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Phenomenological aspects

SMEFT with modular symmetry Kobayashi, Otsuka, Tanimoto, KY 2204.12325

Baryon/Lepton-number violating operator

Kobayashi, Nishimura,Otsuka, Tanimoto, KY 2207.14014

Summary


https://arxiv.org/abs/2204.12325
https://arxiv.org/abs/2207.14014

Flavor puzzle

Mass hierarchy puzzle
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large mixing

Small mixing . .
in neutrino

in quarks

/ Flavor symmetry ? \

e.g. U(2) flavor symmetry e.g. Discrete symmetry



Flavor puzzle

Discrete symmetry has been studied well to describe large mixing angle in
neutrino

e.g. A4 discrete symmetry
: Tetrahedral sym. PMNS

HHA'(

large mixing

te . In neutrino

Recent hot topics: \
Discrete symmetries ! Modular symmetry

recent progress — see Modular workshop@Mainz, May 2024 c.& Discrete Symmetry



Modular symmetry

Modular group often appears in the superstring theory

Compactification of the superstring theory

A
4 compactification
10D P | 4D

superstring our universe 2D torus x 3

Two dimensional torus is characterized by modulus #

4

T\
zj(/(
> —
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complex 2D lattice
2D modulus
parameter +#




Modular symmetry

Modular transformation does not change the lattice = L,/
(2D lattice)’ (2D lattice)
ay \ [ a b (Vo
o )\ ¢ d vy
T S@!)= (Z‘ 3) ab,c,d%! , ad" bc=1}
modular transformation UsJy

The modular group is defined as the transformation group &, generated by S
and T

1
SIH#H# " — T:## #+ 1
#
duality Discrete shift symmetry
ab _ 01 ab _ 11
ccd ("10 .cd (01

Modular group $ I " {S,TIS*=1,(ST)° = 1}



Modular symmetry Si## "L Ti## e

Modular group I " {S,T|S*=1,(ST)*= 1}

Sy " {S,TIS?=1,(ST)®=1,TN = I}

isomorphic
Modular symmetry Discrete symmetry
N=2 $2 | SS
N=23 $3 ' A4 « focus on in this work
= S5 ! A



Modular symmetry

|OD Superstring theory

Compactification 4D our universe + 2D torus x 3

4D theory (SUSY) $n symmetry (modular)

Expectation value of modulus !
breaks the symmetry

Low scale phenomenology

SUSY breaking terms are invariant (covariant) under modular transformation
in moduli-mediated SUSY breaking scenario

We can consider modular invariant SMEFT (", <" < "\p) by supposing
modular forms to be spurion



A4 symmetry

Non-Abelian discrete symmetry A, group could be adjusted to family symmetry:
The minimum group containing triplet

Irreducible representations: |, |7, I’, 3
Lo | (&, Ug: 'R) | Ho

SU?) | 2 1 2

As |3 (@1" 1y |1

tk

rRoHry (8L, L)



A4 modular symmetry

Non-Abelian discrete symmetry A, group could be adjusted to family symmetry:
The minimum group containing triplet

Irreducible representations: |, |7, I’, 3 &R, Rotry (8L LH)
L. | (€&, Ui, '5) | Ha modular form
SU(2) | 2 1 2 1
As |3 (@1"1y |1 3
K 2 (0, O, 0) 0 2 ki : modular weights

Effective theories with $y symmetry

modular form
%o ' V(HHE&DED)

Holomorphic functions which chiral superfield with modular weight
transform under modular trans., are K transforms as

called modular form with weight k

Y(# # (cH+ d)%UYYH $O# (c#+ d) 51 O(gW)

$U., f# :representation of $y

(), ') - unitary rep. matrix



A4 modular symmetry

Non-Abelian discrete symmetry A, group could be adjusted to family symmetry:
The minimum group containing triplet

Irreducible representations: |, |7, I’, 3 %R, rofre (6L L)
L. | (€&, Ui, '5) | Ha modular form
SU(2) | 2 1 2 1
As |3 (@1"1y |1 3
K 2 (0, O, 0) 0 2 ki : modular weights

Effective theories with $y symmetry

modular form

%o ' V(HH&EW)

