MITP : s 222 Modular Invariance Approach to the

TOPICAL 3 7N &, Lepton and Quark Flavour Problems:
WORKSHOP from Bottom-up to Top-down
: May 13 - 17, 2024

Quark mass hierarchy and CP violation
in modular symmetry

Morimitsu Tanimoto

Niigata University

Collaborated with Serguey Petcov
May 14, 2024

MITP Workshop on Modular Flavour Symmetries

MITP - Mainz Institute for Theoretical Physics,
Johannes Gutenberg University Mainz, Germany



1 Introduction

We can approach the flavor problem
based on the modular symmetry

Mass hierarchy
Flavor mixing

CP violation of quarks/leptons

Modular forms meet the flavor problem !

Is modulus T origin of mass hierarchy ?
origin of CP violation ?
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2 Modular forms at nearby fixed points

Consider A, triplet modular forms with weigh k=2. (N=3)
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Modular forms at T=i
Z, symmetry

Unitary transformation

T=1 1 0
Yf}(l—ﬁ) ﬁ \/—_3/,\/5
—24+4/3 3/2

1 V3
1 0

F. Feruglio, V. Gherardi, A. Romanino and A. Titov, JHEP 05 (2021), 242; arXiv:2101.08718



We can construct the quark mass matrix with hierarchical masses

by using the modular forms towards:  T= | and W
'l’:':2 e 1
, 2 . — 1/3
Mg~uv, e € 1 £=6 |q|
2 -
€ € BRI

This hierarchical structure is not accidental.
Thanks to Residual symmetry Z; (N=3)



P.P.Novichkoyv, J.T.Penedo, S.T.Petcov, JHEP 04(2021)206, arXiv:2102.07488

Hierarchical fermion mass matrices arise due to the proximity of the
modulus T to a symmetric point, in which a residual symmetery remainds.

Under the modular transformation v, (#)i(z) — (c7 +d) ™ p(7)i;(6'");(x)

. . : . Automorph
modular invariant mass matrix M(t) satisfies factor Py

M(y7) = (et + ¥ p°(V)*M(T)p(v)!  K=k+k

At T=I ®©, mass matrix is invariant under T transformation (Zn symmetry)

a b\_ (1 1 L0 0
(M50 = o a0 ) | (2 0 )= (0 1) [wn={o w0

T—T17+1

redefine ¢ = exp(i277/N) with § = exp(:27/N)
[M;(C'q) = (ﬁgﬁj)*ﬁfij(ii‘)] [g”iwg”(o) — (¢ pj)*ﬁffgl]([})} {(pg pi)t = 5“]
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(4+N (42N 1

Mij(q) = aoq" + a1 ¢ +asq

q = exp(i2nT/N) (=0,1,2,...,N — 1,

in the vicinity of symmetric point T=i®

[For N=3 M(7)~O() (=012 ]

due to residual symmetry Z, €=|Q‘
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Mass hierarchy is also realized close to T=W
M(yr) = (cr + d)f p*(7)* M(T)p(7)T K =k+k

mass matrix is invariant under ST transformation (Z; symmetry)

Near 1=w0 ¢ = =% (4 =0 Q 7 = w)

A

[u| = €

ST transformation : U—W?2U

| M(STr) = M)y = (—(r + D) [()in();] M)y |

[ M(r)~OE) (=012 |

due to residual symmetry Z,



3 Examples in A, modular symmetry

@ T=0) S.T.Petcov, M.Tanimoto, Eur. Phys. J. C 83(2023)579 [arXiv:2212.13336 ]

Q| (e, e t0), (de,s,00) | H, | Y, YO I YO | YD

SU2) | 2 1 2 1 1 1
A, |3 (1, 17, 1) 1 3 3 3
ki | 2 (4, 2, 0) 0| k=6 |k=4|k=2

[ W, = [a-d(Y;‘ﬂQ)ldg + (Y Q) ds + Ba(YS Q) ysS + ﬂ,--d(Yf]Q)lnbf-‘,} Hd]

Suppose all coefficients are same order.

