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Abstract: Large mixing angles and a mild mass hierarchy are observed in neutrino oscillations, in stark contrast with the quarks and charged leptons
sectors where very hierarchical masses come along with small mixings.

We review and discuss the neutrino mass patterns that are technically natural, in the context of the seesaw mechanism and with a quark-lepton
unification perspective.

We show that a seesaw in six dimensions offers an elegant and unique solution to the flavor puzzle. An explicit model is constructed, with a vortex
background on a sphere. It offers an explanation for the replication of families in the Standard Model, and predicts suppressed flavour violating
interactions.
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OUTLINE & SUMMARY

The flavour puzzle

Neutrinos : tiny masses + large mixings ?
Quarks : hierarchical masses + small mixings

Neutrino mas® matrix reconstruction
Statistics favour inverted hierarchy ?

Origin of an inverted hierarchy
Origin of the large mixing angles

See-saw mechanism
Majorana mass in six dimensions ?
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OUTLINE & SUMMARY

A flavour model with a vortex background in 6D
1 family in 6D €<= 3 (?) chiral families in 4D

See-saw in 6D : the neutrino mass matrix is
automatically of f-diagonal

M, -

Constraints on the size of xdim come from
flavour violating processes. Processes with a
change of the family number are
automatically suppressed.
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THE FLAVOUR PUZZLE IN THE
NEW STANDARD MODEL (vSM)

Why three families ?

Same gauge interactions

Hierarchical;ﬁnasses
I<IT<IX1

Small mixing angles
Neutrinos

Hierarchy ?

Some mixing angles large
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"2Bpton number violation ?
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THE FLAVOUR PUZZLE IN THE
NEW STANDARD MODEL (vSM)

Why three families ?

Same gauge interactions

Hierarchicaljr__\nassas
FAIESIEL

Small mixing angles
Neutrinos

Hierarchy ?

Some mixing angles large
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HIERARCHICAL MASSES

fermion masses
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Intra-generation hierarchy

Inter-generation hierarchy
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STANDARD PARAMETERIZATION
OF THE MIXING MATRIX
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THE CKM MIXING MATRIX
IN THE QUARK SECTOR
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THE PMNS MIXING MATRIX
IN THE NEUTRINO SECTOR
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THE PMNS MIXING MATRIX
IN THE NEUTRINO SECTOR
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NEUTRINO MASS HIERARCHY

| 2 2 2
| Onl?/ Amg; =m,, —m, are measured by
oscillation experiments |
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NEUTRINO MASS HIERARCHY

Only Am:, =m; —m; are measured by
osc:l!a‘r:on experiments |

A;m‘ = D1t 1 () \_
Am$, = 2.46 +0.37 x 10 eV*
Am3z; = —2.36 £ 0.3 10 eV~
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CAN ALL THIS FIT TOGETHER
IN A UNIFIED PICTURE ?
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We need to reconstruct the mass matrices. ..
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NEUTRINO MASS HIERARCHY
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Only Am; =m; —m; are measured by
osc:l!a‘rton experiments |
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CAN ALL THIS FIT TOGETHER
IN A UNIFIED PICTURE ?
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We need to reconstruct the mass matrices. ..
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NEUTRINOS : DIRAC OR MAJORANA ?




SEE-SAW MECHANISM (TYPE I)

Might explain the smallness
of neutrino masses

Might explainsthe presence
of large mixing angles

M, =Mp-Mg" -M§
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(QUARK SECTOR

Wolfenstein parameterization of the CKM
matrix
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Empirical relations advocate for a connection

between hierarchical masses and small mixing
angles
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_LEPTON SECTOR

Hierarchical charged lepton masses

-

—> Grand Unification 22

Hierarchical ezutrinos masses ?2?
JAN ],
An

2;] — A&

b b |
il D[ Do Do

Y~ \c =—> Hlidden hierarchy ??
Quark -- Lepton complementarity

i — 0 =~ \C —> QL unification ??
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(MY, . My . TN, ~ MMy * |

o g )
Ml = [0 K1 +ad”

Charged lepton confribution
Unne = UM,

If U, contains O large angle

If*t%; contains 1 large angle

)|

(Effective) Majorana mass matrix

M, = UMU!
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NEUTRINO MASS MATRIX RECONSTRUCTION
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NEUTRINO MASS MATRIX RECONSTRUCTION

