3 S


     (   L - e )  3 A


    f Y 3  ( 0 )    (   L - e )  3 S H +   g Y 3  ( 0 )    (   L - e )  3 A H


  = f  [   y 1  (    2    L - 1 e 1 −      L - 2 e 3 −      L - 3 e 2 ) +  y 2  (    2    L - 2 e 2 −      L - 3 e 1 −      L - 1 e 2 ) +  y 3  (    2    L - 3 e 3 −      L - 1 e 2 −      L - 2 e 1 ) ]


  + g  [   y 1  (       L - 2 e 3 −      L - 3 e 2 ) +  y 2  (       L - 3 e 1 −      L - 1 e 2 ) +  y 3  (       L - 1 e 2 −      L - 2 e 1 ) ]


     Q L c -  L L  S 3


     u R c -  l R  S 1


     d R -  L L    R ~ 2


     Q L -  e R  R 2


     R ~ 2 =  (        R ~  2 / 3      R ~  − 1 / 3 )


  L ⊃  y ~    Q c -  P L L  S 1 + w      u c -  P R l  S 1


   y ~  (     u c -  P L l −    d c -  P L 𝜈 )  S 1


  + f  (   d -  P L l    R ~  2 / 3 −  d -  P L 𝜈    R ~  − 1 / 3 )


  + h . c .


     R ~ 2


   S 1


  𝜂 =  (      𝜂  2 / 3    𝜂  − 1 / 3 )


   Y 3  ( 0 ) ≡  (      y 1    y 2    y 3 )


   Y   3 1  ( 6 ) ≡  (        y ~ 1      y ~ 2      y ~ 3 )


   Y   3 2  ( 6 ) ≡  (         y ′ ~ 1       y ′ ~ 2       y ′ ~ 3 )


   Y 3  ( 0 ) ≡  (      y 1    y 2    y 3 )


   Y   3 1  ( 6 ) ≡  (        y ~ 1      y ~ 2      y ~ 3 )


   Y   3 2  ( 6 ) ≡  (         y ′ ~ 1       y ′ ~ 2       y ′ ~ 3 )


   d  L , R →  V  d L , d R  d  L , R


   u  L , R →  V  u L , u R  u  L , R


   l  L , R →  V  L , R  l  L , R


   d  L , R →  V  d L , d R  d  L , R


   {   M e ,  M d ,  M u ,   f ,    y ~ }


  5 ×  (  3 × 3 ) = 45


   {   f 1 ,  f S ,  f A ,  g 1 ,  g S ,  g A ,  y 1 d ,  y 3 d ,  y  3 ′ d ,  y 1 l ,  y 3 l ,  y  3 ′ l  𝛼 u 1 ,  𝛼 u 2 ,  𝛽 u 1 ,  𝛽 u 2 ,  𝛾 u 1 ,  𝛾 u 2 }


  18


   {   f 1 ,  f S ,  f A ,  g 1 ,  g S ,  g A ,  y 1 d ,  y 3 d ,  y  3 ′ d ,  y 1 l ,  y 3 l ,  y  3 ′ l  𝛼 u 1 ,  𝛼 u 2 ,  𝛽 u 1 ,  𝛽 u 2 ,  𝛾 u 1 ,  𝛾 u 2 }


   {   f 1 ,  f S ,  f A ,  g 1 ,  g S ,  g A ,  y 1 d ,  y 3 d ,  y  3 ′ d ,  y 1 l ,  y 3 l ,  y  3 ′ l  𝛼 u 1 ,  𝛽 u 1 ,  𝛾 u 1 ,   𝛼   ~ ,  𝛽 ~ ,  𝛾 ~   }


  𝜏  


  S U ( 5 ) ⊃ S U ( 3 ) × S U ( 2 ) × U ( 1 )


  L ⊃  y ~    Q c -  P L L  S 1 + w      u c -  P R l  S 1 + z


     Q c -  P L Q  S 1 ∗ + z


     u c -  P L d  S 1 ∗ + h . c .


  L ⊃ f  d -  P L L    R ~ 2 + h . c .


  L ⊃ w    Q c -  P L L  S 3 + h . c .


     R ~ 2 =  (        R ~  2 / 3      R ~  − 1 / 3 )


  L ⊃  y ~    Q c -  P L L  S 1 + w      u c -  P R l  S 1 + z


     Q c -  P L Q  S 1 ∗ + z


     u c -  P L d  S 1 ∗ + h . c .


  L ⊃ f  d -  P L L    R ~ 2 + h . c .


  L ⊃ w    Q c -  P L L  S 3 + h . c .


     R ~ 2 =  (        R ~  2 / 3      R ~  − 1 / 3 )


   y ~  (     u c -  P L l −    d c -  P L 𝜈 )  S 1


  = w  (     u c -  P L 𝜈  𝛿  − 2 / 3 −  1   2    u c -  P L l  𝛿   1 3 −  1   2    d c -  P L 𝜈  𝛿   1 3 +    d c -  P L l  𝛿  4 / 3 )


  = f  (   d -  P L l    R ~  2 / 3 −  d -  P L 𝜈    R ~  − 1 / 3 )


  L L H H


  L L H H   H H ∗


  b → c 𝜏 𝜈


  L ⊃  y ~    Q c -  P L L  S 1 + w      u c -  P R l  S 1 + h . c .


   y ~  (     u c -  P L l −    d c -  P L 𝜈 )  S 1


  R  ( D ) =   B R (  B - → D 𝜏  𝜈 - )  B R (  B - → D l  𝜈 - )


  R  (   D ∗ ) =   B R (  B - →  D ∗ 𝜏  𝜈 - )  B R (  B - →  D ∗ l  𝜈 - )


  L ⊃  y ~    Q c -  P L L  S 1 + w      u c -  P R l  S 1 + h . c .


   y ~  (     u c -  P L l −    d c -  P L 𝜈 )  S 1


  L ⊃  y ~    Q c -  P L L  S 1 + w      u c -  P R l  S 1 + h . c .


   y ~  (     u c -  P L l −    d c -  P L 𝜈 )  S 1


   a R ~  3    ( 4 𝜋 ) 2 ∫  d x d y d z 𝛿  (  1 − x − y − z ) m q w  y ~

