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BSM because

1) Experimental evidence for new particle physics:

*** Neutrino masses
rkk Dark matter
*** CMB polarization  ?
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BSM because

1) Experimental evidence for new particle physics:

*** Neutrino masses
rkk Dark matter
*** CMB polarjization  ?

Bicep2

New energy-density scale ? V~ 5 1016 GeV ~ my4% @&

Vi)

mnitial

é }"""'”*‘""‘" or higher mass scale

Figure 9. Toy Model For Chaotic Inflation



BSM because

1) Experimental evidence for new particle physics:
*** Neutrino masses

R Dark matter
*** CMB polarization  ?

2) SM fine- tunings /uneasiness
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We ~understand ordinary particles= excitations over the vacuum

We DO NOT understand the vacuum = state of lowest energy:
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SU(3) x SU(2) x U(1) x classical gravity

We ~understand ordinary particles= excitations over the vacuum

We DO NOT understand the vacuum = state of lowest energy:

¥The gravity vaccuum: cosmological cte. !, 1" 10 >123# P?anck$

*The QCD vaccuum : Strong CP problem, 0/@CD_<1O-10
* The electroweak  vaccuum: Higgs-mass, v.e.v.~O (100) GeV

The Higgs excitation has the quantum numbers of the EW vacuum



BSM because

1) Experimental evidence for new particle physics:
*** Neutrino masses

o Dark matter
*** CMB polarization  ?

2) SM fine- tunings /uneasiness |, I.e. In electroweak:

*** Hierarchy problem
R Flavour puzzle



BSM electroweak

*HIERARCHY PROBLEM
fine-tuning issue: if there is BSM physics,
why is the Higgs so light?

- SUSY ?, strong-int. Higgs ?, extra-dim ?E.

In practice, none without further fine-tunings

¥FLAVOUR PUZZLE



No se puede mostrar la imagen. Puede que su equipo no tenga suficiente memoria para abrir la imagen o que ésta esté dafiada. Reinicie el equipo y, a continuacin, abra el archivo de nuevo. Si sigue apareciendo la x roja, puede que tenga que borrar la imagen e insertarla de nuevo.




The Flavour Puzzle

Why so diferent masses and mixing angles?



The Flavour Puzzle

Why has nature chosen the number and properties qijuark)
families so as to allow for CP violation... and explain
nothing? (i.e. not enough for matter-antimatter asymmetry)
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BSM electroweak

*HIERARCHY PROBLEM
fine-tuning issue: if there is BSM physics,
why is the Higgs so light?

- SUSY ?, strong-int. Higgs ?, extra-dim ?E.

In practice, none without further fine-tunings
~1 TeV ?

|
- electroweak

¥FLAVOUR PUZZLE : no progress

Understanding stalled since 30 years.
Only new B physics data AND neutrino masses and mixings

BSMs tend to make it worse
~ 100 TeVs 7?77?77

|
- flavour



The FLAVOUR WALL for BSM

BSM theories usually die or are very unsatisfactory when
confronted with:

1) Electric dipole moments (quarks and leptons)

ii) FCNC Processes (quarks and leptons)
i) Strong CP problem

i) Matter-antimatter asymmetry

competing with SM at one-loop



BSM because

1) Experimental evidence for new particle physics:
*** Neutrino masses

o Dark matter
*** CMB polarization  ?

2) SM fine- tunings /uneasiness |, I.e. In electroweak:

*** Hierarchy problem
R Flavour; puzzle

Pattern of masses and mixings in visible universe



Masses of the matter particles of the visible universe
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We should at least measure the 3 active v mass matrix

normal hierarchy immverted hierarchy
e —— (1)) (M) ——————
A i (Am?),, Solar
(M | )~ —————
L - \'C I
Atmospheric (Am?),,
- «am®, Atmospheric
m
\ :
S IarI—T (m,)
0 d—ll (m,)” (m:‘):-#
Masses
m12 < m22,
m,?




Masses of the matter particles of the visible universe
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Masses in SM
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The Higgs field is  the source o f masses inthe SM

5L, =QY,Hd +QYHu+h.c.
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The Higgs field is  the source o f masses in the

5L, =QY,Hd +QYHu+h.c.

<I> =V=250GeV
YUKAWAS '

are numbers my ~ Yd Vv

SM



The mass spectrum in terms of YUKAWA couplings
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Neutrino light on flavour ?
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Neutrinos lighter because Majorana?
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Neutrinos lighter because Majorana?



* To have a Majorana mass

+ &=8& $hat is, Majorana neutrino)

* |_ non conserved

are all equivalent concepts

Any of them implies the other two

Kayser



Simple case: add right-handed neutrino to SM

6L, = Y, LHvp + h.c.

<H>
n

\
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=>0Lmmwn

Simple case: add right-handed neutrino to SM

0Lm = Y,LHvg + hc. + Mv,%vg

<H>

allowed by SM gauge invariance




=>0Lmmwn

Simple case: add right-handed neutrino to SM

6Lm =Y, LHvy + h.c. —I-sz/R—Cz/R

<H>

allowed by SM gauge invariance

0 Y'Vv] *Formsv :
m,~ M

\ ) Mo~ Y2v2/M)



=>0mmwu

Simple case: add right-handed neutrino to SM

6Lm =Y, LHvy + h.c. —I-M(I/R—CVR

<H> <|"f|>
i




=>0Lmmwn

Simple case: add right-handed neutrino to SM

0Lm = Y, LHvg + hc. + Mv,%vg

<H> <H>
: :
VL I VR VRE ‘l S
= - x < s
Yv Y ) (¥
At energies E<M:
<H> <H>
S /
VL h ’ v.©

>
Which allows Y ,~1 --> M"'MGut
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In pure SM, the mass spectrum in terms of YUKAWA couplings
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Within seesaw , the size of neutrino Yukawa couplings is
similar to that for other fermions:

de s® pe

IVI 5 GUT u-o c® /1®
e e ue te A%
Y
Yukawa

de se pe

M = TeV we  co e

vV e® ue te

<o @
Y Yukawa

Pilar Hernandez drawings

Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow...



