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Interactions that distinguish among the 3 generations of fermions:
(SM)  Yukawa int. between the Higgs and fermions

gauge int. (at least before EW sym. breaking)
Higgs self-interactions 

What is Flavour Physics?

!
!

!

 flavour physics is intimately connected to the Higgs 

sector and hence to physics beyond the SM.
First Remark:

some interesting but 
non-flavour questions: 

Why 3 generations? 

Why the particular quantum numbers of the different fermions?

Why chiral representations only for broken gauge symmetries?

given the exp. constraints, is there room for any other new 

interactions that are generation sensitive? i.e.,

 is there any new flavor parameters beyond the Yukawa's?

First Question:
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SU(3)QL × SU(3)UR × SU(3)DR × SU(3)EL × SU(3)ER

U(1)B × U(1)e × U(1)µ × U(1)τ

∅ !

Interactions that distinguish among the 3 generations of fermions:
(SM)  Yukawa int. between the Higgs and fermions

gauge int. (at least before EW sym. breaking)
Higgs self-interactions 

What is Flavour Physics?

!
!

!

explicit breaking 
by renormalizable interactions 

new int.? instanton? quantum gravity?
@ which scale?
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VCKM ∼
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Small parameters & Hierarchy of masses

Hierarchy of mixing angles

SM Flavour Puzzle(s)

Yt ∼ 1 Yc ∼ 7 · 10−3 Yu ∼ 3 · 10−5

Yb ∼ 2 · 10−2 Ys ∼ 7 · 10−4 Yd ∼ 5 · 10−5

Yτ ∼ 1 · 10−2 Yµ ∼ 6 · 10−4 Ye ∼ 3 · 10−6

what is the origin of this 6 order of magnitude hierarchy?

why are the angles hierarchical?

why are they align with the masses?

Why is the mixing structure different in the leptonic sector?

(λ ∼ sin θc ∼ 0.2)
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 exact tri-bimaximal mixing?

...

(u- and d-type quarks are almost diagonal in the same basis)



Ch!"o#e Grojean Flavour Puzzle(s) Rome, September $ 2%8

SM Flavour Puzzle(s)

Why so many parameters?

Y ij
e ĒLiHERj

Y ij
ν

M
Ēc

Li
HHELj

1 (3x3) complex matrix 
+

1 (3x3) symmetric matrix
=

 15 real parameters

15 phases

field rotations: 2 (3x3) unitary matrix = 6 real par. + 12 phases

12 phys. par.: 6 masses, 3 mixing angles, 1 CP phase, 2 Maj. phases

not all par. are physical since we can perform field rotations QL → UQLQL

UR → UURUR

DR → UDRDR3 (3x3) unitary matrices = 9 real par. + 18 phases

baryon number conservation: 1 phase cannot be removed

10 phys. parameters: 6 masses, 3 mixing angles, 1 CP phase

2 (3x3) complex matrices =
 18 real parameters

18 phases

Y ij
u Q̄LiH

†URj

Y ij
d Q̄LiHDRj

No unified structure; No predictive power
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U(1)F

Hierarchy from a flavor symmetry
[Froggatt, Nielsen '79]

introduce an horizontal/flavour symmetry
(i.e. different charges for the different generations)

U(1)F

a flavon field: F of charge -1

Yuij

(
F

Λ

)−qi−h+uj

Q̄LiH
†URj Y eff

uij
= Yuij

(
〈F 〉
Λ

)−qi−h+uj

〈F 〉

easy to reproduce the mass hierarchy with charges O(1)

but need new field, new symmetry: 
had hoc construction difficult to probe

(though, there are hints to relate U(1)F to modular symmetries of SUGRA theories)

Recent construction [Giudice, Lebedev '08]: uses the Higgs as a flavon   
interesting signatures in Higgs physics" "
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Figure 1: The various color lines show the Higgs branching ratios for different decay modes,
with solid lines referring to the case of Higgs-dependent Yukawa couplings and dashed lines
to the SM.