6 6 6 6 "6

0, 0 0\ (YO+gY© YO 4gv.® VO 4gy®
J’IEI = 7, () 3@ () Y‘z[‘lj }/1{“1} Y3{4}
0 0 7, Y e y®

9q= ":"'q/ (kg arXiv 221213336  S.Petcovand M.T



At t=w in the diagonal base of ST

o _ 3 (o w_ 9 (0 ©) © _ 27 ’
Yy =—wYp (0], Yy ="Y7(0], Yy=0, Y,="uwY;|1
2o o\ 8 0

4 )

0 0 Ed@w
8
MO = MV =v, |0 0 23,02
q ~*2q VST q - T’ Bhad
\ : y

rank one matrix
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REETT: very small
1 Wl L
p(ST) = 3 ( 2 —w ‘ZL«JE)

Ya(7)
Yi(7)

Mgy ~ v,

T=w HKe) (YQM?Y]Y%:@

2 2w —w?
Y3(7) 1, 1 :
~ w1 ~ —— , = —€9 ™~ 2. :
w(l+ €), Y. S (1+ €), |ea 5 €2 2116]
Move to diagonal base of ST

Y 0 0\ [(=3+ 31996 —%fslm%)
0 B2 0 Sl 2
2

1.2 °
0 0 YeY1 €1
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gq ~1 (down-quarks)

Mgyt Mgo - Mgy = 12 |er] 1 |er]P = 1: |e] : €]

dq >>1 (up-quarks)

S

Mgy P Mg2 Mg = 1

2
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Observed Yukawa ratios at GUT scale with tanf3=10

S. Antusch, V. Maurer, JHEP 1311 (2013) 115 [arXiv:1306.6879].

0921 x107 (1+£0.111), £ =1.82 x 1072 (1 £ 0.055)
Y Y
e _530x 107 (1£0.311), 2 =280 x 1073 (1 +0.043)
Yt Yi

Mp(2) - Ms(e) I M) ~ 11 €] |(f|2

For down quark sector &€4=0.02~0.03
For up quark sector €,=0.002~0.003

T =w HE)

one mudulus
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How is the CP violation ?

CP phase structure of mass matrix

Ya(7)
(7)

T =W+ €

<

(Mgen)TMgen _ 'L’Q

q

Y. 1 1
~w(l+ €), Y?EQE_E”E(H €9) 61:§E2’22.1if.
i2e? je 1
M =, i2e? de 1|, g=d,u
i2e? je 1
4 . O , -
—ie M 0 0 leg* leqgl® leg?\| /i€t O 0
0 10 € leal*  leq] 0 1 0
0 0 ieira |Eq|2 l€q] 1 \ 0 0 —ietka
\_ J \
_ 1K *
P(ke) €0 = legle™s|  Plkg)
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Utk = Oy P* (k)P (k4)O4
P(ky) = diag(e™ (kat+7/2) 1, el (Kat7/2))
Commont €14 = €14 Kd = Ky  P*(ky)P(rq) =1

CP conserving if other parameters are real

Two differentt €4 = €y | P'(r)P(ra) #1

CP violation even if other parameters are real
Spontaneous CP violation



Real parameters

T=w-He
. .ﬁd Td .Bu T
€ ag | oy 9d oy | o [ -
0.01779 +70.02926 | 3.26 | 0.43 | —1.40 | 1.05 | 0.80 |\—16.1
2107 | 210" | Z2x10% | Z2x10% | Vi Vs Vsl Jep
Fit 1.52 .62 2.50 .43 (0.2230 0.0786 0.0036% —2.0x10°8
E:{p 1.82 0.21 2.80 5.39 (0.2250 0.0400 0.00353 2 8%x107°
lo | £0.10 | +£1.02 | +£0.12 | +1.68 | £0.0007 | £0.0008 | £0.00013 | T5-13x1075

18




Towards T=i%® [21111’}’ is large ]

S.T.Petcov, M.Tanimoto, JHEP 08 (2023)086 [arXiv:2306.05730]

Q| (de, s, b) , (us,cc,t°) | H, | H,
SU@) | 2 1 2 | 2
A, |3l vy @)1
L2 4,200 (6,20 [0 ] o0

