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The Flavour Puzzle

The Flavour Puzzle

Three Generations
of Matter (Fermions)

mass—
charge=|
spin— =
name:

» Why 3 generations?
CP violation?
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The Three Generations
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How do we tell one generation from the other?
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A wildly hierarchical mass spectrum
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The Flavour Puzzle

The Three Generations

ig (Verar)y;
How do they connect with each other?
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The Flavour Puzzle

The Flavour Puzzle
The flavour structure is encoded in the Yukawa couplings in the SM
Lsn = Lgauge + LHiggs + Ly ukawa
~Lyukawa = QpYuUrH +QYpDRrH + 1Y ErH + h.c. + (v mass)
That can be parametrized as

Yy = VCT'KMYU Yp =yp Ye=yE

& mlllv ml/z mll3

. Normal or Inverted hierarch
yu ~ Diag (m.,, me, my) y
yp ~ Diag(mgq, ms, mp) .
. v3 -  0n
yr ~ Diag (me, my, m;)
1 mass
vy
v V3
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The Flavour Puzzle
!

Flavour Physics

The Flavour Phenomenology of the SM is very specific

ig (Vewan);

» There are no Flavour Changing
Neutral Currents at tree level
in the SM

» FCNC processes occur at the
loop level and GIM suppressed

» CP violation 'small’; Jarlskog
Inv.xGIM in SM

— Sensitivity to new physics

The Potential of Minimal Flavour Violation
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Beyond the Standard Model; Effective Field Theory
Fermi’'s Theory of 3 decay

Lem + (8% / Miy)&vuviin'dy
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Eem + GFE’}/MVB’}’MC]

Beyond the Standard Model; Effective Field Theory
Fermi’'s Theory of 3 decay

BSM physics

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

Qr 1/A2 Ur

Ur
QL

4
777

which is a valid description up to A

Lem + (8% / Miy)&vuviin'dy
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The Flavour Puzzle

The Flavour Problem

All the flavour data is ~ consistent with the SM
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Minimal Flavour Violation (MFV)

MFV is a symmetry approach to the flavour problem that takes the
experimental data at face value.

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

H

(QL)a (DR)ﬂ

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

> Generations are distinguished by masses; in the limit of zero mass

LSM = Lgauge + EHiggs + K’Yukawa
the SM presents an extended symmetry group :

Quark

dr
Dr

Lepton

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

SR DRN(1,3,1~~-)
br

=] = = £ DA
;
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O R R R R R R R R R R R R RO R RRRRRRRERDRD_




Introduction The Dynamics Behind MFV Summary
00000000 000000
000 000
\
Minimal Flavour Violation
\

Minimal Flavour Violation; Realization

> Generations are distinguished by masses; in the limit of zero mass

ESM = Lgauge + LHiggs + K’Yukawa
the SM presents an extended symmetry group :

Quark Lepton

Gf = SU(3)QL X SU(3)DR X 5U(3)UR X 5U(3)eL X SU(3)ER Xoeee

dr
DR: SR DRN(1,3,1~~-)
br
» The Yukawa couplings break the symmetry, unless

Q. YoDrH Yo ~ (3,3,1) 'SPURIONS’

[m] = =
\
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MFV: Effective Field Theory Prescription

Take the operator

/\2 L Qu" QsErRuER+ ..
NP

containing all flavors a, 3, then

T ~ \/%
MFV = cus = (Yo),, (YU>76 SRVARVARY.
c~(3x3,1,1)=(3,1,3)x (3,1,3) ~(3x 3,1,1)

o (= X £ DA
;
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MFV: Effective Field Theory Prescription

Summary

Take the operator
2
ANP

L Qar" QsER7u ER + -.
containing all flavors a, 3, then

MFV = cus = (Yo),, (YJJ)7 ~ Vi Vigyi
c~(3x3,1,1)=(3,1,3) x (3,1,3)
The predictions have the Standard Model flavour structure

(3x3,1,1)
A(d" = ey = (V5 VU)A(AF D (1

The Potential of Minimal Flavour Violation
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Antonelli et al
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The strongest experimental bound sets Ayp > TeVi~ Agyy =
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What if we take seriously the flavour symmetry reasoning?

=} = = A
;
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Suggests that the Yukawa couplings have a dynamical origin .

(Qr), (Dr)g

The Yukawa Interaction involves extra fields increasing the dimension of the
"Yukawa Operator’.
Y ~ (W) ?

Y = (W")?
These fields acquire a v.e.v. and fix the Yukawa couplings.
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The Dynamics Behind MFV: Quarks
Different cases shorted by EFT & Group Theory
1. The Yukawas are the vev of 1 field
Y ~ (%)
» Dim. 5 <> Bifundamental Fields
5L&DRH Yq~(3,31)
As
2. The Yukawas are 'composite’ Y ~ (xx)
» Dim. 6 <+ Fundamental Fields
_ X(LngT Xcl; ~ (33 1, 1)
Q A2 DrH R
f Xa ~(1,3,1)
z 9ac
!

;
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What is the potential giving rise to spontaneous symmetry
breaking?

=} = = A
;
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breaking?

What is the potential giving rise to spontaneous symmetry

What are the differences in this potential for Quarks and Leptons?

=} = = A
;
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Quarks
\
breaking?

What is the potential giving rise to spontaneous symmetry

What are the differences in this potential for Quarks and Leptons?

Let's start with quarks and the fundamental field case for

illustration
!