Neutrino oscillations demonstrated

leptonic flavour violation in nature



V ckm

VPMNS

KK
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Leptons

Vouns =

Quarks

Vekm =

7~ 0.8

-0.4
-0.4

0.5 ~ 9Y,
0.5 -0.7
0.5 +0.7
- '3
~1 12
' 5 1

Why so different?




Leptons / 0.8 0.5 ~ 9V, \

Veuns = -04 0.5 -0.7
-0.4 0.5 +0.7
_/
Quarks /"‘1 ' '3 \
e -1 2 ' ~0.2

Perhaps also because ! s may be Majorana?



Neutrino are optimal windows
INto the exotic -dark- sectors

* Can mix with new neutral fermions, heavy or light

* Interactions not obscured by strong and e.m. ones



Dark portals

Only three singlet combinations in SM with d < 4

H* H Scalar
Bu Vector
L H Fermionic

Any hidden sector, singlet under SM, can couple to the

dark portals
47



Dark portals

H"HS Scalar
Bp! V"# Vector
E H | Fermionic

Any hidden sector, singlet under SM, can couple to the

dark portals
48



Dark portals

H* H S2 Scalar
Bp! V"# Vector
E H | Fermionic

Any hidden sector, singlet under SM, can couple to the

dark portals
49



Dark portals

H* H S2 Scalar
Bu V4 Vector
E H | Fermionic

Yukawa coupé

fermion singlets ! = “right-handed” neutrino

50



DARK FLAVOURS ?
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DARK FLAVOURS ?
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DARK FLAVOURS ?
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DARK FLAVOURS ?
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For the rest of the talk:

3 light families of quarks and leptons



e Dynamical Yukawas



Yukawa couplings are  the source o f flavour In the
SM

5L, =QY,Hd +QY,Hu+h.c.




Yukawa couplings are  the source o f flavour In the
| SM

0Lm = Y, LHvp + hc. + Mv,%vg

(i.,e. Seesaw type-l)




May they correspond to
dynamical fields
(e.g. vev of fields that carry flavor) ?

Many attempts: discrete symmetries, continuous
symmetries...



Instead of inventing an ad-hoc symmetry group,
why not use the continuous flavour group

suggested by the SM itself?



We have realized that the different pattern for !
!

quarks versus leptons!
|

may be a simple consequence of the !
I

continuous Ravour group of the SM (+ seesaw)!

(Alonso, Gavela, D.Hernandez, Merlo, Rigolin)

(Alonso, Gavela, Isidori, Maiani) 2013



We have realized that the different pattern for !
!

quarks versus leptons!
I

may be a simple conseqguence of the !
I

continuous Ravour group of the SM (+ seesaw)!

Our guideline is to use:

- maximal symmetry

- minimal field content

(Alonso, Gavela, D.Hernandez, Merlo, Rigolin)

(Alonso, Gavela, Isidori, Maiani) 2013



Global Ravour symmetry of the SM!

* QCD has a global -chiral- symmetry in the limit of massless quark
For n generations:!

EQCID.: \il('lw )\I’ — \I/ZID\II = \IJLZZD\IIL -1 \DR’lw\I’R

SU(n), x SU(n)g x U(1)'s




Global Ravour symmetry of the SM!

* QCD has a global -chiral- symmetry in the limit of massless quark
For n generations:!

£QéD-: \TI(ZD )\I} — \I”LE\II = \PLZZD\I’L -1 \Dsz\PR

SU(n)p x SU(n)r x U(1)'s

e.g., forn=3:u, d, s. The massless QCD Lag. is invariant
iInterchanging:
Ug U

or



Global 3avour symmetry of the SM!

* QCD has a global -chiral- symmetry in the limit of massless quark
For n generations:!

Loep = UG —m)U — WiV = UiV, + Upi PV,
SU(TL)L X SU(’IZ)R X U(l),S
* In the SM, fermion masses and mixings result from Yuke

couplings. For massless quarks, the SM has a global !
[3avour symmetry:!

Quarks!
Z Sfl\;ln':Z Z VDY - Gilavour = U(n)q, X U(n)u, X U(n)p,

Y=Qr [Georgi, Chivukula, 1987]!



There are n=3 quark families. With null Yukawa couplings,
the SM Lag. is invariant under SU(3)q, X SU(3),g X SU(3)pr

r N\ O N\ O B 1
- g b
G (ScJ O,
2
Q Q
UR dR
or



This continuous global symmetry of the SM

Gflavour = U(n)QL X U(n)UR X U(n)DR

is phenomenologically very successful and

at the basis of Minimal Flavour Violation

\
\

in which the Yukawa couplings are only spurions \
"ol
Qu "

DOAmMbrosio+Giudice+Isidori+Strumia;
Cirigliano+Isidori+Grinstein+Wise



This continuous global symmetry of the SM

Gflavovur = U(n)QL X U(n)UR X U(n)DR
is phenomenologically very successful and

at the basis of Minimal Flavour Violation

\
\

in which the Yukawa couplings are only spurions \

e
. . R
Ya|3+ Yﬁy Qa ()/@Qﬁ Qy % Q8 QL
Af?

DOAmMbrosio+Giudice+Isidori+Strumia;
Cirigliano+Isidori+Grinstein+Wise
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10° x BR(Bg — utu™)

0.0

Straub
Moriond 2012

AFTER LHCb 2012

1 L ! 1

10° x BR(Bs = putu™)

Navid Strauh (SNS & INFN Pical

Mariand FW Se<cian. 2012



One step further:

dynamical Y's

(Alonso, Gavela, D.Hernandez, Merlo, Rigolin, 2011-2013)

(Alonso, Gavela, Isidori, Maiani, 2013)



Quarks




For this talk:

eachYsw -- >one single fieldy

guarks:

Anselm+Berezhiani 96; Berezhiani+Rossi 01... Alonso+Gavela+Merlo+Rigolin 1

Gilavour= SU(B)QL X SU(3)JR X SU(3)JR



For this talk:

eachYsmw -- >one single fieldy

guarks:

Vi~(313) ‘bifundamentals”  Yu~ (3.1

Grlavour= SU(3) X SU(3)ur X SU(3pk ...