2 X 2 case

—> 2 cases with a large mixing angle

T, €K ey —F  Moii~ M, oa~ M,

(I, " _‘_-._.- _rl.'r
1 L. l -
% Mo, Moy M.
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NEUTRINO MASS MATRIX RECONSTRUCTION

3 x 3 case
yia 1
3 ) 01 ’
2 I <10 “o 1
1 6 5° L 6%
1 6% 0% ) O 1 6 6°

—> Put order one coefficients for a
numerical analysis
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CONCLUSIONS FROM THE

NUMERICAL & STATISTICAL ANALYSIS

Key ingredient to have large angles :
dominant of f diagonal elements

Inverted hiermrchy preferred
—> Two important guestions :
Can we get IH paftterns with the see-saw ?

Is the IH compatible with hierarchy ?
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NEUTRINO MASS MATRIX RECONSTRUCTION

3 x 3 case
11 1
il y 5 1 ‘
=% 1 <16 <o 1
L & )
L6540 ) 1 )

—> Put order one coefficients for a
numerical analysis
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CONCLUSIONS FROM THE

NUMERICAL & STATISTICAL ANALYSIS

Key ingredient to have large angles :
dominant of f diagonal elements

Inverted hiermrchy preferred
—> Two important guestions :
Can we get IH patterns with the see-saw ?

Is the IH compatible with hierarchy ?
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CONCLUSIONS FROM THE

NUMERICAL & STATISTICAL ANALYSIS

Key ingredient to have large angles :
dominant of f diagonal elements

Inverted hierarchy preferred
—> Two important guestions :
Can we get IH patterns with the see-saw ?

Is the IH compatible with hierarchy ?
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SEE-SAW & HIERARCHY

2 x 2 case M, =Mp-Mg" - M§
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_LEPTON SECTOR

Hierarchical charged lepton masses

—> Grand Unification ??

Hierarchical rzutrinos masses ?2?
/\
Ams?

(

-~ &
_)]

y ~ \c =—> Hidden hierarchy ??
Quark -- Lepton complementarity

J': — 0 ~ \o —> QL unification ??
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NEUTRINO MASS HIERARCHY

1.] .'} .
> Only Amj; =m; —m; are measured by
oscillation experiments |
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NEUTRINO MASS MATRIX RECONSTRUCTION

2 X 2 case
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CONCLUSIONS FROM THE

NUMERICAL & STATISTICAL ANALYSIS

Key ingredient to have large angles :
dominant of f diagonal elements

Inverted hiermrchy preferred
—> Iwo important guestions :
Can we get IH patterns with the see-saw ?

Is the IH compatible with hierarchy ?

Pirsa: 10090071 Page 35/130




SEE-SAW & HIERARCHY

2 x 2 case M, =Mp-Mgz" - M

Pirsa: 10090071 Page 36/130




SEE-SAW & HIERARCHY
3 x 3 case Mg = Un- Mo
= Vi 1
- — — —3. —
= = = 4 =3 oy =2
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TNVERTED HIERARCHY ?

—> Two important guestions :

Can we get IH patterns with the see-saw ?

Is the IH corspatible with hierarchy ?
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ITNVERTED HIERARCHY ?

—> Iwo important guestions :

Can we get IH patterns with the see-saw ?
Is the IH corspatible with hierarchy ?

But /* requires a Majorana mass matrix
with a Dirac-like pattern /!

» What is the origin of such a strange pattern ??
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MATORANA MASS IN 6D

A Dirac spinor in 6D has 8 components, and can
be written as 4 4D Weyl spinors, which have
different 4D or 6D chiralities




MATORANA MASS IN 6D

A Majorana mass term always connects different
6D chiralities
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MATORANA MASS MATRIX IN 6D

If we also have a Dirac mass for ¥ (could arise
from dimensional compactification)

Mo s
—(T°T + he)+ ATT =

M XN+ — E_E.) + A Yol el ) F h.c.
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SEE-SAW IN 6D

With the previous Majorana mass matrix, and
SM neutrinos connecting only fo (- , The see-
saw masses are always proportional to M

