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5
ies?
What are modular symmetries” _&

* Modular F=SL(2,Z)={(”’ b) } a?b,c,dEZ,ad—bcl}
Group c d

* Principal - - 10
Congruence TI'(N) = {( ) € SL(2,7), ( ) = ( ) (mc-dN)}
Subgroups ¢ d ¢ d 0 1

* Quotient I, = T/T(N) ~ SL(2,Zx)
Group

~



Modular Group

0 1 1 1 -1 0
3 generators S = T = . R= ,

Group Relations Ss* =R, (5T "=15 R =1,

: a b at + b
Transformation 7—( )GFIT-?’}’T— B

e d cT +d
: 1

Generating S:ir——=, T:T—T+1,

Transformations T



S
Why do we care? ..&

* Applications to Flavour

[y ~ S5 5~ 83
'3~ Ay Ly ~T
Ty~ Sy o ES
s ~ A5 ’52/-1'5{

N



S
Why do we care? _&

* If (super)fields transform trivially under '(N)

Representation
Matrix of 'y




S
Why do we care? _&

* If (super)fields transform trivially under '(N)

i ﬂej (’Y}%ﬂj

Automorphy
Factor




Why do we care?

* If (super)fields transform trivially under '(N)

 Dealer’s choice:

wi = (er +d) 1 pis (7);

Pi ~

.
=

Select Iy

Z



Why do we care?

* If (super)fields transform trivially under '(N)

 Dealer’s choice:

=
P —

Llgier (ri?

(cr + d) 7K

Pij (7)w;

Modular

Z
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5
Modular Framework ‘é

* Superpotential

W(r,¢r) =) (Yfl...fn (T) %, - - -%n)

1
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Modular Framework

Modular Forms (Yukawas):.
- “Weighted-representations” (-ish)

- Representations (and weights) constrained by 'y

- Specific functions of 1

k

- )= %P

n=1 r
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Residual Symmetries
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| S
Fundamental Domain ‘é

T=10: T oico=1t00+1=1x 5.0 T
75 <78 T™W =1 and R?’=1
1.5}
—1
e— b SO’L:—+:1
¢ -
S‘ Elo R
Z, S?2=R and R?’=1 = | <O
Sty | 0.5¢
P S = 7 =W
—w
LA (ST =, #nd Ro=4a - . . .
=1.0 ~0.5 0.0 0.5 1.0

Re 7
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Natural Hierarchies
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L S
Subgroup Decomposition @ Cusp _&
* Field Transformations

I 0 0 w0 0
&T({} 1) @%wk 0w 0le=|0 o+ 0 o
-1 -1 0 0 w? 0 0 k2
1 0 0
ps(ST)=]10 w 0 3~ 1, B 1py D 1pio
0 0 w?
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Mass Matrices: Power Structure @ cusp &
[ N

o PiM(7)ij0; ——  M(7) L M(y1) = (er + d)* p* M (7)p°"

Pi — W P, ( ) ( }
_ 2n A r(n n
Mij(w) = (1—u)™" My;(u),

pips = ' = Mij ~ My ~ O(€)

See M. Tanimoto’s talk

N
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. | S
Natural Hierarchies: An Example ‘é

S} irrep r 1.1, 1/ 2.2 3.3.3.%
Zi3 decomposition 1; 1pi1 ® 1pyo 1, & 1py1 B 1pao
Q~(2.0)(12) »LeLol, 1
M ~ e €| e
e 62 G

q° ~ (2,4) S¥ (1,2) ~ 1o @B 1p © 15
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. | S
Natural Hierarchies: An Example ‘é

S} irrep r 1.1, 1/ 2.2 3.3.3.%
Zi3 decomposition 1; 1pi1 ® 1pyo 1, & 1py1 B 1pao
Q~ (2.0) @ (1.2) @ 1, 1,
e | 1
M ~ e €2 | ¢

19



. | S
Natural Hierarchies: An Example ‘é

S} irrep r 1.1, 1/ 2.2 3.3.3.%

Zi3 decomposition 1; 1pi1 ® 1pyo 1, & 1py1 B 1pao

Qw(2,0)@(1,2)@12@12 1@ .

20



. . >
Natural Hierarchies: Caveats &
[ N

S} irrep r 1.1, 1/ 2.2 3.3.3.%

Zi3 decomposition 1; 1pi1 ® 1pyo 1, & 1py1 B 1pao

Qw(z,o)@(l,Q)wll@lg@lz N
M ~ Yo €2 | ¢

, e €| e

qﬂw(2?4)$(132)w12@10@12

21



. . L D
Natural Hierarchies: Normalisations &
[ N

» Zero in the Symmetric Point

1 € |1

M ~ e €| e

» Governed by the Same Coefficient ) @ €
(can absorb € ...)

How to Normalise The Modular Forms?

22



. . L D
Natural Hierarchies: Normalisations &
[ N

» Zero in the Symmetric Point

1 € |1

M ~ e €| e

» Governed by the Same Coefficient ) @ €
(can absorb € ...)

How to Normalise The Modular Forms?