Gflavour: SU(S)}L X SU(B)JR X SU(B)JR

yd.N (39193) yu"“ (3,3,1)

That Is, two dynamical scalars

H <Yy >
/’yd




Gflavour: SU(S)}L X SU(B)JR X SU(B)JR
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That Is, two dynamical scalars




Gflavour: SU(S)}L X SU(B)JR X SU(B)JR

yd.N (39193) yu"“ (3,3,1)

That Is, two dynamical scalars

H <VYq >
. SYa

QL /‘\DR

* Does the minimum of the scalar potential justify
the observed masses and mixings?







V( yﬂ-a yu)

* Invariant under the SM gauge symmetry

* Invariant under its global flavour symmetBavour

Gflavour= U(B)QL X U(3)UR X U(3)DR



The basis of the game is to find the
minima of the invariants that you can
construct out of Yukawa couplings

L. Michel+Radicati 70, Cabibbo+Maiani71 for the spectrum of mas:

List of possible invariants for quarks: Hanani, Jenkins, Manohar 2(



The basis of the game is to find the
minima of the invariants that you can
construct out of Yukawa couplings

L. Michel+Radicati 70, Cabibbo+Maiani71 for the spectrum of mas:

Cabibbo’s dream:



Flavour Symmetrv Breaking!

Spontaneous breaking of flavour symmetry dangerous

To prevent Goldstone Bosons the symmetry can be!
Gauged !

[Grinstein, Redi, Villadoro!
Guadagnoli, Mohapatra, Sung!
Feldman]!



V( yda yu)

* Invariant under the SM gauge symmetry
* Invariant under its global flavour symmetBavour

Gflavour= U(3)QL X U(B)UR X U(B)DR

There are asr many independent invariants | as physical variables

V(yda yu) = V( I(yda y“))



Minimization!
a variational principle fixes the vevs of Fields
oV =0

oL; 0V 0V
2y

dy; OI; ”51 =0,

masses, mixing angles etc.!

This iIs an homogenous linear equation;!
If the rank of the Jacobié J;; = d1;/0y;,

. ' " |

Maximum:! | ess than Maximum:!
. then the number of

then the only solution .
. equations reduces to a
Is:l oV

57 = 0, number equal to the rank!

J




Boundaries!

for a reduced rank of the Jacobian, !
det(J) =0
there exists (at least) a directicoy;  for which!
a variation of the Peld variables does !
not vary the invariants!

(Sljz 235%—0

A

—

that is a Boundary of themanifold
[Cabibbo, Maiani,1969]!

Boundaries Exhibit Unbroken Symme‘trWichel, Radicati, 19€

(maximal subgroups)!



Boundaries Exhibit Unbroken Symmetry
Extra-dimensions Example

The smallest boundaries are

extremal points of any function
[Michel, Radicati, 1969]!




ancestors of dynamical Yukawas decades ago !
(only to explain the mass spectrum) in!

Cabibbo
Michel,+Radicati, Cabibbo+Maiani ...

C. D. Froggat, H. B. Nielsen



Well before the electroweak SM: masses !
Jacobian Analysis: [40 years ago...]

Breaking of SU(3) x SU(3) [Cabibbo, Maiani]!

SU(2) x U(l)ldiag (0,0,y)

IU2 [ =) QS S M e BENS Buit I s
0.9
0.7
0.5 ———
0n |- SU(3)
SU(3) /*? (AN IR [N N Y N NN N NN A Lo fﬁag (yayay)
-!diag (y Y ,y) -t ~0.1 0 0.1 :

Fig. 4. det(yU)



K case!

guar

Bi-fundamental Flavour Fields!

For quarks: 10 independent invariants (because 6 masses+ 3 angles + 1 phase) that
we may choose as!

Iy ="Tr
IU2:r:[\I~
Iys = Tr

:yUyg]] ,
_(yUyL)Q

(w03))’

—

-

-

Iyp ="Tr :yUyLyDyL] :

Ip ="Tr
IDQ :rPI'
Ips =Tr
IU,DQZTI'

[ 2
IU2,D = Ir yUy[Tj (yDyI)) ] 3 I(U,D)2 — Tr

VoYh| .

—
e

—

(o))

(903))”

p

sl (9035)°]

- (yUy(T;yDyL) 2] :

[Feldmann, Jung, Mannel;!

Jenkins, Manohar]!



Jacobian Analysis: Masses
[U(3)xU(3) broken to]!
U2 xU

qy diag (0,0,y)

vizxt)? diag (0 Y y)

v o

BRY)

diag (y » Y ,y) (Alonso, Gavela, Isidori, Maiani 2013)




qguark case!

Bi-fundamental Flavour Fields!

Trlyvyul = > y?x

YoV yoVh) Tupe = Tr | Yu¥ (YoVh)

-yUy(T; (ypy},)2] , Iyppe="Tr -(yUyg‘,yDy},ﬂ |

masses and mixings

[Feldmann, Jung, Mannel; Jenkins, Manohat
Alonso. Gavela. Isidori. Maiani 213




Jacobian Analysis: Mixing!

det (Jup) = (v2 — v?) (7 — v2) (2 — v2)

(w3 —v2) (w2 —v2) (v2 —v2)
X |Vud||Vu3||Vcd||VCS|

the rank Is reduced the most for:!

Vekv= PERMUTATION!

no mixing reordering of states!

(Alonso, Gavela, Isidori, Maiani 2013)




Quark Natural Flavour Pattern!

Summarizing, a possible and natural !
breaking pattern arises:!