Holomorphic functions which chiral superfield with modular weight
transform under modular trans., are K transforms as
called modular form with weight k

(1) Lk (Demyg ()
Y(# # (cH+ d)<AYYH ST (o dfRTC)S

Automorphy factor (cr + d)¥(cr +d) ¥ (et + d) ™ = (cr + d)FF1—Fs
vanishes if k =k +k — Modular invariant



A4 modular symmetry

Non-Abelian discrete symmetry A, group could be adjusted to family symmetry:
The minimum group containing triplet

Irreducible representations: |, |7, I’, 3 &R, Rotry (8L LH)
L. | (€&, Ui, '5) | Ha modular form
SU(2) | 2 1 2 1
As |3 (@1"1y |1 3
K 2 (0, O, 0) 0 2 ki : modular weights

Effective theories with $y symmetry

modular form
%o ' V(HHE&DED)

weight Kk for matter fields:

weight K for modular form: even for 3 o . o
no restriction on the possible value, a priori

Y(# # (cH+ d)%UYYH $O# (c#+ d) 51 O(gW)

Automorphy factor (cr + d)¥(cr +d) ¥ (et + d) ™ = (cr + d)FF1—Fs
vanishes if k =k +k — Modular invariant



A4 modular symmetry

The holomorphic and anti-holomorphic modular forms with weight 2 compose
the A, triplet

va(1)” " Y, (1)
V32 (1)= FV()% Y0 () %Y (1) = Y ()%
Ys(!) Yo (1)

Yi (i=1,2,3) is a function of the modulus #

" vy(1) 1+129+ 362+ 128+ ... -
"Y,(1)$ =" 1 6gV3(1+7g+ 8+ ...)d q=¢€
Ys(!) | 18731 +2g+57+ ...)

Once # Is determined, the Yukawa iIs bxed

Modular forms with higher weights k=4, 6 ... are constructed by them



A4 modular symmetry

Modular symmetry is broken once ! is fixed

Fixed point for # from the view point of the vacuum stability study

!
) " :
20— _"1+i0v/3
| /%/% #= 1t (ST symmetry) (=—
1.5
g %/& #=1 (Ssymmetry) « focus on in this talk
= 1.0 — 7 < _ (the successful lepton & quark mass matrix
= 0.5 #=1( (T symmetry) has been reproduced)
oot L1 1
1.0 -05 0.0 05 1.0 S-#H " =
Re[tau] #
] +# principal value g = e? 1 Tia# #+ ]

At exact fixed point, CP is not violated

— need small deviation from these point: # = (fixed point) + )
phenomenologically * ()) + 10 ?
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Phenomenological aspects

SMEFT with modular symmetry Kobayashi, Otsuka, Tanimoto, KY 2204.12325



https://arxiv.org/abs/2204.12325
https://arxiv.org/abs/2207.14014

Modular symmetry in SMEFT

String Ansatz

n-point couplings y" of matter fields are written by products of 3-point couplings

a N

e.g. (4-point coupling)=(3-point coupling)X(3-point coupling)

: fermion
» 7 k

4 3\ ,(3 (3) - 3_point li
y|§|<)== | ylf)()y( ) Yix » X < y'>J(X :Dom coUping
X . : scalar or gauge
\_ » )

String compactifications leads to 4-dim low energy field theories with the specific
structure

»  Standard model effective field theory (SMEFT) "oy <~ < “yp
’ coefficients of SMEFT operators can be written in terms of 3-point
NP coupling

-

e.g. String Ansatz b %

3 (3)
lelC? (%O/qu )(Qs%lqt) E y[i() y(3) ypl’X>T<XSt

Ur O

n v
EW T




In this talk

Strategy

write down fermionic SMEFT operator so as to be invariant at
A, and modular symmetry

focus on (BR) bilinear structure in lepton sector

expand modular forms Y(#) at three fixed point, and then include

small deviation : # — (fixed point) + ) ®#=1 (ST symmetry)
#=1 (Ssymmetry)