For example, with one flavour, if \/p = (a 05 0)

=
Ayl
-

ab)M
A2 + 012

M, =

> In 6D, we can have a small neufrino mass
from a small Majorana mass

In 4D, this is similar to a double see-saw
mechanism
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MATORANA MASS MATRIX IN 6D

If we also have a Dirac mass for ¥ (could arise
from dimensional compactification)

M - _
—(¥*¥ +he)+ AWV =

—

\1!| .ll"_,-":.:i_'_ _:__—:__-— & -\.i \ —:_‘—- =+ X —-:__—_'_El':
X— S+ X+ S&-
- [ A M )
£ \ —\/ - +1
\/ A M= — 79 -
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SEE-SAW IN 6D

With the previous Majorana mass matrix, and
SM neutrinos connecting only fo (- , The see-
saw masses are always proportional o M

For example, with one flavour, if \/p = (a 05 0)

Ny
o

ab\l

\[,, =
W=

> In 6D, we can have a small neufrino mass
from a small Majorana mass

In 4D, this is similar to a double see-saw
mechanism
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A MODEL OF FAMILY REPLICATION
WITH A VORTEX IN 6D

Frere, Libanov, FSL, Nugaev, Troitsky

The basic idea is to have a topological defect in
6D (vortex) made of a U[7), gauge field Aand a
scalar field @,

The interaction of a single fermion family with
the vortex leads to several chiral zero-modes, as
a consequence of the index theorem

Family number in 4D corresponds to winding
number in extradim
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ABIKOSOV-NIELSEN-QOLESEN VORTEX

Abelian "Higgs"” Lagrangian (here on M* x S%)

1 ] J_ ; B p r L& ) 9.9
" — det (JAR ) ( —1[‘_31;_;‘1[‘ \B -+ Z'}'l“b i’*_x_‘b — :' ‘I’ S —)

o . n s o : = e . D )
I,-'..‘-‘" — (] 1-!—:1."':?4?1!‘_) — -‘f.‘; O 4 — ['i;" (1= | SHI (7 cl = 5

Look for a static solution

A, = i.%-:ff ). Apg=0. &= F(0)e'".

Here the winding number of @ is equal to 1
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ABIKOSOV-NIELSEN-QOLESEN VORTEX

The vortex on the sphere 1s 1n fact hike a
magnetic monopole 1n 3D

tﬁl
o
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FIELD CONTENT OF THE MODEL

t“.rl~i- ~'}L|i"'i'.‘-

representations

NVw | SU3)ce

/
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CHIRAL ZERO-MODES

Frere et al. hep-ph/0304117

Coupling of fermions with axial charges to the
vortex background

'I.DI = t_,J " '_' T ﬁ.'-': I:D

Ly =/ —det(gaB) '{HLI ~ i (T.a — 1€k

_ _r'p e O bk

> . 2

—>» Index theorem :@ k chiral zero-modes
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F

FIELD CONTENT OF THE MODEL

representations
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scalar
scalar
SCalar
ermion
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ermion
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ABIKOSOV-NIELSEN-QOLESEN VORTEX

The vortex on the sphere 1s 1n fact hike a
magnetic monopole 1n 3D

tﬁ'
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ABIKOSOV-NIELSEN-QOLESEN VORTEX

Abelian "Higgs"” Lagrangian (here on M* x S2)

: l " - 3 T \ ) ). 9
[ — \ — det JARB) ( —zf‘_“‘;[‘ Gt 1 l"l‘*b [f_g‘L‘ ) P|c — v°)“
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Look for a static solution

A, =2A(). Ag=0. &=F(#)e*

Here the winding number of ® is equal to 1
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ABIKOSOV-NIELSEN-OLESEN VORTEX

The vortex on the sphere 1s 1n fact hike a
magnetic monopole 1n 3D

1

Pirsa: 10090071




r

P

FIELD CONTENT OF THE MODEL

flelds
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CHIRAL ZERO-MODES

Frere et al. hep-ph/0304117

Coupling of fermions with axial charges to the
vortex background

U =i 3 kg
Ly =/ —det(g4B) { -"I‘f-.}-tf”(va — 1 f’u'l — rf-{;)‘b
g P* @l — f* gt 1 «pl