Gflavour : U(3)3 - U(2)3 X U(l)

giving a hierarchical mass spectramthout mixing!

0 0 O 0 0 O
< yD >l=As;|1 0 0 O , < yu SEA[ 0O 0 O :
0 0 0 0

a good approximation to the observed !
Yukawas to order Xc)?




And what happens for leptons ?

Any difference with Majorana neutrinos?



Leptons!




Global Bavour symmetry of the SM + seesa

* In the SM, for quarks the maximal global symmetry in !
the limit of massless quarks was:!

arks' Z ¢m¢ G = U(n)QL X U(n)UR X U(n)DR
SM'
Y=QL

*In SM +type | seesaw, for leptank

_— _— - 11— |
L = L:S..\.[ -+ ii\'rRaA‘rR — [J\TRY:\.'(‘D%L + 517\'?}21‘{1\’?120 + h.c.

the maximal leptonic global symmetry in the limit of !

massless light leptons is ! )
It Iep U(n)y x Un)g, x On)x,

-> degenerate heavy neutrinos



There are n=3 lepton families. With null Yukawa couplings,
the maximal symmetry of the Lag. is SU(3), X SU(3)gr X O(3)n\r

1
L= Vel |[Vu| ViL L
C) )T,
L3 L2
e
R NR;
or



llustration: 2 families (Casas-Ibarra parametrization)
for 2 generations, the mixing terms in V(VYg, Y#) is :

Leptons
Tr(Ye Ve Y Y') «
(m? —m?) [cos 2w(m,, —m,,) cos 20 + 2 sin 2w,/m,,,m,, sin2qsin 29]
Casas-lbarra variable in R (cos' sin') (efi# 0 )
where Upuns= | | -
-sin'  cos 0O ¢
Quarks

Tr(Yu Yu" Ya Yd*) « (mZ — m2)(m: — m3) cos 20

\



e.g., for 2 generations, the mixing termsin  V(Yg, Y1) is:

Leptons
TF(YE Ye Y Y!+) .
(m? —m?) [cos 2w(m,,2/: m,, ) cos 20 + 2 sin 2wyfm,,m,, sin?a@)

This mixing term unphysical if either ,
“up” or “down” fermions Mixing physical even with
degenerate degenerate neutrino masses,

1f Majorana phase non-trivial

Quarks

Tr(Yu Y'Yy Yd+) X (mg — mﬁ)(m';’ — mg) cos 20



¢.g. for the case of two families:

Tr(Yu Yu" YaYd) o (m?—mZ)(m? — m§)cos26

at the minimum:

(m2 — m2)(mZ — m3)sin20 =0

-> NO MIXING

same conclusion for 3 families

Berezhiani-Rossi; Anselm, Berezhiani; Alonso, Gavela, Merlo, Rigolin




e.g., for 2 generations , the mixing terms in V(Yg, Yv) is :

Minimisation (for non trivial sin2w)

TI’(YE YE Yy YV+)
* Sin2o \/m,,m,, sin 20 cos2a =0 —> |!=n/4 or 3n/4

Maximal Majorana phase

2,/my,,my, tgh 2"

*  1g20 = sin 2«
my, — My,

Large angles correlated with degenerate masses



* For instance for two generations: O(2hr

e.g. two families

0O 1
" o~ n 2 n( j— 2
m ~Y \|</|Y ylyz\l\//I (1 O)

P ]

U 1 1 1 @4 0
PMNS= % 1 1 0 @)

Degenerate neutrino masses

Ge;erically, O(2) allows :

- one mixing angle maximal
- one relative Majorana phase of n/2
- two degenerate light neutrinos



Now for three generations and
considering all

possible independent invariants



Bi-fundamental Flavour Fields!

Physical parameters!
=Independent Invariants!

Very direct results using the bi-unitary parametrization:!

YV: < \Z > :!Z/{LYV uR: Y=< y* > =VE
N N
LILLQ:I, uRu_;rzzla
» *m e,u, T— VYE

*But the relation of Yy with light neutrino masses is through:!

m =Y v¢Y"
M



Bi-fundamental Flavour Fields!

Physical parameters!
=Independent Invariants!

Very direct results using the bi-unitary parametrization:!

Y=< \Z > :!Z/{LyuuR: Y=< 9* > =YE
An M
uLu;,:la URL{;:L
» *Me,p, =V VYE

*But the relation of Yy with light neutrino masses is through:!

2
» Upmnsmy, Upyrys = ;WHL Yo UrUg Yy, UL,



Bi-fundamental Flavour Fields!

Physical parameters!
=Independent Invariants!

Very direct results using the bi-unitary parametrization:!

Y=< \Z >:!Z/{LyuuRa Y=< 9* > =YE
An Ay
UUl =1, Uplf=1,
» *Me,p, =V VYE

*But the relation of Yy with light neutrino masses is through:!

‘Uris relevant for leptons!

v? /)

» Upmnsm, UgMNs = WUL Yv URU£ Yv ULTa




Number of Physical parameters = number of Independent Invarian
15 invariants forc, o (leptons) = U(B)z X U(8) g, X O(3)ny

Leptons!
=
X
S
©
>
o
_ , T
L=TVYVY], & 3
Ipe = Tr ’(ygyu)ng'y;] : b2
: C
I =T [(VI0.095)7] ©
- p o
Ur and eigenvalues! ‘;‘
_ C
UL and eigenvalues! —
>~ =
Lw=Te (DYIVVIVsVE] o I =T VYLV VEVIVIVEVL] | 2

(Alonso, Gavela, Isidori, Maiani 2013)
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15 invariants forc, o (leptons) = U(B)z X U(8) g, X O(3)ny

Leptons!
=
X
S
©
>
o
)
_ ./ —
IR =Ir ylyu(y;yu)'r] ;
I = Tr ’(ygyu)ng'y;] : v
: C
I =T [(VI0.095)7] ©
- p o
Ur and eigenvalues! ‘;‘
_ C
UL and eigenvalues! —
>~ =
Lw=Te (DYIVVIVsVE] o I =T VYLV VEVIVIVEVL] | 2

(Alonso, Gavela, Isidori, Maiani 2013)



Number of Physical parameters = number of Independent Invarian

15 invariants forc, o (leptons) = U(B)z X U(8) g, X O(3)ny
Leptons!