- @ #=1( (T symmetry)
focus on #= 1 case

diagonalize the mass matrix and move to mass eigenstate basis

pheno. study

(9" 2)., Lepton flavor violation, EDM



(MR) structure in the modular symmetry

Lo | (€& KR 'R) | Hd Y(#)
SUQ) || 2 1 2 1
A, 3] @1" 1) |1 3
k 2| (0,00 | 0 2

" 2 structure b is omitted

[ERL]
A [1,1.1}/ 3
K: 0 "2

not invariant both
A, and modular



(MR) structure in the modular symmetry

L. | (€k: Uk, 'R) | Hd Y(#)
SU(2) | 2 1 2 1
A, |3 @11y |1 3
K 2| (0,00 | o0 2

modular form " P structure $ is omitted

[ERL ] [BLY(#,)L]
A,: 11,11}/ 3 (1,1.,1}/ 3/ 3
G 0 "2 0 2 "2

not invariant both invariant
A4 and modular



(MR) structure in the modular symmetry

Lo | (€& KR 'R) | Hd Y(#)
SUQ) || 2 1 2 1
A, 3] @1" 1) |1 3
k 2| (0,00 | 0 2

modular form ' P structure 3 is omitted

[ IgRLL] [ IgRY(#q) LL] decomposition

1,1L.,1}/ 3/ & .
{ ] T =11 1.1 1.1 3s1 3a (i)

T —

1/ 1=1and 1./ 1.=1 (i)

—

The generators of A4 triplet
| # !

(i) (Y,(#) q 112 2, 10 oi
s=-"2 11 2%, T="0" 0%,
Y(#g/ LL: YZ(:#@ 3 2 2 11 0 0 "2

/ ( #b A, multiplication rule
3

\Y3(#'9 )

3
= (Yo + Yol + Y3" )+ (s + Y +Yog ) + (Yo L+ VoA + Ys8),
+ (O )35+ (O )3a

(i) B/ (YA L)
1/ (11 1.1 1)# 1/ 1

=er/ (YH/! L) = e/ (Yi8 + Yoi + Y37 ),
+ ,,q?/ (Y(?'—'I-)/ LL) 1./ (11 1.1 1.)# 1./ 1. + "Qh/ (Y2"|_ " Y]_#i_ " Yga_)]_"
+&/ (Y#H/ L) t#l (YA + Y+ Yo8),

(LI e|%|

1./ (11 1.1 1.)# 1./ 1



(MR) structure in the modular symmetry

(B YHA Lli- &l (g +YHA+Y3" )+, R/ (o "L+ YA+ Ys8)
ta R/ (YA + Y L+ Y8

= (&, % &)

Same structure with mass matrix :
(

tomy O

Me= Vgl O em

if virtual mode is only higgs

yi§3r>h— - Yukawa

']

(+e00\
0 ,. 0

\OO%)

0 ) (Yy(#
0 | |

\ 0 0 %(m) J \YS(#)

Yi# Ys® Yo ) g
Yo Yi(#  Ya(#

(4
VGRZGRACI RS

Yot Y(#)
GG
Yo Yy,

RL

te= Ctemy e~ Cigmy R = Chym)

— no flavor changing like # €



(MR) structure in the modular symmetry

[Br/ Y#H ! Lili- ekl (ia+ Yol + Y3" )1+, &/ (2" L+ Yol + Ya8)1
ta#R/l (Yo + Y+ Yo8))

(+. 0 0) (1# Yo Y.#) &

= (&) [0 . O [Y2(A) Yi(#) Ys(# ("L)

0 0 &) Vs Yo Vi)

Same structure with mass matrix :

e 0 0 ) (V) Yi®) Yo
Me=vy| O g O Yo.H Yi(#®H Y:(#
(00 g) (Y Y i,

if there are additional unknown modes (e.g. multi Higgs modes)

RL

|
(3) . . .
Yijm h " Yukawa — it causes flavor violations
'
Suppose unknown mode contribution being small and couplings are Higgs-like

( +e" +e(m)2 +e’ ’e" ’e(m)2 1 e %" %(m)2 % )