All main Higgs production processes at the LHC such as the gluon fusion, weak-boson

fusion, Higgs-strahlung from the top or gauge boson are not affected, but the novelty lies in

the Higgs decay. In fig. 1 we show the prediction for the Higgs branching ratios in the most

important channels. At low mh, there is an increase of BR(h → bb̄) and BR(h → τ+τ−)

with respect to those in the SM, while, more importantly, there is also a significant reduction

of BR(h → γγ). Actually, the Higgs decay rate into muons becomes even larger than the

one into photons, although its branching ratio remains smaller than 10−3. At intermediate

values of mh, the main effect is an increase of the decay rate into fermions compared to

that into WW and ZZ. As a result, h → WW becomes the leading decay mode only for

mh > 156 GeV, while in the SM this happens for mh > 136 GeV.

Another peculiarity of our scenario concerns flavor-violating Higgs decay modes. The

3The modification of the Higgs-bottom coupling can affect the Higgs-gluon coupling, but the effect on
the gluon-fusion rate is at most at the 10% level.

9

SM Higgs-dependent Yukawa's

Γ(h→ bb̄)
Γ(h→ bb̄)SM

=
Γ(h→ cc̄)

Γ(h→ cc̄)SM
=

Γ(h→ τ+τ−)
Γ(h→ τ+τ−)SM

= 9
Γ(h→ µ+µ−)

Γ(h→ µ+µ−)SM
= 25

[Giudice, Lebedev '08]



Ch!"o#e Grojean Flavour Puzzle(s) Rome, September $ 2%8

Hierarchy w/o sym. from extra-dimension
[Arkani-Hamed, Schmaltz '99]

x-dim. is a priori a bad starting point due to the absence of chirality

but chirality is easily obtained on orbifold (or boundary conditions)

c < 0
c > 0

fermion zero-mode has 
an exponential profile in the bulk

χ(z) =

√
2c

(e2c − 1)L
ecz/L

Y eff
u = Y !

u χq(L)χu(L)

Higgs localized at z=L

Y eff
t ∼ O(1) if top is also localized on the Higgs brane

Y eff
u,d ! 1 if u,d are localized on the other brane

hierarchic Yuakawa's produced 
by O(1) numbers associated to the bulk dynamics

Higgs ve
v

Froggatt-N
ielsen 

patte
rn 

without symmetry

"
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Y eff
uij

= Y !
dij

fqifuj

Anarchy: mixing angles from mass hierarchy
[Froggatt, Nielsen '79]

Yu, Yd ~O(1): anarchic structure fi: hierarchic structure: f1<<f2<<f3

Not only, it leads to a hierarchical spectrum

mui ∝ fqifui mdi ∝ fqifdi

It also gives hierarchical angles

UuL Y eff
u U†

uR = diag UdL Y eff
d U†

dR = diag
with (for i < j)

V ij
CKM ∼ fqi/fqj

U ij
uL,dL ∼ fqi/fqj U ij

uR ∼ fui/fuj U ij
dR ∼ fdi/fdj

and therefore, we also get

alignment angles/masses nicely explained" "

Y eff
dij

= Y !
dij

fqifdj
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SM to BSM Flavour Puzzle(s)

new physics can nicely explain SM puzzle(s)
but we have to make sure that

it does not destroy good features of SM
in particular the absence of FCNC

new physics
particle

d

s s

d

is new physics flavor blind?
or 

does it know FC int. have to be small?
1
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m
2

H ∼ m
2

0 − (115 GeV)2
(

Λ

400 GeV

)2

need new degrees of freedom around the TeV scale to cancel the !2 divergences 

the SM flavour hierarchy is radiatively stable
but the EW/MPl hierarchy is not 

Beyond SM Flavour Puzzle(s)

Clash of Scales

Flavour

 ! > 105 TeV

Higgs sector

! < 3-4 TeV
!

the higher the scale of new physics,
the more fine-tuned the Higgs, the less likely a discovery at LHC
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non-trivial flavour structure 
can accommodate "light" new physics

result of a dynamic?
result of a symmetry?