No idea... but

23



Natural Hierarchies: Normalisations

Relative Hierarchies are unavoidable

v

Euclidean Norm
Choice as good as any ... ? \J

e |1
€2 | €
€2 | €
e |1
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Natural Hierarchies: representations

« >3 sub-blocks => > 1 O(1) masses

* Fully Hierarchical —> < 4 sub-blocks —>

25



. | | $
Natural Hierarchies: representations _&

S} irrep r 1.1.1,7 2.2 3.3.3,3%

Z3 decomposition 1; | PR P 1, & 1541 E 140

. (3*, k:) ~ 1 @ 141 © 140

* Only one large mass >  partner ~ 1p © 1r © 1

— _/
~

* No Triplets

* No doublets

N
26



. | | $
Natural Hierarchies: representations _&

S} irrep r 1.1.1,7 2.2 3.3.3,3%

Z3 decomposition 1; | PR P 1, & 1541 E 140

* Only one large mass

o~ (s k) => ¢~D(1s k)  ha—ky =0(mod 3
&)

- Mass Matrix M = f (Y;;Y Ykr+3 ykvte )

27



Minimal Mass Matrices
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Counting Possibllities

3(3) 3 (3 3(3) 3 (8 3(3) 3 (3
k=1 0 1 k= 0 1 k= 1 1
k=4 1 1 k=5 1 2 k=6 1 2
=7 2 2 k= 2 2 k= 2 3
k=10 2 3 k=11 3 3 k=12 3 3

Predictive: at most 4 Yukawas
(4x2 + 1=10 = 6 masses + 3 angles + 0)
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| S | >
Counting Possibllities: 3 parameter matrices _&

3(3) 3 (3) 3(3) 3 (3 3(3) 3 (3
E—1 0 k= 0 1 k= 1 1
_ 4 @ k= 1 9 k= 1 9
_7 2 9 k= 2 9 k= 9 3
k=10 2 3 k=11 3 3 k=12 3 3

* Massless Quark (det=0)

5(1) A Y3(4)

30



Counting Possibllities: 3 parameter matrices

3(3) 3 (3 3(3) 3 (3) 3(3) 3(3)
k=1 0 1 b — 0 1 I — @
— 4 1 1 k= 1 9 k= 9
—7 9 9 k= 9 9 k= 2 3
E=10 2 3 k=11 3 3 E=12 3 3

* Massless Quark (det=0)
3 6
Vil e i
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Counting Possibllities: 4 parameter matrices

3(3) 3(3) 3(3) 3(3) 3(3) 3(3)
k=1 0 1 k=2 0 1 k= 1 1
—4 1 1 k=5 1 2 k= 1 2
=7 2 2 k=8 2 2 k= 2 3
k=10 2 3 k=11 3 3 k=12 3 3
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| N | >
Counting Possiblilities: 4 parameter matrices _&

3(3) 3(3) 3(3) 3(3) 3(3) 3(3)
k=1 0 k=2 0 1 k=3 1 1
11 k=5 1 2 k=6 1 2
72 k=8 2 2 k=9 2 3
10 2 3 k=11 3 3 k=12 3 3
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| N | >
Counting Possiblilities: 4 parameter matrices _&

3(3) 33 3(3) 33 3(3) 3(3)
k=1 0 1 k=2 0 1 k= 1 1
— 4 @ k=25 1 2 k= 1 2
-7 2 k=38 2 2 k = 2 3
k=10 2 3 k=11 3 3 k=12 3 3
(3) (6)
1 4 Y
Y:’L:‘;()DCYS() My ~ @ Ms3 M, My ~ Mg 3

34



From Matrices to Models

35



Assignments, Transposition, and gCP

My ~ My M3 My M5 ~ Mg

(rk)  (8,1) (34) (3.2) (8,2) (3.3) (3.3)
(r2.k2) (3.4) (3.4) (3.5) (3.5 (3.3) (3,6
(rs.ks) (8.7 (8.7) (8,5 (3.8) (3.6) (3.6)

Are all combinations Possible?

36



Q ~ 3" —— 7 field weights to 6 Yukawa weights — Yes! \/

qCNS*

Assignments, Transposition, and gCP

Ml e ﬂ/fg M3 ﬂ/ﬂl M5 e ﬂ/fﬁ

(rk)  (31) (3,4) (3.2 (8,2) (3.3) (8.3)
(r2,k2) (3.4) (3.4) (3.5) (8.5) (
(rs.ks) (8.7) (3.7) (3,5 (3.8) (3.6) (3.6)

Are all combinations Possible?

