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Open questions

1 Which is the underlying mechanism regulating the EWSB?

2 Which is the connection between EWSB and flavor physics?

3 Are there new flavor symmetries beyind the puzzling fermion mass
spectrum?

4 Are there new flavor violating interactions not governed by the SM
Yukawas? That is, to which extent the MFV hypothesis is valid?

5 Do the new sources of CPV accounting for the BAU have an impact on
flavor physics and/or EDMs?

6 Which is the role of flavor physics in the LHC era?

7 Do we expect to understand the (SM and NP) flavor puzzles through the
interplay of flavor physics and the LHC?

8 ......
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The fermion mass puzzle

|VCKM| ∼

0@ 1 λc λ3
c

λc 1 λ2
c

λ3
c λ2

c 1

1A , |VPMNS| '
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3σ
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The fermion mass puzzle

• Quark/charged-lepton mass hierarchy

Yt ∼ 1, Yc ∼ 10−2, Yu ∼ 10−5

Yb ∼ 10−2, Ys ∼ 10−3, Yd ∼ 10−4

Yτ ∼ 10−2, Yµ ∼ 10−3, Ye ∼ 10−6

• Quark mixing angles hierarchy

|Vus| ∼ 0.2, |Vcb| ∼ 0.04, |Vub| ∼ 0.004 (δKM ∼ 1)

• Neutrinos

∆m2
sol = (7.9± 0.3)× 10−5

eV
2, |∆m2

atm| = (2.6± 0.2)× 10−3
eV

2,

sin2 θsol = 0.31± 0.02, sin2 θatm = 0.47± 0.07, sin2 θe3 = 0+0.08
−0.0 ,

• Quark-Lepton complementarity: GUT + Flavor Symmetry? [Raidal ’04]

θsol + θc ≈
π

4
, θatm + θ23 ≈

π

4
• SM gauge couplings

gs ∼ 1, g ∼ 0.6, g
′
∼ 0.3, λHiggs ∼ 1
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Flavor Physics within the SM

• LSMKinetic+Gauge + LSMHiggs has a large U(3)5 global flavour symmetry

G = U(3)5 = U(3)u ⊗ U(3)d ⊗ U(3)Q ⊗ U(3)e ⊗ U(3)L

• LYukawa = Q̄LYDDRφ+ Q̄LYUURφ̃+ L̄LYLERφ+ h.c break

G→ U(1)B × U(1)e × U(1)µ × U(1)τ

• CKM matrix: YU = VCKM × diag(yu, yc, yt) for YD = diag(yd, ys, yb)

Paride Paradisi (TUM) Open questions in flavor physics CKM 2010 6 / 35



Messages from the B-factories
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“Very likely, flavour and CP violation in FC processes are dominated
by the CKM mechanism” (Nir)
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UT tensions

1 ∼ 6% reduction of εSMK
[Buras & Guadagnoli; BG & Isidori]

2 smaller B̂K from
unquenced analyses
[Antonio et al. ’08; Aubin et al. ’10]

3 fit vs. exp. ≈ −1.7σ

NEW: εSMK @ NNLO QCD:
∼ +3% [Brod & Gorbahn, ’10]

1 fit vs. exp. ≈ +2.6σ 1 B(B→`ν) ∼ f 2
B |Vub|2

2 B(B→`ν)/∆Md ∼
(sinβ/ sin γ)2/B̂Bd

3 fit vs. exp. ≈ −3.2σ

Similar conclusions also by Lenz & Nierste + CKMfitter collaboration (’10)
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UT tensions and NP

• “Tensions” in the the UT analysis [Lunghi & Soni, Buras

& Guadagnoli]

• Look at εK , SψKS , and ∆Md/∆Ms in the Rb-γ
plane from tree-level processes

Possible solutions:

1 +24% NP effect in εK

2 −6.5◦ NP phase in Bd mixing

3 −22% NP effect in ∆Md/∆Ms

Altmannshofer et al. ’09
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CPV in Bs mixing (before ICHEP 2010)

d
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Aq
SL ≡

Γ(B̄q → l+X )− Γ(Bq → l−X )

Γ(B̄q → l+X ) + Γ(Bq → l−X )
, Sψφ = sin(2|βs| − 2φBs )

New Physics in the Bs mixing phase?
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CPV in Bs mixing (after ICHEP 2010)
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New Physics in the Bs mixing phase?
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sin 2βeff tensions

• In the SM, (sin 2β)ψKS ≈ (sin 2β)φKS ≈ (sin 2β)η′KS

• Bd → ψKS dominated by tree level, φKS and η′KS are loop-induced

Data indicate SφKS < Sη′KS < SψKS

[adapted from HFAG]

g

New physics in the decay amplitudes?