BSM Flavour Puzzle(s): 4-Fermi Operators

generic flavour structure
Cij ~!O(1)

requires "heavy" new physics 
!  > 104 - 5 TeV

Fine-tuning pb in Higgs sector
 LHC won't see anything

1 2

model-independent analysis: effective theory approach:
C1

ij

Λ2

(
Q̄i

LγµQj
L

)2
+

C4
ij

Λ2

(
d̄j

RQi
L

) (
Q̄j

Ldi
R

)
+

C5
ij

Λ2

(
Q̄j

Ldi
R

) (
d̄j

RQi
L

)

Λ√
C1

cu

> 900 TeV

∆mD

mD
< 2 · 10−14

"
Λ√
C1

bd

> 400 TeV

∆mBd

mBd

∼ 6 · 10−14

"

∆mBs

mBs

∼ 2 · 10−12

"
Λ√
C1

bs

> 80 TeV

Λ√
C1

sd

> 1100 TeV∆mK

mK
=

C1
sd

3Λ2
f2

K

∆mK

mK
∼ 7 · 10−15

fK ∼ 0.16 GeV "{

Cij < 10−4 – 10−6

(
Λ

TeV

)2
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A solution : Minimal Flavour Violation
the Yukawa's are the only source of flavour violation

i.e. all interactions breaking SU(3)QxSU(3)UxSU(3)D are prop. to Yu, Yd

under SU(3)QxSU(3)UxSU(3)D: Yu~(3,3,1) & Yd~(3,1,3)

new physics
particle

sL sL

dL dL

new int. that violate flavour
must involve some Yukawa's factors

(ds) transforms as (8,1,1) so the int. should be prop. to (YuYu)12=ytVtdVts
+ *2

bound on the scale of new physics is reduced by    10-7 : 1100 TeV 350 GeV#

K0 K0

C1
sd ∝ g2

!y4
t |Vtd|2|Vts|2 ∼ 10−7g2

!
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~ Supersymmetry ~
gauge-, gaugino-, anomaly-mediated susy breaking have MFV structure

gravity-mediated doesn't

~ Other models of EW symmetry breaking ~
?
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Flavour Structure in EWSB Models

Is there a flavour structure built-in in the new models of EWSB?

Is an additional flavour structure needed?

Weakly coupled models Strongly coupled models

prototype: Susy prototype: Technicolor
susy partners ~ 100 GeV rho meson ~ 1 TeV

They are clearly model-dependent questions
Nonetheless generic features emerge

Can exhibit MFV structure
Notoriously difficult for old TC models:

1/ to generate flavour hierarchy

2/ to implement flavour symmetry to suppress FCNC

New twist thanks to 5D holographic approach
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“AdS/CFT” correspondence for model-builder

Warped gravity with fermions 
and gauge field in the bulk 

and Higgs on the brane

Strongly coupled theory
with slowly-running couplings in 4D

Holographic Approach to Strong Sector

UV
IR

H

H
H0

G

5D

motion along 5th dim

UV brane

IR brane

bulk local sym.

KK modes

Strong
BSM

SM

gρgSM proto-Yukawa 

gauge

g2

SM
/gρ

4D

RG flow

UV cutoff

break. of conformal inv.

global sym.

vector resonances (!mesons in QCD)

AdS = warped space
curvature ~ 1/MPl

size ~!40/MPl

exponential red-shift 

ds2 =
(

R

z

)2 (
dx2 − dz2

)

RUV

RIR
∼ 10−16
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Holographic Models of EWSB
Brane SM fields: [Randall,Sundrum, ‘99]

Bulk gauge fields: [Pomarol, ‘00]

Holographic technicolor=Higgsless: [Csaki et al., ‘03]

Holographic composite Higgs: [Agashe et al., ‘04] 

UV

IR

Higgs
on the IR brane

Gauge fields + fermions 
in the bulk

UV completion: log running of gauge couplings

Custodial symmetry from bulk SU(2)R

Dynamical ‘explanation’ of fermion masses

Built-in flavour structure

SU(2)LxSU(2)R

x
U(1)B-L

SU(2)RxU(1)B-L

U(1)y
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Masses from IR overlaps

light fermion exponentially localized on the UV brane
" overlap with Higgs vev on the IR tiny

" exponentially small 4D mass

UV

IR

u,d,s

c,bR t,bL

fermion zero-mode has 
an exponential profile 

in the bulk
χ(z) =

fc√
R′

( z

R

)2 ( z

R′

)−c

fc is the "value" of wavefct. on the IR:

fc =

√
1− 2c

1− (R/R′)1−2c

fc ∼ (R/R′)c−1/2 " 1

fc ∼ O(1)
c < 1/2: heavy fermion

c > 1/2: light fermion

partial compositeness
zero is mixture of elementary and composite fermion

fc is the amount of compositness

[Grossman and Neubert, ’00]
[Gherghetta and Pomarol, ‘00]
[Huber, ‘03]
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Partial Compositeness: Yukawa Couplings 

