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The Flavour Problem

The Standard Model

[King 017]

Why are there 3 families of each SM fermion beld, in the same representation of the gauge
group, differing only by their mass?



The Flavour Problem

Why such large hierarchy among fermion masses?
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Why is Bavour mixing in the quark sector small compared to the lepton sector?
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Neutrino Masses

How are neutrino masses generated and why are they so small?

[Minkowski O77]

Type | Seesaw mechanism [Yanagida 679]
[Gell-Mann, Ramond, Slansky 079]

[Ramond 098]
Include RH neutrinos which are singlets under the SM

L, =y, LTHN + MNyN°N + h.c.

Large Majorana RHN masses

[m! = vy M| 1Y!T)

Are neutrino masses modular forms?

[Feruglio ©17]

[Criado, Feruglio O18]

[Novichkov, Penedo, Petcov, Titov O18]

[Kobayashi, Omoto, Shimizu, Kauai, Tanimoto, Tatsyusgu 018]
[Penedo, Petcov O18]

[Kobayahsi, Tanaka, Tatsuishi, 018]

[Novichkov, Penedo, Petcov, Titov O18]



SUSY FLAVOUR GUTs

SUSY: gauge coupling unibcation, ameliorates the
hierarchy problem.

Grand UniPed Theory: unibes fermions within each
family and reproduces an universal mass matrix
structure.

Family symmetry: OHorizontalO unibcation of SM
fermions.

Extra dimensions:
GUT breaking through boundary conditions.
Higgs doublet-triplet splitting.
Origin of the family symmetry after orbifolding.

No need of extra Pelds and alignment superpotentials.



Extra Dimensions

Extra dimensions should be

Our universe is 4D = P .
compactiped

Torus compactibcation

Superstring theory is 10D

o

¢ Compactification

B AT Y SR =

The effective 4D Lagrangian is obtained after integrating out over 6D

o /d4:cd6y[,1()p — /d4a¢[,eff

Lett  depends on the structure of the torus @
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Torus compactification

The torus can be debPned through a two T? | T
dimensional lattice, with the identibcation @ ~ f {

of opposite edges: T%=C/! q.) 0 1
L1 ©
The shape of the torus is represented by themodulus e
@ CO The different values of T
realize the different shapes of the torus

T—TZ

Leg depends on ! L Y(T)ij Cb%wj



The different values of 7 realise the different shapes of the torus
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T=Tq & = 1>

However, there are very specibc transformations of 7 which donOt change the torus

Modular transformations: e I
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Modular transformations

There are two independent
lattice invariant transformations.

W1

S-transformation

(%) =% D) -(22) g

T'-transformation ,

()= 9D =(,,%)




Modular transformations

- ~ Modular group I
al + b ad! bec=1

c! +d a,b,c,dl Z S ==
" =

(ST = 1]
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The bnite modular group ! ny ! {S, T|S?
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Modular symmetries

All the Pelds in the bulk will transform under the modular group,
an invariant can be built from:

- - il ». f(!):coupling constant
L f(T)??D( ) aaé( ) ») - pelds

P

cl +d
f()! (c + dX"f()
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Modular symmetries

All the Pelds in the bulk will transform under the modular group,
an invariant can be built from:

1) z 2 2(n) . f(!):coupling constant
L f(T)??D( ) aaé( ) ») - pelds

P

el = dl
f(l) | (C! + d@ (l) = Modular form with weight k

1D (¢ + )T O

Modular weight,
a real number
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Modular symmetries

All the Pelds in the bulk will transform under the modular group,
an invariant can be built from:

1) 2z 2z 2(n) _ . f(!):coupling constant
L f(T)?vb( ) aaé( ) ») - pelds

ol g
f(l) | (C! + d)@ (l) = Modular form with weight k

1 (1) (c' + d)’ k|! (1)

Representation under the modular group 1’y
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Modular symmetries

All the Pelds in the bulk will transform under the modular group,
an invariant can be built from:

0 i ». f(!):coupling constant
2 f(T)??D( ) aaé( ) ») - pelds

al! +b f Invariant if: \

el - d 1. The weight k compensates the overall
weight of the belds: k = Ki

f()!D (cl + d)*"f (1) |

2. The product of the representations

! (1) ! (C" + d)! Ki #(I)! (I)\!! 1) ééé!(”)containsasingletj

P

The Yukawa couplings can now be triplets under ! jand give rise to speciPc mass structure
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The Yukawa couplings can now be triplets under ! sand give rise to specibc mass structure

Aatriplet modular functions
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Yukawa coupling Is not a constant!

o [2Y7 —Ys —Y5 Gives rise to mass matrix
—Y; 2y, —Y) structure once 7 is bxed!
— Y5 —)1 2Y4
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OI‘blfOld 1o/ Zo Wl‘[h twis[ — o — et

" Two extra dimensions can be combined in 2 = I'x “F i$6

L6 4
W I +w T2 ZZ
z=12z+1 Z= 17
| Z— 7 & !
s

- The orbifold leaves 4d invariant branes
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Orbifold

The spacetime @ctive) transformations S, T and U permute the branes,
leaving invariant the set of 4 branes:

L6 o

S:z—>2z4+1/2 or z— z+w/2,
; 2

1Tz — w'z, S,U identify sides a,b,c

while T rotates

everything by

identifying sides d.

e o1

Ay These transformations satisfy:

St - (ST =1 "1 gioup
Us =S =(Tlhz= ST =1 > Sigroup

¥ \We conclude that the symmetry of the branes iS(Fg | Zo ~ Ayl Zg)where the

Z, Symmetry is generated by cau

5 L



The model

Fields located on the branes

Representation
Field ( di \
144 X ZQ SU(S) U(l) o dg
— e_
F 3 5 a + 2c ),
f\_g 1 1 a
f\rg 1 1 da
£ 1 1 —2a

The super Pelds located on the branes do not depend on the extra dimensions and
therefore they must have weight zero.
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The model °
C MOJCl r-
Fields on the bulk \
Representation Localization
Field
Ay SU(5) U(1) Weight  Fy Pip P,
= 17 10 ¢ +4a —y 41+l +1
T 1 10 ¢+ 2a —y 41 F1 #1
T 1 10 c —y 41 £1 £
Hx 1 5 —2c — +1 +1 +1
Hz 1’ 5 b a+~v +1 +1 +1
o3 3 1 —b—a — 3¢ — +1  +1 -1
09 3 1 —3a a—pF +1 -1 +1

¥ The two copies of each T, with different boundary conditions, allow different

masses for down quarks and charged leptons.

¥ The MSSM Higgs belds h;,hd are inside the Hs5, respectively.

¥ Two Ravons ¢1,2 that help to give structure to fermion masses
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Yukawa structure

| 3
Wy =y INSNS +y,)! 'A—SNSNS
| o
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Majorana masses

Dirac neutrino masses

Charged leptons

Down quarks

Up quarks



Yukawa structure

o o Majorana masses
Wy =y INSNS +y.! _N Na  Modular forms with J
-- non trivial weights! _ :
@F HsN © ‘FF HsN © Dirac neutrino masses
" l - n 1| 2
= 0 ~FH Ty +VY5—— A2 FH:T, +Vj FF H:T;  Charged leptons
1 | = | il |
+Y§ZKFH§T:; +y§FFHgT2 & Vi FH5T, Down quarks

cag D o Up quarks
5Ti T; AB! @ 5

18



Mass Matrices

¥ The down quark and charged
lepton mass matrices are diagonal:

e 0 0
M v @y %$ V1,
0.0
T e
VElee =020
Me=vs" 0 ysr 0% w,
00 0 o5

¥ The bt to the observed masses is
straightforward.