The SuperB will tell us...
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The NP “scale”

• Gravity =⇒ ΛPlanck ∼ 1018−19 GeV

• Neutrino masses =⇒ Λsee−saw . 1015 GeV

• Hierarchy problem: mSM
h (Λ2

NP) ∼ MW =⇒ ΛNP . TeV

• Dark Matter =⇒ ΛNP . TeV

• BAU: evidence of CPV beyond SM
I Electroweak Baryogenesis =⇒ ΛNP . TeV

I Leptogenesis =⇒ Λsee−saw . 1015 GeV

I .......
⇓

SM = effective theory at the EW scale

• Going BSM model-independently:

Le� = LSM +
X
d≥5

c(d)
ij

Λd−4
NP

O(d)
ij

I Ld=5
e� =

y ij
ν

Λ
see−saw

Li Ljφφ

I Ld=6
e� generates many FCNC operators
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The NP flavor puzzle

Le� = LSM +
X
d=6

c(6)
ij

Λ2
NP

O(6)
ij

[Isidori, Nir, Perez ’10]

⇓

“Generic” FV sources at the TeV scale are excluded
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MFV & the NP flavor puzzle

• SM without Yukawa interactions: U(3)5 global flavour symmetry

U(3)u ⊗ U(3)d ⊗ U(3)Q ⊗ U(3)e ⊗ U(3)L

• Yukawa interactions break this symmetry
• Proposal for any New Physics model:

Yukawa structures as the only sources of flavour violation

⇓

Minimal Flavour Violation [D’Ambrosio et al. ’02]

Notice that MFV allows new “flavour blind”CPV phases!

[Kagan et al. ’09] (model-independent)
[Ellis et al. ’07] (SUSY)
[Colangelo et al., ’08], [Smith et al. ’09] (SUSY)

[Altmannshofer et al., ’08,’09], [P.P & Straub, ’09] (SUSY)
[Buras et al., ’10,’10] (2HDM)
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MFV & the NP flavor puzzle

(c∆F=1
MFV )ij ∼ V ?

ti Vtj , (c∆F=2
MFV )ij ∼ (V ?

ti Vtj )
2

∆F = 1, 2 MFV operators Λ(TeV) Observables

H†
“

DRY d†Y uY u†σµνQL

”
(eFµν) 6.1 TeV B → Xsγ, B → Xs`

+`−

1
2 (QLY uY u†γµQL)2 5.9 TeV εK , ∆mBd , ∆mBs

H†D
“

DRY d†Y uY u†σµνT aQL

”
(gsGa

µν) 3.4 TeV B → Xsγ, B → Xs`
+`−“

QLY uY u†γµQL

”
(ERγµER) 2.7 TeV B → Xs`

+`−, Bs → µ+µ−“
QLY uY u†γµQL

”
(eDµFµν) 1.5 TeV B → Xs`

+`−

Observable Experiment MFV prediction SM prediction
ACP(Bs → ψφ) [0.10, 1.44] @ 95% CL 0.04(5) 0.04(2)
ACP(B → Xsγ) < 6% @ 95% CL < 0.02 < 0.01
B(Bd → µ+µ−) < 1.8× 10−8 < 1.2× 10−9 1.3(3)× 10−10

B(B → Xsτ
+τ−) – < 5× 10−7 1.6(5)× 10−7

B(KL → π0νν̄) < 2.6× 10−8 @ 90% CL < 2.9× 10−10 2.9(5)× 10−11

[D’Ambrosio et al. ’02; Hurth et al. ’08, Isidori, Nir & Perez ’10]
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SM vs. NP flavor puzzle

æ æ ææ æ æ æ æ æ

10-4 0.01 1 100

10.0110-410-6

e Μ,s Τu d c b t
GeV

Yi
VCKM ∼

Froggat-Nielsen ’79: Hierarchies from SSB of a Flavour Symmetry

ε =
〈φ〉
M
� 1⇒ Yij ∝ ε(ai +bj )

...

Arkani-Hamed & Schmaltz ’99: Hierarchies from Extra Dimensions

x = µr 1 2 3 4 5

e−
x2
2 1 10−1 10−2 10−4 10−6

λt · · · λe

hl ec

r

The Gaussian wave functions of l and ec overlap in an exponentially small region

⇓
Small Yukawa couplings without Symmetries
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SM vs. NP flavor puzzle

• Flavor Models flavor protection
[Lalak, Pokorski & Ross ’10]

Operator U(1) U(1)2 SU(3) MFV

(QLX Q
LLQL)12 λ λ5 λ3 λ5

(DRX D
RRDR)12 λ λ11 λ3 (yd ys)× λ5

(QLX D
LRDR)12 λ4 λ9 λ3 ys × λ5

• RS flavor protection [Gerghetta & Pomarol, ’99; Huber, ’03; Agashe, Perez & Soni, ’04]

md ∼ v FdL Y ?FdR (εK )RS−GIM ∼
(g?)2

M2
KK

md ms

(v Y ?)2

(VCKM )ij ∼ FdLi
/FdLj

[Csaki, Falkowski & Weiler, ’08]

[Blanke, Buras, Duling, Gori, Weiler, ’08]
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NP search strategies

Where to look for New Physics at the low energy?

