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The Flavour Puzzle

Three Generations
of Matter (Fermions)

mass—|2.4 Mev. 127 GeV 171.2 GeV 0
charge=| 25 24 245 0
spin—| 14 45 15 1
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Bosons (Forces)

m Why 3 generations?
CP violation?

m Visible part of the
universe — 15t
generation
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Mixing

. . ig (Vor) )i'
Generations connect with each other through &

mixing matrices

Quarks Leptons
~1 X X 0.8 05 ~0.2
VCKM - )\ ~ 1 )\2 UPMNS = —04 05 —07
P CNNE | —-0.4 05 0.7

Why is the mixing patern so different for leptons and quarks?
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LThe Flavour Puzzle

One can ask, optimistically:
will Beyond the Standard Model shed light on the flavour puzzle?

whereas in practice :
can Beyond the Standard Model accommodate flavour data and
still be within reach?

A model independent way to treat new physics:
Effective Field Theory
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Effective Field Theory

Fermi's Theory of beta decay

Lem + Gréy,voy*d

2

Lem + ,\i—zé'yuyLB'y“dL
%
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Effective Field Theory

Fermi's Theory of beta decay

BSM physics can be parametrized in
Lem + Greyviy'd the same (Gauge Invariant ) way

1 45 1 _4-6
Lsy + /\O + /\20 + ...

which is a valid description until we
reach the scale A

2 U
Lem + ,\i—zé'yuyLB'y“dL
w 777
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As an example the operator:

1 - _
L=+ EQLC%QL&’YV& + -
- T
d Cdd Cds Cdb d
=4 p ?L C:;s Css  Csh ’YV SL Pyplh + -
bL C:;b C:b Cphb bL

contributes to the FCNC decay B?, B® — = pu™;
LHCb Event Display

b de/ /\2 LJ_

79897868 bld 1140

Marconi; Planck 2012

LHCb : BR(B® — p~pt) <107° =

Cap~ 1= N2 103TeV
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Minimal Flavour Violation (MFV)

...new physics may have a definite flavour pattern, an option is:
Minimal Flavour Violation

The MFV hypothesis: The Yukawa couplings are the only sources
of flavour violation in and beyond the Standard Model *.

7'CYukaWa :6L YUURI:I +6L YDDRH \ ¥D)as

+ 0, YEERH + h.c. + (v mass)
(Qu),  (Dr)y

Yu = Diag(yu, e, t), Yo = VekmDiag(yd, ys, yb), Ye = Diag(ye, yu, yr)

1Georgi & Chivukula 1987; D'Ambrosio, Giudice, Isidori, & Strumia, 2002; Cirigliano, Grinstein, Isidori & Wise
2005.
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Minimal Flavour Violation; Realization

m Generations are distinguished by masses; in the limit of zero mass (£, )
the SM presents an extended symmetry group :

Quark Lepton

Gf = 5U(3)QL X SU(3)DR X SU(3)UR X 5U(3)15L X SU(3)ER X

dr
DR: SR DRN(1,3,1“~)
br
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Minimal Flavour Violation; Realization

m Generations are distinguished by masses; in the limit of zero mass (£, )
the SM presents an extended symmetry group :

Quark Lepton

Gf = 5U(3)QL X SU(3)DR X SU(3)UR X 5U(3)15L X SU(3)ER X

dr
DR: SR DRN(1,3,1“~)
br

m The Yukawa couplings break the symmetry, unless

Q.YoDrH Yo ~ (3,3,1) 'SPURIONS'
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The same operator as before now shall be invariant under the flavour

group of MFV:

1. _
L=+ EQL YuYir Quliy e -
)2 d |Via|?
=t /\7152 §L Vis :“j
by Vin Vi

BY, By — utu”

Vig Vg; Vig Vi dr

Vil ViV, |7 | st | A
2

VieVie |Vl by
LHCb Event Display

146. 2011 18:57:08

Run 93593 Event 1179897868 bld 1140

Marconi; Planck 2012

= Ayp ~ TeV
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The same operator as before now shall be invariant under the flavour
group of MFV:

1 — -
[,:""i‘ﬁQLYUYLJD'YuQLgL'YVgL”'
2 [ A A5\ d
:...+/Tt2 3 XA N A s | e
b, NBOA 1 by

LHCb Event Display

YAV Vi N

Marconi; Planck 2012

BY, BY — utu~ = Ayp ~ TeV
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2.0

1.0

10° x BR(By — ptu™)

0.0

predictivity

MSSM-LI

0 RSc 10 20 30 40 50
10° x BR(Bs — putu™)

Straub, Moriond 2012

M(B% — pp*) ViV

~

M(BY — pn=pt) — VisVig
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can we go one step further in the direction of Minimal Flavour
Violation?
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The Dynamics Behind MFV

Transformation properties suggest that the Yukawa couplings have a
dynamical origin .

The Yukawa couplings arise with the v.e.v.s? of fields that transform for real
under the flavour symmetry:

Y = (5) /Ar, £~ (.3,3,.)