) . 2 |

—>» Index theorem :@ k chiral zero-modes

Pirsa: 10090071 Page 56/130




fields

representations

HRATT "‘"l'r:

A
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CHIRAL ZERO-MODES

Frere et al. hep-ph/0304117

Coupling of fermions with axial charges to the
vortex background

1:[}; - t:, . '_- i kcx 1]:1

i _ Ny 14+17
Ly =/ —det(gaB) jf‘L’*’ -y (T.i — leh—]3 -M)ID

.1 —=T%

- 1+4+17
qgP™ -

U — ¢ d* 7 |

2 ’ 2 J

—>» Index theorem :@ k chiral zero-modes
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STRUCTURE OF THE ZERO-MODES

Left-handed zero-modes

(H
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HIERARCHICAL DIRAC MASSES AND
SMALL INTERFAMILY MIXING ANGLES

Simplest case for charged lepton mass matrix

l_l—_[ +-§{H{r[l_r-

YyHXL

Ly
oy

E
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STRUCTURE OF THE ZERO-MODES

Left-handed zero-modes
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HIERARCHICAL DIRAC MASSES AND
SMALL INTERFAMILY MIXING ANGLES

Simplest case for charged lepton mass matrix

l_r_[ +-sfnfwl‘r‘

YyHXL

™
&y

E
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STRUCTURE OF THE ZERO-MODES

Left-handed zero-modes
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HIERARCHICAL DIRAC MASSES AND
SMALL INTERFAMILY MIXING ANGLES

Simplest case for charged lepton mass matrix

l_f‘f_ +-3fnfwl_r‘

YyHXL E
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FERMION SINGLET ON M* x §°

Decomposition in spherical modes

_iNO.TEN + N
( ]

J/—det gap

A —
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FERMION SINGLET ON M* x §°

Decomposition in spherical modes

[r—)

/‘”h/. LNy = }_' XA X Ao T A OE)

\ Y

ks _E = . -3 ) + he
o \SA.mS—A.—m \A.m \—A.—m 1.C.

I
= |
-
8
/
|
[ R
/

_\[ — (A —l-Ir-”'_‘\f

> Modes are connected by groups of four

> |A]l 21 : Due to the compactification on a sphere,
there are no massless modes /
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NEUTRINO DIRAC MASSES

14+TI-

9

We need Dirac masses with both projectors
for a successful see-saw
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NEUTRINO DIRAC MASSES

After dimensional reduction, [d0doLp=L. + L_

o= 3" ME(n.52) atoam. +he

."' r —

Ty
b\ n.s2) = [ d6 sin0Y;(SHO)S.(0) (VIR F5(n. 0))S 7], (0) '™
"_j I"I,._ e o / r_l.H "'j.I.I.H‘.T__ ""\I_ |H _l'-—ﬂl"'l-‘_lH:l.\. j_ir]! '--'nl_' .H Q -... £ - o

There are selection rules
due to the ¢ integration
around the vortex

|
|
I

Il -
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NEUTRINO SEE-SAW MASSES L<(A+BTI7)L +he

[—I. ~ (U. Ja2(k) _*;"." 0)°
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NEUTRINO SEE-SAW MASSES L<(A+BTI7)L +he

S. M S.
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NEUTRINO DIRAC MASSES

We need Dirac masses with both projectors . :ﬁf_—
for a successful see-saw )
L i 1+I57 .
: =Y Y7 (S.)HS.L——N\
\ — (1T ;_Eé}]’ .:.._‘ L
1 — 17
+ Y Y, (SO)HS_L——N +h.
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NEUTRINO DIRAC MASSES

After dimensional reduction, [d0dolLp=L. + L_

Li=Y ME(An.s+)LiXom. +he

\. - — /f"H “*.lll"u‘i?__ 3 |H H1S (#H \ j—f' 5| £} Q 0\ o™
J_ -
- ny = - —n— 384 There are selection rules
- due to the ¢ integration
—— e AL around the vortex



NEUTRINO DIRAC MASSES

06 F n~ 8
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sol \ f \ //\ A
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NEUTRINO DIRAC MASSES