¥ The hierarchy between the masses
of the different families Is
understood through the powers of I

9



Mass Matrices

¥ The down quark and charged

: i The up quark mass matrix is given by:
lepton mass matrices are diagonal:

yir 0 0
Mig—vy Dyl 05w, e s
! 4 0 yg# M= e 8 $ v,
i 0 0 Y51 &8 Y& E Vi
Me=vs" 0 ysr 0% w,
0 0 v§
¥ The bt to the observed masses is ¥ All contributions to quark mixing is
straightforward. coming from the up sector.
¥ The hierarchy between the masses ¥ The smallest phenomenologically
of the different families is viable choice for weightis ¥ =7

understood through the powers of I
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Alignments from modular forms

They can be constructed from

A modular form has to satisfy the Dedekind Eta function
©. @)
11 n —_— L e 2
f ) (el £ d) e f ) G-l ), g e
Ja==s:
The modular form y; can be a
The modular form Ysmust be a triplet singlet or a triplet
o (v<)s B (Ye (P2))3/v2
0 0 0
2 0 Y1 ( 1 )
2 |y ( 2w ) 1
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9 2 y1<—2w—2>+y2( —2 )
iy —w w-2 | 2
' 9 1 —2w? 4+ w 2w? 4+ w
2w 4 ylw(0)+,y2( 2w? — 2 >+lj3( —2 )
—1 1 w2 — 9 2
6yl 2w 0 2 2w? — 2w
202 6 y1(1>+y2(4w2+1)+y3< 1 )
1 4w + 1 —1
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Alignments from modular forms

They can be constructed from

A modular form has to satisfy the Dedekind Eta function
f ) (el £ d) e f ) G-l ), g e
n=1
The modular form y_ can be a
The modular form Y must be a triplet singlet or a triplet
a0 (yZ)S 3

Only alignments satisfying the
extended symmetry Ag!l Zo

Neutrino mass matrix debned from these modular forms!

P0



Neutrino Mass Matrix

After applying the type-l1 Seesaw Mechanism [m! = V2y! I\/II!\I 1le J

2 12 o oo
k. VU & " n | VU V-% T

where ! s and ! g are given by the modular forms

T s oy
lg=y 2'25 | #g=" y1+y,(4" +1)! y3 3
2 y1+ ¥2(4" 2+ 1)+ y;3

The effective parameters at low energy are {y, Y1,Y2, Y3}

The Z, symmetry bxes the parameters{Vy, Y1,Y2} tobe real whi¥s is
purely imaginary.

P1



it reflection symmetry

The neutrino mass matrixis ! ! ref3ection symmetric:

M! ! symmetry leads to having non zero reactor angle, together with

maximal atmospheric mixing angle and maximal Dirac CP phase:

[!13!30, !23:45!, "I:ig()'] AA" zzsym

The parameters {VY, Y1, Y2, Y3} will bt the rest of the PMNS observables

iy 2 2
{110,113, m5, 1 m3,}
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it reflection symmetry

¥ The predictions of the model are (! 5 DA 90')
360 [T T T T T [ 5T I ]
¥ The latest results from NuFit4.0:
270 — —
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< \V E
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90 [ ]
[Esteban, Gonzalez-Garcia, Hernandez- E E
Cabezudo, Maltoni, Schwetz, 180] ol il "J—‘—‘—*—L‘—_
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¥ The predictions of the model still lie inside the 3o region with ! “ = 5.48

¥ Furthermore, we predict normal mass ordering and a massless neutrino m1 = 0

since we only added 2 RH neutrinos.
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Conclusions

¥ Modular symmetries, arising from compactibcation of extra dimensions
can give rise to [3avour symmetries .

¥ The Yukawa couplings becomemodular forms giving rise to mass matrix
structure, which implies reducing the number of [3avon Pelds in model
building.

¥ Example of a SU(5) GUT in 6d, where the two extra dimensions are
compactibed on a T»/Z, orbifold, with the modulus bxed ! =" = =

¥ The Pelds on the branes respect arenhanced symmetry As! Z, which
leads to aneffective p! ! rel3ection symmetry at low energies,
predicting maximal atmospheric mixing angle and maximal CP phase

I"HS00&' ()*+,%"-$% *+*#.*/%012/#234318&(', %60' (5%, %6 1'(&*-DHEPRIEAB S0 *$*-'+"%-2/%#22(.-9(2%& (3'-55* %1 2/* %, "*%: - #*%: <=(/(>$<-?
@1'#9%3'-2,%-3"*5+2 06(Pe, B

P4