Ur and eigenvalues!

UL and eigenvalues!

\

-
4

. S

S

>

O

/ t

Tr(ySURULY SURUR) =
Lo = Te [(V}2,)* V1 9%] 2
- -

Lo = T (V2 0095)7] ©
L -

S

>

=

=

O

Z

Ir =T | VYVIVVIVeVE|  In=Tr [VYVIVEVEV VYV |

(Alonso, Gavela, Isidori, Maiani 2013)



Jacobian!

[ 8plpn O 0 Oyolrr Oyplrr
0 ayu In ayu Ipn (9y,, Iin ByUILR
0 0 5uRIRn 0 aURILR
0 0 0 Ou, Irn Oy Irr

\ O 0 0 0 Quuplr )

Dl&g(]) = (JE, JV) JL{R) JUL ’ JLR)




Jacobian Analysis: Mixing!

det (Ju,) = (v, —v5,) (wo, — v,) (2, — v2)
(v2 —42) (v2 — v2) (2 — v2) |UEH|[UAE2| [ || Us?) .

same as for ¥km
O(3) vs U(3)

det Ji, = (v2, — 92.)° (v2, — 92)° (42, — 92’
< | (UrUUR) ;|| (URUR) 5, || (UrUE) 1, |

the rank is reduced the most for\Url} being a permutation



Jacobian Analysis: Mixing!

...which is nownot trivial mixing...!

2 (150 0 m, 0 0
0 0 Yl | =UprPmns 0 m, 0 Ubuns s

0 Yu,Yu, 0 0 0 my,

<

...In fact it allows maximal mixing:!




Jacobian Analysis: Mixing!

...which is nownot trivial mixing...!

’02 fygl 0 0 my, 0 0
- 0 0 Yo Yus = Upmns 0 my, 0 UgMNS’

0 Yu,Yu, 0 0 0 my,

<

...In fact it allows maximal mixing:!

1 0 0 9 9
[ _ | o L1 L =Y _ v 2
PMNS = 0 V2 V2 y  NMv2=Nv3z = Myuzyu:s s My, = Myul :

and maximal Majorana phase!




Jacobian Analysis: Mixing!

...which is nownot trivial mixing...!

m,, 0 0
= UpmnNs 0 my, O Ubrins
0 0 my,

...In fact it leads to one maximal mixing angle:!

023=45°; |
Majorana Phase Pattern,{,1)!
& at this level mass degeneracyzAmya

related to the 0(2) SUbS ru Ctu rel [Alonso, Gavela, D. Herntndez, L. Merlo;!

[Alonso, Gavela, D. Herntndez, L. Merlo, S. Rigoli



If the three neutrinos ar@uasidegenerate

perturbations:!

mog 0 0 2 1 00

iUpMNS 0 myo 0 UgMNS = 'yu 0 0 1
0 0 my M \o1 0

/

This very simple structure Is signaled by

the extrema of the potential and !
|

has eigenvalues (1,1,-1)
|

and is diagonalized by a maxifat 454!

p degenerate light neutrinps
+ a maximal Majorana phas

p= =4




What is the symmetry in this boundary?

a very intriguing

U(l)diag

With hierarchical charged leptons, always (either two or three
neutrinos degenerate), the symmetry pattern at this stage is
SU(3),. x SU(3) x O(3)y 2 SU(2)g x U(1)giaq



Generalization to any seesaw model!

the effective Weinberg Operator!

_ . CH L
o H—~ HT1S

shall have a 3avour structure that breaks W¢8)O(3)!

2 (d=5 ?
VMC !:! - My ( )
| I

then the results apply to any seesaw model!

o O
O O
S = O



First conclusiont
|

* at the same order in which theninimum of the potential!
I

| doesNOT allow quark mixing
!
| it allows:!
- hierarchical charged leptons!
- quasi-degenerate neutrino masses!

- one angle of ~45 degrees!

- one maximal Majorana phase!



The conclusions hold irrespective of the
renormalizability of the potential,

and are thus stable under radiative corrections



Perturbations can produce a second large ar

If the three neutrinos are quasidegenergperturbations:!

mog 0 O U2
:UP‘LM[\-’S 0 myo 0 UngVS =" .;\4

0 0 myg
produce a second large angle and a perturbative one together with mass splittings

o O
—_— O O
o = O



Perturbations can produce a second large ar

If the three neutrinos are quasidegenergperturbations:!

mo O 0 g, 02 l+04+0 e+n e—n
: UPMNS 0 mo 0 UgMNS = ;\4 €+n 0+ K 1
0 0 my €—1 1 00—k

produce a second large angle and a perturbative one together with mass splittings

O3 >~ /4 , 015 large , O3 ~¢€

Majorana phases: 1 maximal, 1 large

Dirac-like CP phase generically large

~ degenerate spectrum



Perturbations can produce a second large ar

If the three neutrinos are quasidegenergperturbations:!

mo 0 0 | g, 02 l+04+0 e+n e—n
:UpunNs 0 mg O U;MNS = ;\4 €+n 0+ K 1
0 0 mg €—1 1 00—k

produce a second large angle and a perturbative one together with mass splittings

only this!

vanishes !

with the
perturbations!

Oos >~ /4 , 015 large

Majorana phases: 1 m

Dirac-like CP phase generically lar this angle !
. does not vanish
~ degenerate spectrum with!
vanishing
perturbations!