After dimensional reduction, [d0dolLp=L. + L_

E_,_ —_— ; ‘\ [J!'::_II \ . S | \‘-,._\.'\."’- & T ll‘{"‘

: A.n.sy) = / df sinf@Y (S VH()S_L_(6)(\ j_-ﬁ":' n.6))S; H) e
There are selection rules

due to the ¢ integration
around the vortex

|
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NEUTRINO DIRAC MASSES

We need Dirac masses with both projectors
for a successful see-saw
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FERMION SINGLET ON M* X &°

Decomposition in spherical modes

I |'[ » ) e ; e r_ '_l
/ azao L-\ = \\.m "h'k A.m T QA.m 'Jm.”\_.-'r:

\ IV

_\[ =%l AN —]_'jr-”'_‘\[

> Modes are connected by groups of four

> |A| >1 : Due to the compactification on a sphere,
there are no massless modes !
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FERMION SINGLET ON M* X S¢

Decomposition in spherical modes

LN

\ = il_"l_ rl,l'_ 1 !F__‘;

\

 E—
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FERMION SINGLET ON M* X &°

Decomposition in spherical modes

/ b do L-\- = /; \A.m ."jf\_w TG Am ‘IIL.H.H-

\ 1m

5
—
b !

e =N T

]_';t
M = e(A\(-1) ™M

> Modes are connected by groups of four

> |A| >1 : Due to the compactification on a sphere,
there are no massless modes !
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NEUTRINO DIRAC MASSES

After dimensional reduction, [d0dolp=L. + L_

L (A ) = /r,.',-_; sin@®Y “(S_YH(0)S_(8)(V 27l 5 1) S A) o™
J_ -
= Ny = - — N — Sy There are selection rules
- due to the ¢ integration
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NEUTRINO DIRAC MASSES
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NEUTRINO SEE-SAW MASSES L<(A+BTI7)L +he

" ; i 2 . F
[—I. T |‘| ‘-r | *-.‘ +:'F_r'- ;.‘ 'i

S. M S,
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NEUTRINO SEE-SAW MASSES

SREEER s s oo i 1\—(1/2—n—s.) ()
[f A. 7. S *\“}"r \.m.s5_ )M (-] \
M2+ N2/ R2
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NEUTRINO DIRAC MASSES
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NEUTRINO SEE-SAW MASSES L<(A+ BT7)L +he.

Li ~ (0. fo(k)lg. f3(k)li. 0)

S. M S,
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NEUTRINO SEE-SAW MASSES

_‘”f_" \. 7.5 U (—Am,s M (—1 —(1/2—n—s.) o( \

.'I ' -
—— - i lll. | e —_—

1 ) x *) 3*)
M4+ A</ R4
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NEUTRINO SEE-SAW MASSES L<(A+BT7)L +he

L N Ne L

S. M S,
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NEUTRINO SEE-SAW MASSES

—ME(A\ n.s )My (—N.m.s_)M(—1)'=1/2=n=s)¢( )

+)Mp
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NUMERICAL EXAMPLE

With a good selection of Yukawa operators, we
can get

- RR
M, ~ O
am x I

—> Possibility to have a bimaximal mixing
S F T hac? S
S_ = X%|X®|®% ...

}-T-* =y, 11.1.7} y, = 2.8-10"-
}_ — Y M= 1/K = 70 le¥
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NEUTRINO SEE-SAW MASSES

—M5(A.n.sy)Mp(—A.m.s_)M(—1)"" l/2—n—s.)¢( \
M=+ \2/R?
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NEUTRINO DIRAC MASSES

Pirsa: 10090071
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ERMION SINGLET ON M4 x S&¢

Decomposition in spherical modes

/" LN =Y \AmiOam + EmiO€sm

M = e(I\(—-1) ™M

> Modes are connected by groups of four

> |A| 21 : Due to the compactification on a sphere,
there are no massless modes !

irsa: 10090071 Page 91/130




FERMION SINGLET ON M* X S°

Decomposition in spherical modes

LN

M
— (A

\ — il_‘T il|ll_ 11 _F_]'

"k::ll e

Pirsa: 10090071
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HIERARCHICAL DIRAC MASSES AND
SMALL INTERFAMILY MIXING ANGLES