(MR) structure in the modular symmetry

(B YHA Lli- &l (g +YHA+Y3" )+, R/ (o "L+ YA+ Ys8)
ta R/ (YA + Y L+ Y8

~ )
$-e _ $-e(m) + C$ -1+ C$ 1 + 0/9
$e(m) $-e(m) $-e(m) |
B k() +
Same !:_e(:n) = e(!r:_n;(m) Y= _:::(#m) 1+%, #’s are very small
e :#e(m)'l'C!:l_l_ G 1+ %,
#e(m) #e(m) #e(m) |
L Wy

if there are additional unknown modes (e.g. multi Higgs modes)

|
©) . . .
Yijm h " Yukawa — it causes flavor violations
'
Suppose unknown mode contribution being small and couplings are Higgs-like

( +e" +e(m)2 +e’ ’e" 1e(m)2 1 e %" %(m)2 % )




In this talk

Strategy

expand modular forms Y(#) at three fixed point, and then include

small deviation : # — (fixed point) + ) ®#=1 (ST symmetry)
#=1 (Ssymmetry)

o #=1( (T symmetry)
focus on #= 1 case

diagonalize the mass matrix and move to mass eigenstate basis



at #= | (S symmetry); Diagonalization

Results of (BR) structure in interaction basis

RL gr! !, er!! er! 1,
R @ ! a!ln e ! Yy
Cog"' "eYCIS(!e) $eYl2(!e) $eYC|3(!e)
| He Yy (le) [ HeYs(le) | "eYs (Ye)

Insert holomorphic modular forms of weight 2 at # = |

1 Transrate
Y(.=i)=Y1(6) | 1-+3 D.$ DP! UsDy, B $ B! B Ug,
—2+4/3 E.L$ EX! UsE_, B$ B! B Ug,

The flavor structure of the FC bilinear operators at #= |
# =1+ ), then the left-handed fields are not yet the mass eigenstate, but close to it
using approximate behaviors
Y2($) Ta Ya(9) 2 _1 -
6 #(1+%(@L! 3), i® #(L+%)(12+ 3), %= %# 20509

These approximate forms are agreement with exact numerical values within 0.1%for !)! 3 0.0¢

Mass eigenstate basisat #= land #=1+)



at #= | (S symmetry); Diagonalization

Mass eigenstate basisat #= land #=1+)

WR!!L ﬂ?!!L ﬂ:a!uL
, !l | e!ls e ! Yy

- (e *+ 2SR 5%) - (%" STHHr"™e +2(Ski3 " SR12SR23)¥e) 5(% + STor ")
Vv # Vv # V

# — " = " T o) ' n
( 3s55 * Sip |H])#e " %ngsl;e ( 3si3 * |H])# %(35?2_ 3si3 *+ 219 ) >e

F_ o 7F_
| » 3#e(m) " 3

n ul ul
st ! Il S2s ! VR Stia ! 1Ml

Ya(m) e I € I 1'%(”‘)
) 23 - ’ R13 -
L Fem) R 2 Se(m) 2 $e(m)

e
Sr12 !

tam) = (6" 3 3)Yi(i)#em), Fomy = (6 " 3 3)Ya(i)%(m) and Somy = (6 " 3 3)VYi(i)$e(m)

parameters: modulus H, small deviation from fixed point ) 1, coefficients +e, ' @ %

Best fit values of parameters in A4 modular invariant model to realize lepton mass
matrix, neutrino data

. # # . % %% .
&= " 0.080+1.007i, |'4/=0.165 —™ | "e_ggrg 102, XM | -1 508 10 2
$e(m) $e #'e(m) #e

— predict flavor observables



In this talk

Strategy

) pheno. study

(9" 2)., Lepton flavor violation, EDM



Lepton dipole operator

Dipole operator

||V — " 1 .
F"! Ol_eé - _EEL H ER F“" I—dipole = ﬁ Cel OLe;z + (:'el Oel
Er E
NP Lepton flavor violation
# e, # 36 "N# eN
electron (9" 2).,, EDM d ! D
) . (:é! (:é! (‘\é! FH#F €3
C'e! =" Cé Cé o— ## L HEH# T
LR HH

CeZ.. tau (g" 2),,, EDMd,

muon (g" 2)., EDM d.

ST ()

[Céﬁl] < EDM d.