=} = = A
;
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Fundamental Fields: Quarks

> First gather invariants

Ly L Rf_ R L. L
Xu Xu» Xu Xu > Xda Xd >
Rt . R Lt L L L
XdTXd ) XuTXd = [Xu Xd‘ cosfc.

» Put the invariants together in the potential:

L I 2 ue ?
V=3 N (x,-Tx,-L—z—A’_) + Aud (xﬁ*xé—z/\”"’d> 4

i=u,d
2 2 2V
. 7 2_ _Hd HugV Auld
M 2 gen): y2 = _tu — o=""0
inimum (2 gen.): y:Z NN Ys IAGA2 cos Hufia g

6 naturally O(1)
=} = = E £ DA

\
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Fundamental Fields (are special)

Masses: Let's take a careful look at the Yukawa structure

vo_ <x5A>25T> _

L b
; U A2
A 'matrix’ made out of 2 'vectors .

Such a construction has rank 1, that is
one nonvanishing eigenvalue only!
Mixing:
L
Xu 0

The Potential of Minimal Flavour Violation
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Fundamental Fields (are special)
Masses: Let's take a careful look at the Yukawa structure:

vo_ <X¢L1A>25T> _

L b
1 U /\2
A 'matrix’ made out of 2 'vectors '

Such a construction has rank 1, that is
one nonvanishing eigenvalue only!
Mixing:
. 0 Diagonalizing the Yukawa coupling =
Xu . .
finding the moduli ~ masses +
L
Xa the relative angle ~ mixing
O «Fr «Z>» <> T 9Dac
| The Potential of Minimal Flavour Violation |
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Bifundamental Fields

Invariants

(Zu) = As- VEKMDiag{yu,-}, (Xgq) = Ar - Diag{ya,} ;
Tr (zuzzzdzg) o Tr (vagvyg) 2gen,
The Potential:

V= —2Tr (zuzz) + A (Tr ():uzTu>)2 T

We can directly minimize in the 'vevs' yq., yu,, Vckm. Outcome:

(m? — m?)(m2 — m?) cos 20

The Potential of Minimal Flavour Violation
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Bifundamental Fields

Invariants

(Xu) = A VEKMDiag{Yu;}, (Xg) = Ar - Diag{yq.} ;
Tr (zuzzzdzg) o Tr (vagvyg) 2gen,
The Potential:

2
V= 2Ty (ZUZZ> Y (Tr (zuzlt)) T

We can directly minimize in the 'vevs' yq., yu,, Vckm. Outcome:

(m? — m?)(m2 — m?) cos 20

» For obtaining the actual masses fine tunning is needed mass
hierarchy

» For fixing the mixing huge (10~%) fine tuning + dim> 8
Operators

[m] = =
\

The Potential of Minimal Flavour Violation
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What about Leptons?

=} = = A
;
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What about Leptons?
» Dirac Mass v's — All the previous analysis applies...
» Majorana Mass v's
» Weinberg operator
Ow = Ty Fidas TS
w = M Lo af LB
A~ (3x3,1) under SU(3)¢, SU3) &,
» Bifundamental
A=X,/A~Um,U"
—Much like in the quark case ¥, ¥} ~ ¥,
» Fundamental
A= x2/N ~ Um,UT
But this forces a 1 v mass only...
=] = - = = A

The Potential of Minimal Flavour Violation
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Leptons

Lets go to a (predictive) Seesaw Model

L=Lsy~+ I LHYEER +1LHYN + 1, Y HN' + MN'N€ + h.c.,

2
m, = VM (YYT+Y'YT) |Y'| << |Y| approxLN
0
NH.  Y=—2 Upns | —iymmy,

m m
ve ¥ Mos NG

Gavela, Hambye, P. Hernandez, D. Hernandez

The symmetry for vanishigh Yukawa couplings is: SU(3)s, x SU(3)e, x Un
The straightforward assignments:

Ze)

YE:</\ (3,3)0; Y=<XN>N(3,1)0; YIZMN(?’al)?

A
o T = = @) sac
I
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Summary

The invariants containing the angle (2 family case& (|v’| << |v1)):
N

XNZeTxn o (m7, — m2) ((my, — my,) cos 20 + 2/m,, my, sin 2a:sin 20) ,
[XLZeZExn] = 4 — Renormalizable level: 95V = 0 yields:

—(my,—my, ) sin 20+2,/my,, m,, sin2cccos20 =0 —

tg260 = sin 2«

/My, My,

vy T mu1

=} = = A
;
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Leptons

The invariants containing the angle (2 family case& (|v’| << |v1)):
X;rv):EZZ-XN x (mi — m?2) ((my, — my,) cos 20 + 2./m,,m,, sin2asin 20) ,

X ZeZExn] = 4 — Renormalizable level: 95V = 0 yields:
2,/m,,m,
—(Myy—my,) sin 2042, /My, m,, sin2ccos20 =0 —  tg2 = sin 20—

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

Tr (zuzizdzj,) o (m? — m2)(m? — m3) cos 20
which yields

(mZ = m%)(m?2 — m3)sin20 =0 — sin20 =0

[m] = =
\ |
The Potential of Minimal Flavour Violation
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Summary

The study of a SSB mechanism for flavour lead to

1. The flavour symmetry is restrictive, making the fixing of
flavour parameters far from trivial.

2. The Fundamental case for Quarks gives a 'reason’ for the
strong hierarchical mass spectrum and accommodates mixing

3. The Lepton sector, when the Seesaw mechanism generates
majorana masses, offers an interesting mass degeneracy <
maximal angles connection

The Potential of Minimal Flavour Violation
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