Higgs part of the strong sector: it couples only to composite fermions

when the Higgs gets a vev, the light dof will acquire a mass prop. to 

Yukawa hierarchy comes from the hierarchy of compositeness

Y eff = Y! fcLfcR

~ the 5D picture gives a rationale for hierarchical fc ~

H

|light〉R|light〉L

Yukawa coupling 
in the strong sector

f f
cL cRY*
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FCNC from KK gluons/rho meson

|light〉iL

|light〉jL |light〉kL

|light〉lL

KK gluon
rho meson

g∗ g∗

1

M2
ρ

Built-in GIM supression
smaller the mass " smaller the compositness " smaller the amplitude

Agashe, Perez, Soni ’04
Contino, Kramer, Son, Sundrum ‘06

fcL

fcL

fcL

fcL

i

j k

l

Aijkl
LL ∼ g2

!

m2
ρ

fci
L
fcj

L
fck

L
fcl

L

structure similar to the general set-up recently proposed by Davidson et al.
“Solving the flavour problem with hierarchical fermion wave functions”, 0711.3376
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RS-GIM suppression of FCNC 

KK gluon

KK gluons are flat in UV     flavor universal
flavor violation are coming from IR

FCNC are suppressed for light fermions

"

gg̃KKQi
LQi

L
∼ g!

(
–
O(1)

log R′/R
+O(1)f2

ci
L

)

gg̃KKQi
LQj

L
∝ g!fci

L
fcj

L

"

KK gluons are spread along the extra-dim.
feel all differences in fermion profiles

maximal flavour violation

KK gluon

√
2zJ1(xnz/R′)
J1(xn)

√
RR′

KK profiles:

KK profiles:
√

2
L

cos(nπz/L)UV

IR

warped flat

"low" KK scale allowed

"high" KK scale required

[Gherghetta, Pomarol '00]
[Huber, ‘03]
[Agashe et al. '04]
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Flavour Bounds in RS 
[Csaki et al. '08]
[Neubert's group, '08]
[Buras' group, '08]

0 5000 10000 15000 20000 25000 30 000

mG

1!104

5!104
1!105

5!105
1!106

5000

!s " d" Im#LR
more stringent constraint from LR operator in K sector (!K)

generically: flavour bounds are safe if KK gluon > 21 TeV

exp.
 bound

few (exceptional?) points pass flavour constraints with lower mKK

any rationale to live at those points?

Ads
LR

ASM

(
1 + 0.5

(
21 TeV
mKK

))

~ ~
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Adding Flavour Structure to RS-GIM 

Minimal Flavour Violation in RS

Exact GIM structure

Minimal flavour protection

follows from additional alignment of bulk masses and brane Yukawa

U(3)V
U(3)L

U(3)LxU(3)R
flavour sym. in the bulk
universal IR brane masses

flavour violation only on the UV brane

... but fermion mass hierarchy put by hand

Simple flavour protection

...[more models to be build]

U(3) flavour symmetry broken on the IR brane

U(1) flavour sym. in down sector in bulk and IR broken on UV
most of flavour violation is moved to the up sector

[Fitzpatrick, Perez, Randall ‘07]

[Cacciapaglia et al. ‘07]

[Santiago ‘08]

[Csaki, Falkowski, Weiler ‘08]
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Conclusions
New Physics can help to solve the SM flavour puzzle(s)

but generically will give rise to large  FCNC

This is the BSM flavour problem 

Some models of EW symmetry breaking automatically incorporate
a dynamical suppression of FCNC à la GIM

Other models require additional flavor structure/symmetry 

LHC  might be start telling us the structure of flavor in new physics
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Conclusions
New Physics can help to solve the SM flavour puzzle(s)

but generically will give rise to large  FCNC

This is the BSM flavour problem 

Some models of EW symmetry breaking automatically incorporate
a dynamical suppression of FCNC à la GIM

Other models require additional flavor structure/symmetry 

LHC  might be start telling us the structure of flavor in new physics

... let us wait until tomorrow