Simplest case for charged lepton mass matrix

1-r-[ +-3fn+=1r11‘r’

YyHXL

™
LA

E
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Left-handed zero-modes

STRUCTURE OF THE ZERO-MODES
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CHIRAL ZERO-MODES

Frere et al. hep-ph/0304117

Coupling of fermions with axial charges to the
vortex background

‘-IJI — 1_'| - -_- —ka "-]:J

|

l+1-

g " xI;l LT r""«pl

> . 2 |

—> Index theorem :@ k chiral zero-modes
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FIELD CONTENT OF THE MODEL

fields

/

L/

I'1) 11! :f_ | ». U
/ lermion F. FE_ 0.3) s
'-.r I'mnl -1 11 """. L) L)

Pirsa; 10090071

/ (1) | U(L);
1 scalar X ] L)
A scalar H —1 +1/

v

v
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ABIKOSOV-NIELSEN-QOLESEN VORTEX

The vortex on the sphere 1s 1n fact hike a
magnetic monopole 1n 3D

ﬁ."
-




ABIKOSOV-NIELSEN-QOLESEN VORTEX

Abelian "Higgs" Lagrangian (here on M* x 52)

: J_ 5 = ; = \ ) ). 9
== —llihT (JAR) (_11{1;?[ \B e i}."l{; [}_1‘1} g _}, l]:, T

) b ; :_: I ] L’ _: | __' - ._: -‘I
: .. bdr” — R2(d62 + sin .-

f = ¥ — il é':h’_' o { e
(i —_— .'l" l-}.,‘|.-,“'" (1.1 — iﬂr.‘;-rf.;

Look for a static solution

A, = LA0). 4,=0. &= F(@#)¥

Here the winding number of ® is equal to 1
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A MODEL OF FAMILY REPLICATION
WITH A VORTEX IN 6D

Frere, Libanov, FSL, Nugaev, Troitsky

The basic idea is to have a topological defect in
6D (vortex) made of a U[7), gauge field Aand a
scalar field @,

The interaction of a single fermion family with
the vortex leads to several chiral zero-modes, as
a consequence of the index theorem

Family number in 4D corresponds to winding
number in extradim
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ABIKOSOV-NIELSEN-OLESEN VORTEX

Abelian "Higgs" Lagrangian (here on M* x 52)

" 3. AR . \ g .
=\ _IltlT (JAR) (—1[1;}[* \B . [."""{I} [).1:_[} - _]I l]:l T e T B

I
P ol ] D ] 4] .V )L
( (] (LB (1.1 (},...,. (L LT (] — N

d6? + sin? Od »?

Look for a static solution

1 ! .
A, =—A(B). Ap=0. &=F(0)e"¥.

Here the winding number of ® is equal to 1
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CHIRAL ZERO-MODES

Frere et al. hep-ph/0304117

Coupling of fermions with axial charges to the
vortex background

1IJI — 1_'| _- —ka "-D

il
oy h
-

S N 1 +1+
L'q; — \ —ilt."r|lf.’_1ij?' -{;1[1; 11— (T; — tek y

4_;_) N/

- .,¥-¢I);"1I] L - J__'T II! e .,‘,-11}';'. 'li} l L l-__: \IJ 1

g 2 J

—> Index theorem :@ k chiral zero-modes
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STRUCTURE OF THE ZERO-MODES

Left-handed zero-modes

e |
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HIERARCHICAL DIRAC MASSES AND
SMALL INTERFAMILY MIXING ANGLES

Simplest case for charged lepton mass matrix

Pirsa: 10090071

l_r‘f_ +-3fH:I>11_r‘

YyHXL

™
&y

E
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LN

J/—det gap

=N =7 -+

irsa: 10090071

_[)

= iN9,[*N + N

y “

FERMION SINGLET ON M* x §°

Decomposition in spherical modes

vV —

N

)

H o
(H —in
H —IR
P) &**
. b

.....
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FERMION SINGLET ON M* x §°

Decomposition in spherical modes

| |'[ . L - g r_ '_l‘
/'-'“u. Ly = ,l'_* \A.m!I\XAm T AmtUS\ m

A
ll||l_ .n-lr_:

\ ® M

{ ( ( . E : A L .
\A.ms—\.m \CA.mS—A.—m \A.m \—=A.—m h** .