,or Y~ (22) JAZ, or Y ~ (1) /AT

21997 Anselm & Berezhiani, 2009 Feldmann, Jung & Mannel



The Potential of Minimal Flavour Violation
L The Dynamics Behind MFV

LQuarl»(s

Quarks



The Potential of Minimal Flavour Violation
L The Dynamics Behind MFV
LQuarks

The Dynamics Behind MFV: Quarks

the flavour symmetry: SU(3). x SU(3)p, x SU(3)u,
Straightforward case :The Yukawas are the vev of 1 field Y ~ (¥)

Ed ~ (37 37 1) E’LL ~ (37 1, 3)
va 0 O yo 0 O
<i7d>:YD:VCKM 0 ys O ; <i7”>:yuz 0 y O .
f 0 0 w f 0 0 y

... but these vevs are acquired somehow...
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The Potential

the Potential V(X,, X4)
is the culprit of fixing (X, 4) & Vexkm & mg

unfortunately no
mixing can come
out of this potential

more on this later...

Gavela, Merlo, Rigolin, R.A. 2011
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The Dynamics Behind MFV: Leptons

For concreteness let's pick a constrained Inverse Seesaw Model with all
the possible distinctive features of v'’s:

o 0 oY oY’ I
L, = (r, N°, N) (?Y)T 0 A N
(eY)" A 0 N’

|Y'| < |Y| = approxLN Av =N Y|, Ag=A.
the Yukawas are determined up to their overal magnitude

0
N.H. Y = L UPMNS —i my,e

m m i
%) + v3 Wela

—ix

Gavela, Hambye, P. Hernandez, D. Hernandez
Raidal, Strumia, Turzynski
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LMFV
(o000 I
whenV,Y' =0 = Ly, = (Ip, N°, N°) [ 0 0 A N
0 AN O N’

the flavour symmetry is:
5U(3)5L X SU(3)ER X 0(2)/\/ .

Fully restored at high energies with the introduction of the scalar fields:

5 _ .
ve=Z0 331 (v.v)= 312
Ar A
whose vev's are
ve 0 0 0 0 L
(Te)oc [ 0Oy O |, (x)ocUpwns | VM, O ( yy ;C)
0 0 vy, 0

what is the potential for the mixing parameters now?
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Invariant terms of the Potential: Mixing

Let’s focus on the mixing parameters, the only invariant that
depends on them is, at renormalizable level (v/| << |v))-

Tr (ZEZEXXT> {Z|UPMNS 2mim,,+

2/a 2
Z UPMNS PMNS) my myl-myj + C.C.:| } .
Li<j
whereas for quarks:

Tr (zuzzzdzw o S Uy 22 m2
iJ
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Minimum of the Potential: 2 Generations

Leptons

The invariant containing the angle (2 family case & (|v’| << |v])):

Tr (ZEZLXXT) o< (m%, — m2) ((my, — mu,) cos 20 4 2/m,, my, sin 2asin 26) ,

Renormalizable level: 99V = 0 yields:

. 2,/My, My, .
tg260 = sin 2am7 , sin20 cos2a =0,

vy T ml/1
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Minimum of the Potential: 2 Generations

Leptons

The invariant containing the angle (2 family case & (|v’| << |v])):
Tr (ZEZLXXT) o< (m%, — m2) ((my, — mu,) cos 20 4 2/m,, my, sin 2asin 26) ,

Renormalizable level: 99V = 0 yields:

2. /m,, m,
tg20 = sin2a Y27 Gin2fcos2a =0,

My, — my,
Quarks
Let's bring back the quark invariant (Bifundamental):

Tr (ZUZIZdZL) o (mg — mﬁ)(mg — mﬁ) cos 20

which yields

‘ (m2 — m3)(m?2 — m3)sin20 =0 |.
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3 Family Case

For the three family case:

m Only one angle can be set different from 0 as m,, =0

imposes strong hierarchies with m,,,, m,,. This is a peculiarity
of the model.

m3 vs m3

e —;

0 e ey V) — 0

m Such angle lies in the experimentally allowed region for an
inverse Yukawa relation: Y1 ~ ¥,

| Suggesting: this happens in gauged flavour symmetry models 3
which also solve the problem of goldstones...

3Berezhiani, Khlopov 1990, Grinstein, Redi, Villadoro 2011, Feldmann 2011
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Summary

The distinctive Majorana character of neutrinos within a
Seesaw Model makes the potential of MFV different from that
of quarks.

This difference allows for maximal angles in the limit of
degenerate neutrino masses (but Majorana phase # 0! ).

The realistic 3-family scenario points towards an inverse
relation of Yukawas and scalar fields and degenerate neutrino
mass spectrum.
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Summary

The distinctive Majorana character of neutrinos within a
Seesaw Model makes the potential of MFV different from that
of quarks.

This difference allows for maximal angles in the limit of
degenerate neutrino masses (but Majorana phase # 0! ).

The realistic 3-family scenario points towards an inverse
relation of Yukawas and scalar fields and degenerate neutrino
mass spectrum.

Grazie
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