Im



(9" 2. & # ez

Dipole operator

I—dipole - 2 Clé! O
F"! LR
V
Oa = —E|
ER é EL LR 2
9" 2
4 v 1 ’
#a, = — s RG]

#a,=a;®$a}"=(251+ 59" 10 *

1 : |
—Re [G,]%1.0" 10 °TeV' ?
Mp

strong flavor alignment

G G Cé;;

+ C, Oq _w e:a e:l el
A Cfg‘#cﬁé Cia Cﬁé

"W ELF Cé'e Cé'u CIE'

Lepton flavor violation

21 . .
B(& & $s%— 8&0/ E |Ce||2+|Cel|2

B! el)< 42" 10 18 (90% C.L.)

1. . |
=IC o < 21" 10 *Tev'?

ep (pe )

specific flavor structure

To ‘e g
| el ' :: q?e Cl:p q?!gé]
|l < 21" 10 ° S Ol
| | © G G



(9" 2. & # ez

Wilson coefficients in A4 modular symmetry in mass basis

— 3 _ _ _ - :
G =31! 3%, G = 51 3)%, G = 3(1! 3 CILeFL # CIEL Cé:x u!!é
, ¢ q ¢
A "o : . l'e I'u "
Q = (11 3w, 11 e Tem
I "2_ ) ” #e(m) .Te | $
G = 73(1! % 1+ $;§_m)! 2$;fm) ##e
le " e(m? e$ e e(m)
3 " 3 "+e $e(m)
= 1 3% 1! - _
q;u.e 2( ) Te(m) $e
Toll ! ! : Se(m
Gl gl g | favoragoment S _Sam TG, % g,
| el _ Peyqy e Pe(m) < 214105 Bem)  FBe(m) Fe(m)
| | | I_el l_e(m) $e l : = !._e(r.n)+c#=1+ C# 1+%,
m k- Ee(m) Fe(m)
. ) #e(m) + C _ C
: S } #e(m) ) Fe(m) - e(m) Lo,
110 =S 41 #]< 14# 10 °
o Fem)
| |
without tuning between -, # | < O(10 °), [# | < O(10 °)




LFV#r I&## & #H et

Wilson coefficients in A4 modular symmetry in mass basis C§
G =3(! §)$e|%|’ G = g(]—! 3)%e, G = 31! 3% C!e! - ;-:[f CIE
e o i o

—_— . ]
el = Sar 3y, 11 am -
I "2 ” #e(m) e $
Ce. 2 11 B 1+ Bem) | Fem) _Fe
2 , ) +e(m; $e$ $eo e(m)
= ° 1! 3)$, 11 & Tem
cﬁ 2 ° ~e(m) $e

$lgadl

el

= =

=flef)od

the case that the additional unknown mode is the Higgs-like mode (-, + -+ -¢)

# O(1) izf

e '

# O(1) %10 °

ooﬁoH

BR(5 — 67) | BR(6 — 87) ~ BR(5 — 87)

e.g.U(2) case BR(5— 67! BR(6 — 87! BR(S— 8/

©SSS

A"



LFV#r I&## & #H et

Wilson coefficients in A4 modular symmetry in mass basis " Cé'e CISL CIE{
A\ d " 3 — — — d —_ 1] . g -
G =3(L! IKUH, G =501 %, Q= 30 I Ca =, @ @ G
__ | .. G G G
— "o . " l'e L I
c, = 73(1! 3)%e 1! :e -
- lp o ) o e(m) .'e | $
Q!;! B 73(1! §)$e 1+ lLTe $;:;—m) ! 2$-;;ém) ##e
le " " e(m;- e$ e e(m)
3 A\ "+e e(m)
L= 21! 3% 1! - _
q;l(.e 2 Te(m) $e

%—&5#01 ®_ - ok
c - %3 (1) Cé#—'_—#O(l)/ol

BR(5 — 67) | BR(6 — 87) ~ BR(5 — 87)

A"

RS

Since the present upper bounds of B(! = e$) and B(! = %93 are 3.3 x |08 and 4.4 x 1078,

respectively, we expect the experimental test of this prediction for ! — %Sin the future



EDMd. & (g" 2).

Dipole operator 1
L dipole = 75 C, Ou + C, O

# LR LR RL  RL C!e!

FII! LR

i
Oecdm = ! > de(H) € “#HSGFH#

d/e| ! 1.1# 10 ®°cm=5.6# 10 BTeVv'!