• Processes very suppressed or even forbidden in the SM

I FCNC processes (µ→ eγ, τ → µγ, B0
s,d → µ+µ−, K → πνν̄)

I CPV effects in the electron/neutron EDMs, de,n...

I FCNC & CPV in Bs,d decay/mixing & D mixing amplitudes

• Processes predicted with high precision in the SM

I EWPO as ∆ρ, (g − 2)µ....

I LU in Re/µ
M = Γ(K (π)→ eν)/Γ(K (π)→ µν)
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Flavor in the LHC era [Isidori, Nir & Perez ’10]
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The SUSY flavour and CP problems

The soft-sector contains a huge number of FV and/or CPV parameters: natural
O(1) values for these parameters are excluded by the exp. data

Flavor problem: solutions

1 Decoupling: mSUSY � TeV, the hierarchy problem is (partly) reintroduced

2 Degeneracy: sfermion masses nearly degenerate, e.g. gauge mediation,
flavour models, MFV...

3 Alignment: quark and squark mass matrices aligned [Nir & Seiberg ’93]

CP problem: solutions

1 Degeneracy & Alignment do not solve the CP problem as flavor blind phases
are allowed

2 CPV from flavor effects⇒ EDMs suppressed by small mixing angles

3 Hp in flavor models: CP spontaneously broken in the flavor sector by flavon
VEVs [Nir & Rattazzi ’96]

4 Applying the same idea to MFV: CPV only from MFV-compatible terms breaking
the flavour blindness [P.P & Straub, ’09]

Paride Paradisi (TUM) Open questions in flavor physics CKM 2010 21 / 35



MSSM with MFV and “flavour blind” phases

[Altmannshofer,Buras & P.P., ’08]
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MSSM with MFV and “flavour blind” phases

[Altmannshofer,Buras & P.P., ’08]
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Implications for direct searches of SUSY particles

I SφKS ' 0.4 implies µ . 600GeV and mt̃1
. 700GeV

I Absγ
CP & 2% implies µ . 600GeV and mt̃1

. 800GeV

[Altmannshofer,Buras & P.P., ’08]
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Abelian vs. Non-abelian flavor models

Abelian vs. Non-abelian flavor models
• Non-abelian models predict ≈ degenerate 1st & 2nd sfermion masses

I Suppressed contributions to 1↔ 2 transitions

I Potentially large contributions to 2↔ 3 transitions

• In abelian models, sfermions of different generations need not be degenerate

I A single U(1) & O(1) 1-2 mass splitting lead to (δLL
d,u)12 ∼ O(λ)

I U(1)× U(1) allows alignement in the down sector (δLL
d )12 ≈ 0⇒ (δLL

u )12 ∼ O(λ)
I Large effects in D0-D̄0 mixing

Chirality structure of flavour violating terms

• Different flavour symmetries lead to different patterns of flavour violation

• Mass insertions: M2
d̃ = diag(m̃2) + m̃2

„
δLL

d δLR
d

δRL
d δRR

d

«
• δLL, δRR , δLR fixed by the flavour symmetry up to O(1) factors
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Representative flavour models

Representative (non-) abelian flavour models (not just 4 examples...!)

AC model U(1)
[Agashe, Carone]

Large, O(1) RR
mass insertions

δLL
d ∼

0@ · 0 0
0 · λ2

0 λ2 ·

1A

δRR
d ∼

0@ · 0 0
0 · 1
0 1 ·

1A

AKM model SU(3)
[Antusch, King, Malinsky]

Only CKM-like RR
mass insertions

δLL
d ∼

0@ · 0 0
0 · 0
0 0 ·

1A

δRR
d ∼

0@ · λ3 λ3

λ3 · λ2

λ3 λ2 ·

1A

RVV model SU(3)
[Ross, Velasco-S., Vives]

CKM-like LL & RR
mass insertions

δLL
d ∼

0@ · λ3 λ2

λ3 · λ
λ2 λ ·

1A

δRR
d ∼

0@ · λ3 λ2

λ3 · λ
λ2 λ ·

1A

δLL model (S3)3

[e.g. Hall, Murayama]