Perturbations can produce a second large ar

If the three neutrinos are quasidegenergperturbations:!

mog 0 O | o, 02 l+0+0 e+n e—n
- UpymnNs 0 mg O UICZ;MNS =-Z €+n 0+ K 1
0 0 mg €—1 1 00—k

produce a second large angle and a perturbative one together with mass splittings

Op3 >~ w/4 , 615 large , O3~ €

Majorana phases: 1 maximal, 1 large

Dirac-like CP phase generically large

~ degenerate spectrum



Neutrinoless double beta decay

Neutrinoless double beta decay, (A, Z) = (A, Z+2) + 2 e,
will test the nature of neutrinos. It violates L by 2 units.

e P
—

—

/

—O b S
The half-life time depends on neutrino

) » |
[T(l)l//z(0+ — O"‘)] X |:\[F L 9?43[(‘# 2 |< s >| 9

2 + 7772|(--”Te2’2( j(\glw:}l%m;ﬂ I ;

Mixing angles (mostly known) CPV phases (”“k"°WC'ertesys_ Pascol

U el

‘«(‘ m>‘ — ‘ mi




l<m>| [eV]

accommodation of angles requires degenerate spectrum |
at reach in future neutrinoless doubfeexps.!!

e Klapdor-Kleingrothaus

/ claim 2002 and 2006

Present bounds:
Heidelberg-Moscow,
, Cuoricino, NEMO3,
A, EXO, KamLAND-ZEN

ext generation:

- MO, SNO+,
| MajoMna, COBRA...

31 Future experiments: ~1 ton

0.1

=
=]
ot

0.001

NH Ll |
le-05 0.0001

111 1 | L1 1 III| 1 1 1
0.001 0.01 0.1

My [eV] SP 2014, from Nakamura, Petcov review in PDG

Wide experimental program for the
future: a positive signal would indicate
that L is violated!

courtesy S. Pascoli



cosmOIog¥ | Planck+WP-+BAO+Lensing+SZ
0 2 . Planck+WP+BAO+Lensing 7

% Planck+WP+BAO

0800~ 0.15 0.30 045  0.60
):m,, [eV] Battye and Moss

> m, = (0.320 4+ 0.081) eV
FIG. Z: margimanzea nkennooas 1or » m,. 1ne datasets are
colour coded in the legend, but the solid line is for (I), the
dashed line is for (II) and the dotted line is for (III). It is clear
that inclusion of lensing leads to a preference for » m, > 0
which is compatible with that coming from the SZ cluster
counts and that there is a strong preference (=~ 40) in the

case of dataset (III).




Where do the differences in Mixing originate

In the symmetries of the !
Quark and sectors!

GL ~ U(3)?® G- ~ U(3)? x O(3)

for the type | seesaw employed here; !



Where do the differences in Mixing originate

In the symmetries of the !
Quark and sectors!

GL ~ U(3)?® G- ~ U(3)? x O(3)

for the type | seesaw employed here; !

in general U(ng) vs O(ny)



]
Where do the differences in Mixing originate

From thd
!

MAJORANA vs DIRAGature of fermions!



Conclusions!

¥ Spontaneous Flavour Symmetry Breaking is a predictive
dynamical scenario!

¥ Simple solutions arise that resemble nature in brst approxime

¥ The differences in the mixing pattern of Quarks and Leptons
arise from their Dirac vs Majorana nature (U vs. O symmetrie
O(2) singled out -> O(3).!

¥ A correlation between large angles and degenerate spectrum
emerges. Explicitly, for neutrinos we Prtte maximaMajorana
phasesd,1,i) ,023=45°, 01> large,013 small and deqOs!

¥ This scenario will be tested in the near future by2(3
experiments (~.1eV).... or cosmology!!!!



The prediction:

large mixing angles <> Majorana degenerate neutrinos

leads to neutrinoless double beta decay and CMB signals that
could be observed in a not too distant future !!




We set the perturbations by hand. !
Can we predict them also dynamically?!

Fundamental Fields!

May provide dynamically the perturbations!

In the case of quarks they can give !
the right corrections:!

0 sinf.y. O
0 cosf.y. O
0 0 Yt

R
Yu , X%}XUJf N
Ay Afe

[Alonso, Gavela, Merlo, Rigolin]!

under study in the lepton sector!



Jacobian Analysis: Eigenvalues!

VIgs  [U(3)xXU(3)broken to]!

U2 xUcl)

diag (0,0,v)

U2ixU)? diag (0 Yy y)

22Ul

bRy

diag (v,v,v)




Renormalizable Potential!




Invariants at the Renormalizable Level!

YoV} |

Yol (3@3}},)2] ,

IU,DQ —_ ﬂ

lw,pyz =Tr

Yol (%3&5)2] ,

-(yuyg}ypy;)zl .




Renormalizable Potential!

with the debnition!

X = Iy, Ip)" = (Tr (Ypf) , Tr (yDyL))T ,

the potential!

VO = — 2. X+ XT XX +gTr (VoY VY]

pTr (YpYhVpY]

which contains 8 parameters!

mass spectrum!



Renormalizable Potential!

with the debnition!

T

X = (Ip, Ip)" = (Tr (Wd)), Tx (Vo))

the potential! -
mixing!

—

+ hoTe (VoD VuVh) + hoTr (VpYhIph) |

which contains 8 parameters!



Renormalizable Potential, mixitigee families

Von Neumann Trace Inequality!

W22 + 322 + i < T (yuyg}yl)y;;) < 22+ 2+ o

So the Potential selects:!

coefpbcient in the

potentiall 10 0
OnormalOh~y o v =0 1 0 |,
Hierarchy! 001
.. . 0 0 1

|
O!nvertedIO.g>07 Vern—=| 0 1 0
Hierarchy! 10 0

No mixing, independently of the mass spectrum!