R 2
M =e\)(-1)!"™M

> Modes are connected by groups of four

> |A| =1 : Due to the compactification on a sphere,
there are no massless modes !/
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NEUTRINO DIRAC MASSES

We need Dirac masses with both projectors
for a successful see-saw
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NEUTRINO DIRAC MASSES
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NEUTRINO SEE-SAW MASSES

—ME(\.n.s ) Me (=N m.s_YM(—1)—(1/2=n—=s+) ()
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NUMERICAL EXAMPLE

() 362-10"2350-10"=
M,=1] 362-10"-1.46-10"" 0 eV]
350 -10~2 () ()

Am3, = 7.63 x 203 eV?2

9 : _N — A_: A_'HTI, — 3.05' ;
A:u?.._ — 250 x 10~ eV~ 21 13

421-10721.08-103 0
M = U 419-107 5.98 - 10~= GeV]
U 0 1.71

UMV = D = diag{4.07-10+*.4.33 - 10~°.1.71)




NUMERICAL EXAMPLE

With a good selection of Yukawa operators, we
can get

- RN
M, ~ O
T

—> Possibility to have a bimaximal mixing
» 13 :E_II}._ ¥l o '.'.'1[1_ -
S_ = X2[(X®] 8% ...

Y =y, {1.1.7} Yy = 2.8-1072
Y, =y, M =1/R = 70 TeV
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NUMERICAL EXAMPLE

() 3.62-10= 3.50-10 -
\[ = 3 62 - 10—~ l.4li-1|| () e\
= %" 1 1 1) e () ()
Ams, = 7.63 x )~ eV~
- — 2Nenss J i\ misa = 316
Am=:, = 2.50 x 10~ eV*- -
A21-10* 108:-10 ()
\[; = () 4.19-10"° 598 - 10—~ GeV
U § |

'rp;s;:;(\)bego'nl_' — [’I — ‘lii’t.‘_’. { —}:{ 'i_ : 1' I_.l. —lt_}-_.;; . 1' l_: 1‘1_1: :{.:‘}1_"‘-'_
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NUMERICAL EXAMPLE

“_"“«”f‘“« 'I‘.-j.'-;l.'-j “']_'Hl
Uyns = | —0.286 0.662 —0.693

—00.514 0.504 0.694

tan? @0 = 0.471® tan®fo3 = 0.997  sin®#y3 = 3.85- 1072
Consequence for Ovp[ decay

Frd 44 —

mgzz) | = 17.0 meV

>...artially suppressed effective Majorana mass " un




NUMERICAL EXAMPLE

)

A, 3.62

3. 50 - ll_r‘:

|

. —_—
| ) 3. D

2-10~°

1072 146 -

350-10"%

10~ () eV]
L ()
e A E A:”‘ — 3.05
= K ()
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NUMERICAL EXAMPLE

0.808 0.555 0.196
Upyns = | —0.286 0.662 —0.693

—0.514 0.504 0.694

; o o ) s = ) y )
tan- #io = 0.471® tan®#Hoq = 0.997 sin“ 13 = 3.85-107“

Consequence for Ovp[ decay

mgg) =Y, miUZ
mzgz) | = 17.0 meV

>...artially suppressed effective Majorana mass ' uus




FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

Like in the UED, vector bosons can travel in the bulk
of space. From the 4D point of view :

1 massless vector boson in 6D =
1 miassless vector boson in 4D (zero-

mode)
- KK tower of massive vector bosons
- KK tower of massive scalar bosons

KK scalar modes do not interact with fermion zero-
modes
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FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

KK vector modes carry a family number = winding
number. In the absence of fermion mixings, family
number is an exactly conserved quantity

Example: FCNC with A6=0

d z e Ky — p'e or pe”

—> Flavour violating

mnl

W —> Family conserving

1) .
B R 12, R1>65TeV
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FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

Like in the UED, vector bosons can travel in the bulk
of space. From the 4D point of view :

1 massless vector boson in 6D =
1 miassless vector boson in 4D (zero-

mode)
- KK tower of massive vector bosons
- KK tower of massive scalar bosons

KK scalar modes do not interact with fermion zero-
modes
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FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