— 5 field weights to 6 Yukawa weights — No

(

37



Assignments, Transposition, and gCP

Ml e ﬂ/fg M3 ﬂ/ﬂl M5 e ﬂ/fﬁ

Doy nh) B G (32 @2 (3.3 @3
(r2ke) (3.4) (3.4) (3.5) (3.5) (3.3) (3.6)
(r3, k3) (3.,7) (3.7) (3,5) (3,8) (3,6) (3,6)
(M{, M), (Mg, M), (Mg, M),
qc- ~ 3* (I\Jg: Iurir): (Mg: ZT):' (I\"fg: jbj??j):

38



S
# of Parameters _&
] |

M, ~ | a1Y] agYs asYs3 4+ a4, | or its transpose

gCP Q~ 3" q-~ 3"
(4real ) x2+1 (4real)x2+T1 (4real)x2+T
+ +
(1 phase)x 2 (2 phase ) x 2

39



@

Numerical Results

Can we find the elusive predictive Quark model?

40



Cases considered

# dofs | @ ~3" | ¢°~ 3"
gCp (w/0 9) 10 v v
gCp (w/ 9) 10 X X
pheno phase 11 v —
special 7 10%+427 v —
2 T 8-+4 v v

41



Cases considered

Z

#dofs | Q~3" | ¢°~ 3"
gCp (w/0 0) 10 v v
gCp (w
pheno p - NU| My My My Msg S| My My M M
specia
M5 00 94+ 94 9+ M7T 00 - 15 15
2T ’ e
M3 94 0.0 0.0 9+ M{ - 1.0 - 10
M, 9+ 0.0 00 9+ MF 00 - 10 -
Msg | 9+ 9+ 9+ 0.0 Mfg | 00 15 - 14
(a) Models with Q ~ 3*. (b) Models with ¢° ~ 3",

42



Cases considered

# dofs | @ ~3" | ¢°~ 3"
gCp (w/0 9) 10 v v
oCp (w/ §) 10 X X
pheno phase 11 v —
special 7 10 “4-2” v —
2T 8+4 v v

* The problem of CP-violation

43



. 5
Cases considered _&

# dofs | QQ ~| 1o _
gCp (w/o 6) 10 v | Logyo el
gCp (w/ d) 10 X 0.05|
pheno phase 11 v ' !
special 7 10442 v 2
2 T 8+4 v e
* The problem of CP-violation
0.85F
08T 050 049 048 047 06 _os
Re 1

N

a4



Cases considered

#dofs | Q~3" | ¢°~ 3"
gCp (w/0 9) 10 v v
gCp (w/ 9) 10 X X
pheno phase 11 v —
special 7 10%4-27 v —
2T 8+4 v v

* Pheno phase: lift gCP only in one sector
(not consistently)

45



Cases considered

#dofs | Q~3" | ¢°~ 3"
gCp (w/0 9) 10 v v
gCp (w/ 9) 10 X X
pheno phase 11 v —
special 7 10“+2” v —
2T 8+4 v v

» Special T: no gCP but top-down values for t

7 ~ F0.484 + 0.884 7, F0.492 + 0.8757, F0.495 + 0.8724, ...,
corresponding to |e(7)| ~ 0.04, 0.02, 0.01, ...,

N
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- \ S
Cases considered ‘¢

M. Ma Mo Mz My Msg " Ma Mys M; My Mg
gCp (w/0 9)
ng (W/ 5) M2 0.1 9+ 94+ 9+ M 2 St 9+ 9+ 9+
pheno phase| M | 9+ 21 21 9+ Ms | 9+ 5+ 5+ 9t
special 7 My | 9+ 21 21 09+ My | 94 5+ 5+ 9+
2 M5 6 9+ 9+ 9+ 21 Ms g 9+ 9+ 9+  5u
(a) 7 = F0.484 + 0.884 . (b) 7= F0.492 + 0.8751.

7~ F0.484 + 0.884 7, F0.492 + 0.8757, F0.495 + 0.8724, ...,
corresponding to |e(7)| ~ 0.04, 0.02, 0.01, ...,

N
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Cases considered

# dofs | @ ~3" | ¢°~ 3"
gCp (w/0 9) 10 v v
gCp (w/ 9) 10 X X
pheno phase 11 v —
special 7 10%4-27 v —
2T 8+4 v v

» 2 1:gCP but different T for each sector
(not consistent)



Are the Hierarchies actually
from the proximity to the cusp?

49



| | S
A Closer Look @ Natural Hierarchies _&

gCP (masses) gCP (all) pheno phase no gCP two moduli

Re T, —0.4772 —0.4823 —0.4992 —0.49738 —0.4969
Im 7 0.85861 0.8784 0.8852 0.8550 0.8692
Re ™ - — — — —0.4939
Im 7y - — — — 0.8856
€] 0.0486 0.0348 0.0306 0.0306 0.0072
€| - - - - 0.0328
(me/me) / |é] 0.055 0.052 0.088 0.088 0.371
| (my /mg) / e 0.002 0.003 0.006 0.006 0.105 |
(ms/mp) [ €] 0.282 0.400 0.448 0.448 0.418
(ma/my) [ |e|* 0.293 0.582 0.739 0.739 0.643
No (masses) 0.0 3.4 0.0 0.0 0.0
No (angles) 518 5.5 0.0 0.0 0.0
Ne (dcp) 11.2 0.0 0.0 0.0 0.0
No (total) 52.9 6.4 0.0 0.0 0.0

N
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Thank You

51
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