Some good ideas: \

Minimal Flavour Violation:

- Use the(grlla\/;?}" gyrg_metry of the SM in the limit of massless
fermIOnS IVUKUla+ Georgl

guarks: Giavour= U(3)a. X U(3)ur X U(3)pr

- Assume that Yukawas are the only source of flavour in the SM
and beyond —_ _
M Qo O/QQB Qv% Qs

Aflavour2
... agrees with flavour data being aligned with SM
.. allows to bring dowmAfiavour--> TeV

DOAmbrosio+Giudice+Isidori+Strumia;
Cirigliano+Isidori+Grinstein+Wise



Some good ideas:

Minimal Flavour Violation:

- Use the flavour s(yjmm_etry of the SM In the limit of massless
fermionS(ChlvukuIa+ eorgi)

guarks: Giavour= U(3)a. X U(3)ur X U(3)pr

- Assume that Yukawas are the only source of flavour in the SM
and beyond —_ _
XuliJr—Yﬁs; Qo O/QQB Qy % Qs

Aflavour2
... agrees with flavour data being aligned with SM
... allows to bring dowmAsavour--> TeV

(Chivukula+Georgi 87; Hall+Randall; DOAmbrosio+Giudice+Isidori+Strumia; Cirigliano+Isidori+Grisntein+Wise
Davidson+Pallorini; Kagan+G. Perez + Volanski+Zupan,...)

Lalak, Pokorski, Ross; Fitzpatrick, Perez, Randall; Grinstein, Redi, Villadoro



Bi-fundamental Flavour Fields!

Physical parameters!
=Independent Invariants!

#dOf n yU,D - (dlm(g}) — 1U(1)B) =10
2 x 18 3x9—1

These are (proportional to):!
!
3 masses in de up sector, !
3 masses in de down sector, !
4 mixing parameters indém:




Renormalizable Potential, masses!

Ao y 00 y 0 0
y;) - 1\'( 0 y 0 s y( - A_( 0 y' 0 .
y 0 0 00 0 00y 0 0 ¢
yl) :Af (] Yy 0 . y(' :Af 0 0 0 s
00 y 00 g
[l v
o&.
I {11
00 0 y 0 0
000 000 Yo=A; 00 0 |, Yo=A;l 0y 0
Yop=A;{ 00 O Yu=A;1 0 0 O , 00 y 0 0
00 m 0 0 w



Renormalizable Potential, Stability!

A,

| v

This regionOs siz
nonetheless!

depends on the res

of paramters X,g)!



Renormalizable Potential: Masses!

&

11 Vi

v
Vil
\{
\ 00 0
Ye=A;{ 00 0 |,
0 0 y-
! Vil I

Yu, / \/é 0 iylll/ \/§
y v = Af 0 Yu, 0
_yv:s/ \/i 0 iyl/:s/ \/5



* What is the role of the neutrino flavour group?

To analyze this in general, use common parametrization for quarks and leptons:

Y = U y¥ag- Ug
* Quarks for instance: tunphysical, WU--> Uckm
Yp =Ucku diag(y, Ys, Yb) ; Yu = diag(y, Ye, Y)

* Leptons
Ye= diag(y Y, V4 ; Y= UL ydiag Ug

Upuvns diagonalize |[my ~Y+» v2 Y- ( = L y29-Ug v? URT y-diag- U T
M ™M




* What is the role of the neutrino flavour group?

U(n)



* What is the role of the neutrino flavour group?

U(n)

e U(3) X U(3)e X U(2)N-
o U(3)L X U(3)ex X U(3-



* What is the role of the neutrino flavour group?

e.g. U(n)\,R ... leptons

e.g. generic seesaw
_ - 1—
L=Lgn + i.NRa]VR — .NRYN(pT[’L + E.NRM Ng© + h.c.

with M carrying flavour = M spurion

More invariants in this case;

Tr( Ye Ve')  Tr( Ye Ye)?
Tr(Y Yty  Tr(Y Y+)3
M) T M)z O B )

Tr(Ye Ver YY)

Result: no mixing for flavour groups U(n)



SuU(n)



* What is the role of the neutrino flavour group?

e.g. SU(mr ... leptons

e.g. generic seesaw
_ - 1—
L=Lgn + i.NRa]VR — .NRYN(pT[’L + E.NRM Ng© + h.c.

with M carrying flavour = M spurion

More invariants in this case;

Tr( Ye Ve')  Tr( Ye Ye)?
Tr(Y Yty  Tr(Y Y+)3
M) T (M )? T M V)

At the minimum:
*Tr( Y Yt Ve Vo) =Tr( W ydiao- 2y +ydiagd =1
*Tr (Mn My* Yo ) = Tr ( Ury-d20- 2Ur* Mi929-) =1

Tr(Ye Ver YY)



same conclusion for 3 families of quarks:

Y = U y¥ae Ug
* Quarks for instance: tunphysical, WU--> Uckm

Yp =Uckm diag(y, Vs, Vo) ; Yu = diag(y, Ye, Vi)

Tr (Yo Yo" Ya Ya") = Tr ( UL yud®9-2U Tyd1e9-9

— UL=U ckm ~1 at the minimum

NO MIXING



In many BSM the Yukawas do not
come from dynamical fields:



Some good ideas:
D.B. Kaplan-Georgin the 800s proposed a light SM scalar because being a (quasi) go

boson:cOMposite Higgs

(D.B. Kaplan, Georgi, Dimopoulos, Banks, Dugan, Galison....... Contino, Nomura, Pon
Agashe, Contino, Pomarol; Giudice, Pomarol, Ratazzi, Grojean; Contino, Grojean, Mc
Azatov, Galloway, Contino... Frigerio, Pomarol, Riva, Urbano...)