Only CKM-like LL
mass insertions

δLL
d ∼

0@ · λ5 λ3

λ5 · λ2

λ3 λ2 ·

1A

δRR
d ∼

0@ · 0 0
0 · 0
0 0 ·

1A

Hp: CP is spontaneously broken in the flavor sector [Nir & Rattazzi ’96]
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b → s transitions & SUSY flavor models [Altmannshofer et al., ’09]

AC AKM RVV

• Orange (Blue) points: UT tension solved through contribution to ∆Md/∆Ms (εK )
• Scan ranges: m0 < 2 TeV, M1/2 < 1 TeV, |A0| < 3m0, 5 < tanβ < 55
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b → s transitions & SUSY flavor models

Pattern of NP effects in the δLL model:
• No large effects in Sψφ
• Large, correlated effects in SφKS , Sη′KS , ACP(b → sγ) , 〈A7,8〉 and EDMs
• 〈A7,8〉: T-odd CP asymmetries in B → K ∗`+`−

• Scan ranges: m0 < 2 TeV, M1/2 < 1 TeV, |A0| < 3m0, 5 < tanβ < 55,

[Altmannshofer et al., ’09]
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Br(Bs → µ+µ−) vs. Br(Bd → µ+µ−)

Abelian (AC) Non abelian (RVV)

[Altmannshofer et al., ’09]

Br(Bs → µ+µ−)/Br(Bd → µ+µ−) = |Vts/Vtd |2 in MFV models

[Hurth, Isidori, Kamenik & Mescia, ’08]

Paride Paradisi (TUM) Open questions in flavor physics CKM 2010 29 / 35



CPV in D-physics

CPV in D0 − D
0 ∼ ((VcbVub)/(VcsVus)) ∼ 10−3 in the SM

• 〈D0|He� |D̄0〉 = M12 − i
2 Γ12, |D1,2〉 = p|D0〉 ± q|D̄0〉

• q
p =

r
M∗12−

i
2 Γ∗12

M12− i
2 Γ12

, φ = Arg(q/p)

• x = ∆MD
Γ

= 2τRe
h

q
p

`
M12 − i

2 Γ12
´i

• y = ∆Γ
2Γ

= −2τ Im
h

q
p

`
M12 − i

2 Γ12
´i

Sf = 2∆Yf =
1

ΓD

“
Γ̂D̄0→f − Γ̂D0→f

”
ηCPf Sf = x

„˛̨̨̨
q
p

˛̨̨̨
+

˛̨̨̨
p
q

˛̨̨̨«
sinφ− y

„˛̨̨̨
q
p

˛̨̨̨
−
˛̨̨̨
p
q

˛̨̨̨«
cosφ

aSL =
Γ(D0 → K +`−ν)− Γ(D̄0 → K−`+ν)

Γ(D0 → K +`−ν) + Γ(D̄0 → K−`+ν)
=
|q|4 − |p|4

|q|4 + |p|4

[Nir et al.,Kagan et al., Petrov et al., Bigi et al., Buras et al., ...]
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CPV in D-physics vs. neutron EDM in SUSY [Altmannshofer, Buras, & P.P, ’10]
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LHC vs. flavour

AC AKM RVV

δLL

• Large effects in Sψφ even possible for spectra
beyond the LHC reach in the models with RH
currents

• Large effects in SφKS not possible for spectra
beyond the LHC reach in the δLL model
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“DNA-Flavour Test”

GMSSM AC RVV2 AKM δLL FBMSSM

SφKS
FFF FFF •• � FFF FFF

ACP (B → Xsγ) FFF � � � FFF FFF

B → K (∗)νν̄ •• � � � � �

τ → µγ FFF FFF FFF � FFF FFF

D0 − D̄0 FFF FFF � � � �

A7,8(B → K∗µ+µ−) FFF � � � FFF FFF vs.

A9(B → K∗µ+µ−) FFF � � � � �

Sψφ FFF FFF FFF FFF � �

Bs → µ+µ− FFF FFF FFF FFF FFF FFF

εK FFF � FFF FFF � �

K + → π+νν̄ FFF � � � � �

KL → π0νν̄ FFF � � � � �

µ→ eγ FFF FFF FFF FFF FFF FFF

µ+ N → e + N FFF FFF FFF FFF FFF FFF

dn FFF FFF FFF FFF •• FFF

de FFF FFF FFF •• � FFF

(g − 2)µ FFF FFF FFF •• FFF FFF

[Altmannshofer et al., ’09]
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Flavor in the LHC era

[Nir @ Planck ’09]
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Isidori’s view
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