ACME
1 - "
12 2
- —p @lm.< 1.64 10 12 TeV
(g N 2) coupling relation in A4 x Re vs. Im
modular sym.

G - 1 ’ .
Lok ) 108205 TeV? witn =2 s a0 100> o5 Refil]= 4.94 108 Tev?




EDMd. & (g" 2)- & # &3

with coupling relation
in A4 modular sym.

1 .. .. 1 e
Im .< 1.64 10 12 TeV' 2 ERe. = 4.94 108 TeV' 2

IM[: 12
| . 16# 10
—— m%) < Zow10e

Re_: P '

=3.3#10°

L .
G =3(1" 3l =3(1"  3fem)(1+ "8l

ee

Im[G1%31"  Fum(m )IEl, G % (1" Sm (4" "s)

ue

suppose

3Im | % || and ["s| % ["4| (or ["s| & ["4])

Upper bound for B(%—e$) B(p,+ $ e % < 23# 10 16
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Baryon/Lepton-number violating operator

Kobayashi, Nishimura,Otsuka, Tanimoto, KY 2207.14014



https://arxiv.org/abs/2204.12325
https://arxiv.org/abs/2207.14014

Baryon/Lepton-number violating operators

SUSY extensions of the SM have Baryon/Lepton numbers breaking
interactions —Proton decay

— assume R-parity

B/L num. violating ope. can be forbidden by modular symmetry



Baryon/Lepton-number violating operators

Yukawa/Higher-dim. ops. : even-modular weights (; . " 2Z)

modular form B U L( 2 E @PéyG0 B 1) v :unitaly matrix

for S transformation fi(S?!) = (# 1)*#; (S2)f; (1)

C(i) k=even, 1(S®)=1, ie., ! !N,>
(i) k=odd, !1(S%)="1, ie, !l I

(# 1)*#(S?) = |,

focus on &N rather than its double cover &N



Baryon/Lepton-number violating operators

Superpotential
9 L1 ;aea(D 0a ® 04

a

. .. LIiEM
E()1+2343HH i\ Ol
8152-267.80°9.: H (D) \ (1 EPRPEE ] : :1:
E2/1*3, O 6\ (OE P?Po¢; U 6

HE()1+23#8./0, >GH

Modular invariance requires

modular weight (33 L AUG



Baryon/Lepton-number violating operators

Superpotential in MSSM
W = yi QiHuY + yf QiHal; + yj LiHaB + Yl LiHuN; + mf NiN;j + pH yHg

holomorphic modular forms of even modular weight

chiral supermultiplets (Q,U,D,L,E,N,H) have integer modular weight k

modular invariance (g L AUG k: : modular weight

d —
| —

k{,]! k|_ ! kE,N ! kHiggS =0
arrive at two constraints :

k. + kE,N + kHiggS = even



Baryon/Lepton-number violating operators

Higher-dim. ops. : even-modular weights
— operator with even-modular weights : V/

When Kjqqc is even weight (Ko, kup, ki, ke Kriggs)

(i) Others are even — B/L breaking

(i) ;>,,p7isodd,; -, ; g g iseven —L breaking
Vi o+ |+, =8@A+BOCHFBOC=8@A

>

yyy ! 1;p+ 2 + » =BOCG+BOCG+BOC=BOC

(iii); >, po iseven,; -, g pisodd —p breaking

(iv) Others are odd ~ —B/L breaking are prohibited

— Realization of R-parity(Z2 sym)
Possible in SU(5), SO(10) GUTs

(ii)

(iii)

(iv)

Yukawa

Hqu

LH

LL B2

LQ

g

QQQL

gym@

QQQH ¢

QUEH

LH LH

LH quHu

9B’ @

Hy' Hg®

QyL!

QQE'

B and/or L violating operator




Summary

Flavor puzzle (mass and mixing in quark and lepton) might be controlled
by flavor symmetry

— Modular flavor symmetry

Discrete symmetry ' Modular symmetry

We discuss pheno aspects from Modular flavor symmetry

- with SMEFT, predict Lepton flavor observables

- Baryon/Lepton-number violating operator can be controlled with
modular weight

Approach to other models with

to other flavor phenomena in the quark sector
b—sY ...