Some good ideas:

D.B. Kaplan-Georgin the 800s proposed a light SM scalar because being a (quasi) go
boson:cOMposite Higgs

Flavour OPartial compositenessQOxaplan 91

A sort of Oseesaw for quarksO

(nowadays sometimes justified from extra-dim physics )

3
:( [#$
QL ‘ Ur
Mg= V Y sm

(D.B Kaplan 91; Redi, Weiler; Contino, Kramer, Son, Sundrum; da Rold, Delauney, Groj
Perez; Contino, Nomura, Pomarol, Agashe, Giudice, Perez, Panico, Redi, Wulzer...)
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A sort ofOseesaw for quarksO

(nowadays sometimes justified from extra-dim physics )

H Neutrino masses:
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mq:VYSM

d=5 Weinberg operator

(D.B Kaplan 91; Redi, Weiler; Contino, Kramer, Son, Sundrum; da Rold, Delauney, Groj
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Some good ideas:
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Some good ideas:

D.B. Kaplan-Georgin the 800s proposed a Higgs light because being a (quasi) goldstc
boson:cOMposite Higgs

OPartial compositenessO:

A sort of Oseesaw for quarksO

(nowadays sometimes justified from extra-dim physics )

H Neutrino masses:

|
|
|
|
|
| ~
| <~ -
QL —e - —UR

Hel oA
M '||;/| type i
s :
L ($ L
—( . 2
( M =(-L-r/M*$ m=Y U VviIM?

Mg—= V Y sm

(D.B Kaplan 91; Redi, Weiler; Contino, Kramer, Son, Sundrum; da Rold, Delauney, Groj
Perez; Contino, Nomura, Pomarol, Agashe, Giudice, Perez, Panico, Redi, Wulzer...)



For instance, in discrete symmetry ideas:

The Yukawas are indeed explained in terms of dynamical fields.
And they do not need to worry about goldstone bosons.

In spite of '13not very small, there is activity.
For instance, combine generalized @é&’nhabeu, Branco, Gronau 80&)th
discrete Zgroups in the neutrino sectamaximal 23, strong

constraints on values of CP phases
(Feruglio, Hagedorn and Ziegler 2013; Holthausen, Lindner and Schmidt 2013)

They were popular mainly because they can lead easily to large mixings (tribimaximal,
bimaximal...)

But:
- Discrete approaches do not relate mixing to spectrum
- Difficulties to consider both quarks and leptons



Some good ideas: \ 7 )+,-.&%

Minimal Flavour Violation:

- Use the flavour symmetry of the SM in the limit of massless
fermionS(ChivukuIa+ Georgi)

guarks: Giavour= U(3)o. X U(3)ur X U(3)pr

Hybrid dynamical-non-dynamical Yukawas:

U(2) (Pomarol, Tomasini; Barbieri, Dvali, Hall, Romaninpg:....

U(2)3 (Craig, Green, Katz; Barbieri, Isidori, Jones-Peres, Lodone, St(uU(Z) ( ) )

..Sala)
O 0 1

Sequential ideaﬁeldman, Jung, Mannel; Berezhiani+Nesti; Ferretti et al.,
Calibbi et.al.



Some good ideas, based H O\
on continuous symmetries:

Frogatt-Nielsen O79: U(1)favour SYymmetry

- Yukawa couplings are effective couplings,
- Fermions have U(3jwourcharges

f_qzz

A

" QH 'YNf—gLﬂn

A

e.g. n=0 for the top, n large for light quarks, etc.

--> FCNC ?



The FLAVOUR WALL for BSM

1) Typically, BSMs have electric dipole moments at one loop
. _ ,
l.e susy MSSM: . %ﬁﬁ g

f g:x " f,

< 1 loop in SM ---> Best (precision) window of new physics

i) FCNC
l.e susy MSSM:
S di d
K°—K' mixing ) IE;&
d__}de 3R} s

competing with SM at one-loop



Minimal Flavour violation (MFV)

¥-lavour data (i.e. B physics) consistent with all flavour
physics coming from Yukawa

MFV Hypothesis = The Yukawas are the only sources (irreducible)

of flavour violation.in BSM | |
R. S. Chivukula and H. Georgi, Phys. Lett. B 188, 99 (1987).

It is very predictive for quarks: 0d=6 -~ q, Ql@Q3$

| 2
* flavour

known function of Yukawas

(DABmbrosio, Cirigliano, Isidori, Grinstein, WiseE.BurasE.)



|. NA62 main targets are the rare K decays (Br < 1071 ),eg. K" —>n'vw s
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Gonzalez-Alonso

Minimal Flavour violation (MFV)

¥Unitarity of CKM flrst row:

Vi I +|V *+|V, ,,|—09999+00006|J

¥Restrict to flavour blind ops.-> 4 operators

¥Correction is only multiplicative to 1 and [l decay rate

m The direct experimental limit puts strong constraints on all 4 operators,
at the level of the colliders constraints or better.

Ao =—(0.120.6)107

m) A7 >11TeV (90%CL)




Current neutrino parameters

3 sizable mixing angles
| NuFIT 1.2 (2013) |

y Free Fluxes + RSBL Huber Fluxes, no RSBL
/ / bfp 1o 30 range bfp +1o 30 range

sin? 1 / 0.30610:013 0.271 — 0.346 0.31379-9:3 0.277 — 0.355
612/° 33.57+0 71 31.37 — 36.01 34.0219-72 31.78 — 36.55
sin? 03 0.44673-0% 0 0.59373-927  0.366 — 0.663 | 0.44479°937 ¢ 0.59279:928  (0.361 — 0.665
623 /° 41.910% ©50.3758 37.2 — 54.5 41.812% @ 50.3758 36.9 — 54.6
sin? 013 0.0231+9-9979 0.0173 — 0.0288 0.0244+9-9019 0.0187 — 0.0303
013/° 8.73195:32 7.56 — 9.77 9.0079-32 7.85 — 10.02
Scp/° 266735 0 — 360 270" 77 0 — 360

Am%l +0.19 +0.18
m 7'45—0.16 6.98 — 8.05 7.50_0_17 7.03 — 8.08

A
10;"—3{,2 (N) 42.417+0:014 12,247 -5 42.623 242910055 12.249 —5 12.639
NAT—%Q (1) —2.41119:962 —2.602 — —2.226 —2.42210:063 —2.614 — —2.235

|

Gonzalez-Garcia, Maltoni, Salvado, Schwetz, 1209.3023