Irreducible representations

A,:1,1,17,3

Weight k is set to vanish
automorphy factor (¢t + d)*

[ Wa = |aa(Y§7Q)1ds + o (Y Q)rds + Bl Y Q)us +7a(Y5 Q)b | Ha ]

v :@Yj‘” +Y©® v f]},;_{s} +Y®

[ Det [M3] =0 | dueto

19

gd = aq/a fu = /oy,

Y® = (V2 4+ 2v,Y5) YW




20

Y] 1+ 12 + 36 + 12¢° + . ..
YO =Yy | = | —6¢"3(1+7qg+8¢>+...)
Vs —18¢*3(142¢+5¢*+...)

g = exp (2in7) = (pe)®

€ = exp (_%ﬂm [ﬂ) . p=exp (%wiﬁe [T])

1 1
T=i00 Y=Y (U) Y=y (D)
0 0

1 1
YP = v (ﬂ) LYy =0 Yy =Y (D) N
0 0



( )

Superpotential
Wa= |aa(Y§ Q)idi +ab(Y)Q)1di + Bl YS Qv + a(Y§ Q)b | Ha
\ J
) ) |@'|u 1'1“;' |E
Kinetic terms Z (—iT + 7 ) ks

I

We renormalize superfields to get canonical kinetic terms

[ﬁ';a{f ) = \/ (2Im s -w”ﬂ

Oy — by = v/ (2Im7)® = o, (2Im7)*, o, — &, = o), v/ (2Im7)® = &/, (2Im7)*

Bu = Bu= Bur/(2Im7)* = B, (2Im7)?,  Yu — Fu = 7/ (2Im7)2 = 7, (2Im7)

g — Gg = ag/ (2Im7)® = ag (2Im7)*, o} — &) = o}/ (2Im7)8 = o (2Im7)?,

Bi— Ba= Ba/(2Im7)* = B (2Im7)%, i — Ja = va/(2Im7)? = ~4 (2Im7) .
- [ 2Im 7 is large ]
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Down type quark mass matrix

~N

ga, 0 0\ /0 0 1
At T=i® M,=v,| 0 3, 0 0 0 1 rank one
0 0 %) \0 01/
0 0 0
2(0) — .2
M2O = MIM, =v2[0 0 0
\_ 0 0 |g|*af+ 52 +42
/In the vicinity of t=i®  |ag| ~ 5| ~ [7| &} =} (2Im7,

a; 0 0) /18(ep)*(4—g)) —6(ep)2+94) 9
v | 0 By 0 54 (ep)? 6 (ep) 1
0 0 7, —18 (ep)* —6 (e p) 1

12¢| |12 |? |1 =2Im7

Mgz Mga My = 1

N 1rgq|  |1rgg




Up type quark mass matrix

In order to protect a massless quark, we can consider

dimesuion 6 mass operator

(u"QH.)(HuHa)l N* with kg =2—kya,

or SUSY breaking by F term

F/ N

kye =64+ kg — ki

F. Feruglio, V. Gherardi, A. Romanino and A. Titov, JHEP 05 (2021), 242; arXiv:2101.08718

/
12¢ 1

I fuI. 1.

My P M My = [1:(

)4

Cu — ?’fu (Cul T Cu?] + (_4014:1 + 301.1.2 + CuE) I’.I' = EIITL T

12¢ 1
I fu -

2
) BLIC]

I'f.

~

J

23 ’t is a overall normalization factor for canonical kinetic terms



Down type quark masses k=2,4,6 modular forms

12¢
I.q,

12¢ |°

Mgz @ Mg @ My = 1 7
Tgl';f

Up type quark masses k=2,4,8 modular forms

L (126 1\ 3 (12 . .
e = [1' (Lfﬂrrfﬂ) (Lfﬂr,fﬂ) ”.] o

- =2ImT

[W —aa¥0+¥O VO pyP 4y gzasa  fu= au/ﬂfl]
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Fitting parameters