KK vector modes carry a family number = winding
number. In the absence of fermion mixings, family
number is an exactly conserved quantity

Example: FCNC with A6=0

.

d 5 e Ky — p'e or pe”

—> Flavour violating

ml

W —> Family conserving

| ' i
B R | R~ > 65 TeV
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FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

All processes with A& = O automatically suppressed
by small fermion Cabibbo mixings

AG=1 u — eee’
- “‘ _} e-q{
U — e on nuclei

AG=2 K; - Kg mass difference and
CP violation

—> Less constraining !
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CONCLUSIONS

In the context of hierarchical fermions, the
most plausible scenario in the neufrino sector is:

Off-diagonal dominance
Inverted hierarchy

Going to 6D m*dy solve or give an explanation to

The hierarchy problem
The replication of families in the SM

The flavour puzzle, including the presence of large
angles in the neutrino sector and the suppression of
flavour violating processes
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FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

All processes with A& = Oautomatically suppressed
by small fermion Cabibbo mixings

AG=1 i — eee’

w— ey
U — e on nuclei

AG=2 K; - K mass difference and
CP violation

—> Less constraining !
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FLAVOUR VIOLATION

Frere et al. hep-ph/0309014

KK vector modes carry a family number = winding
number. In the absence of fermion mixings, family
number is an exactly conserved quantity

Example: FCNC with A&=0

d z e Ky — p'e or pe”
—> Flavour violating

W —> Family conserving

1

2 19 1 o =
[)} [1}. J.' ) T — [i] 2 _ D T'.‘\ Page 122/130
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CONCLUSIONS

In the context of hierarchical fermions, the
most plausible scenario in the neufrino sector is:

Off-diagonal dominance
Inverted hierarchy

Going to 6D mdy solve or give an explanation to

The hierarchy problem
The replication of families in the SM

The flavour puzzle, including the presence of large
angles in the neutrino sector and the suppression of
flavour violating processes
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FERMION SINGLET ON M* x S¢

Decomposition in spherical modes

[—)

\_.".T:-

/ (e o L\. — Vi \A\.m ¢ ji—‘\_*r.' N -r-_,\_'-'} 'IHL-\"L—’-’-

M =e(\)(=1)™AM

> Modes are connected by groups of four

> |A| >1 : Due to the compactification on a sphere,
there are no massless modes !
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FERMION SINGLET ON M* X §°

Decomposition in spherical modes

LN

= iN9,[*N + N

7 sl lll“*T (JARB

\

== = ——

Pirsa: 10090071
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HIERARCHICAL DIRAC MASSES AND
SMALL INTERFAMILY MIXING ANGLES

Simplest case for charged lepton mass matrix

Pirsa: 10090071

l_r-[ +-5fnfml‘r‘
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CHIRAL ZERO-MODES

Frere et al. hep-ph/0304117

Coupling of fermions with axial charges to the
vortex background

U — el 3 ko
Ly =/ —det(gaB) { iWh, T (Ta — 1€k .4 rf-h)‘i’
g " @l — r~ ¥ g 21 apl

) » 2

—> Index theorem :@ k chiral zero-modes
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ABIKOSOV-NIELSEN-QOLESEN VORTEX

Abelian "Higgs"” Lagrangian (here on M* x 5¢)

= \ — det (JAR) (—11(‘_“‘;[‘ oy [.*'1‘1? i”_g‘b—j' P|c — v*°)”°
] 2 A ) Ir';-’".;;. ] ..i:—; . ] .U ] L/ [;_: 'H: - 2 iy -
$° = goABd&T dr” = g drtdr” — R<(dH* 4 sin” fd;

Look for a static solution

A, =2AB). A,=0. &=F(@B)

Here the winding number of @ is equal to 1
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A MODEL OF FAMILY REPLICATION
WITH A VORTEX IN 6D

Frere, Libanov, FSL, Nugaev, Troitsky

The basic idea is to have a topological defect in
6D (vortex) made of a U[(7), gauge field Aand a
scalar field @,

The interaction of a single fermion family with
the vortex leads to several chiral zero-modes, as
a consequence of the index theorem

Family number in 4D corresponds to winding
number in extradim
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