25

T 'i_i 3':%'; 9d g_z ";% |fu| C'ful
1".2,4[139 3.82 | L.17 [ —=0.677 | 1.72 1 3.21 | 1.68 | 127.3% [ -0.07147
. 8 real parameters + 2 phase
q = Eﬂm'r
I Order 1 parameters, B,/a, , ¥,/0,,9q, f,
C, ~ (FIN?) | €2
Dex10? | 2dx10? | Zex10? | Zex105 ||V Vep| Vs | | Jcp| Scp
Fit | 1.89 8.78 2.81 5.52 0.2251 | 0.0390 | 0.00364 [ 2.94x10=° | 70.7°
Exp | 1.82 9.21 2.80 5.39 0.2250 | 0.0400 | 0.00353 [ 2.8x10~> | 66.2°
lo | £010 | £1.02 | £0.12 | +£1.68 | £0.0007 | £0.0008 | £0.00013 | *Q1ix10-5 | #34
8 output No=2.0




4 Summary

® Quark mass hierarchy is obtained at nearby symmetric
points t=i® and w thanks to the residual symmetry.
Im 1 is important for t=i% .

® One modulus or multi-modulei ?
Especially, for CP violation ?

@® Spontaneous CP violation is challenging

26



Y] 1412+ 36g° + 12¢° + . ..

YO =Yy | = | —6¢'3(1+7q+8¢%+...)
Y3 —18¢%3(1 4+ 29+ 5¢% + . ..)
(" }/‘1{4} }fl‘z —Y,Ys )
Ygl) = }}_2{4} = }’32 - Y,
L Yy Yy YY)
Yl*:ﬁ} Y, Y;(EJ Y,
YO =|v9 | =(2+2v5Y5) [va] ., YO = |9 | =w2+2viYy) | V)
A Ys y,® Y,
(
}fl{a} }fl?. —Y,Ya Y;[S} };2 — Y, Ys
Yy =| VY [= 07 +200) (2 -z |, Y =| 10 |= (W +2nY) | V2 - VaYs
Y;B} Y2 - Y,Y, Y;(E} Y -1Y,

~N

J

27 Y = (V2 +2V,Y;) YL
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How is Mixing angles ?

€] Jelfer e Vcb=004 Vub/Vcb=0.08
M2 ('e'ze e )

€2 € 1 Vus=0.22
923 IMZq(2,3)/M2q(3,3)|= 81

[51 ~ 9 .235 iEJ
9 2 2 _ 2
13 |M®(1,3)/M°(3,3)|= & £20.02

012  Enhancement factor due to g, ~ -1

|M®(1,2)/M?(2,2)| ~ (4-g)/(2+g)e;

Rough approximation 5 x €



e12

Go to diagonal base of (2-3) submatrix

M ~

(Ié“l €e" > Ol(elt) O(lePe”) O(e
q

>)
e[’ |€| *)—»..Mg’wj (O(E%) O(e) 0 )

€
€2 € 1 O(e?) 0 1

012~ IM*(1,2)/M*(2,2)|~ k &

k=4-5 for g, ~ -1
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Fitting parameters 12 parameters

o 0 0\ (Y040 ¥ ® YO0V ® v 4y ®
M,=v,| 0 3, 0 VAR Y@ Y4
e N0, Y y® y® -
—
€ 2 2 gd @rg lga] 2| 2 g ﬂﬂrg [gu]\)
0.00048 + 20.02670 | 2.30 | 0.39 | 0.88 \1610/

1.69 | 0.49 | 16.2 \205"/
~~—

-

;;’*T-;xm? ﬁ—_:xw*i ;?T:x103 %x1oﬁ V| Ve Vis | | Jep| Scp
Fit 1.53 8.88 3.13 2.02 0.2229 | 0.0771 | 0.00333 | 5.2x10~° | 67.0°
Exp | 1.82 9.21 2.80 5.39 0.2250 | 0.0400 | 0.00353 | 2.8x10~° | 66.2°
lo | +0.10 +1.02 | +0.12 +1.68 | £0.0007 | £0.0008 | £0.00013 | To15%x107> | T3&
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How to obtain the mass hierarchy

First, construct a model of mass matrix with rank one
at symmetric point , T=W or Ioo, in which some couplings vanishes.

0 0 0
M~ |0 0 0 = Topm
00 1

In the vicinity of symmetric point,
tiny yukawa couplings € (#=1,2) appear !

. S €~ |T — Tyym| > 0
# H '
My~ €™ € €

= |

{:‘LI(T) ~O(e")  #—0. l.QJ

ms:mo:mqg~1:€: =



