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STANDARD MODEL LAGRANGIAN

‣ Natural 

‣ Experimentally tested with great 
precision

‣ Stable with respect to quantum 
corrections

‣ Highly symmetric (gauge & flavor 
symmetries)

‣ Ad hoc

‣ Necessary to describe data  
(clear indication of broken 
symmetry) but poorly tested     
in its dynamical form 

‣ Not stable under radiative 
corrections

‣ Determines the flavor structure 
of the Standard Model (SM)

Particle physics interactions are described with high accuracy by a 
simple & economic theory:

LSM = Lgauge(Aa, ψi) + LHiggs(φ, Aa, ψi)



BEYOND THE SM LAGRANGIAN

Accumulating evidence, however suggests that SM is not a complete, 
but merely low-energy limit of a more fundamental theory:

Lfull = Lgauge(Aa, ψi) + LHiggs(φ, Aa, ψi) + Lheavy

‣ New heavy degrees of freedom 
(dofs) that stabilize the symmetry 
breaking sector & approximately 
respect SM symmetries 

A plethora of explicit models of beyond the SM (BSM) physics exists 
(supersymmetric models, scenarios with a new strongly interacting 
sector, ...). Yet, as long as we are not able to directly produce dofs, a 
useful general description is obtained by integrating them out



Leff = Lgauge + LHiggs +
∑

d≥5

cn

Λd−4
Q(d)

n (φ, Aa, ψi)

As long as we do not have enough energy to directly produce new 
dofs, we can effectively describe their interactions by:

EFFECTIVE BSM DESCRIPTION

‣ Renormalizable part of effective 
Lagrangian = all operators with 
dimension d ≤ 4 that transform 
trivial under SM gauge group

‣ Operators Qn  with d ≥ 5 build 
out of SM fields, that respect SM 
gauge symmetry & are suppressed 
by heavy mass scale Λ 

(d)

heavy 
dynamics

light fieldlight field

light field light field

Qn
(d)



Which is the energy scale of 
new physics or how big is Λ?

Which is the symmetry 
structure of new heavy dofs?

Leff = Lgauge + LHiggs +
∑

d≥5

cn

Λd−4
Q(d)

n (φ, Aa, ψi)

As long as we do not have enough energy to directly produce new 
dofs, we can effectively describe their interactions by:

High-energy experiments                
[the high-energy frontier]

Low-energy precision experiments    
[the high-intensity frontier]

Two key questions arise:

EFFECTIVE BSM DESCRIPTION

‣ New sources of flavor-symmetry 
breaking that we can only explore 
with low-energy experiments 



COMPLEMENTARITY & SYNERGY

ATLAS/CMS

[plot inspired by Grossman, Ligeti & Nir, arXiv:0904.4262; Gedalia & Perez, arXiv:1005.3106]

high-pT

excluded
today future (?)

high-L

θij 1

1

0
0

mi −mj

mi + mj

θij 1

1

0
0

mi −mj

mi + mj

mass 
splitting

mixing 
angle

allowed

ATLAS & CMS

LHCb, 
MEG, 

SUPER-B, ...

low- & 
high-energy 
constraints



LHC ALIVE
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Higgs-boson 
selfenergy 

FLAVOR PHYSICS IN THE LHC ERA

There are good reasons, based on 
the bad ultraviolet (UV) behavior 
of gauge-boson scattering 
amplitudes in combination with 
the UV sensitivity of the Higgs 
potential, to believe that new dofs 
appear below or around 1 TeV, 
the energy regime to be directly 
explored at the LHC 

Given the stringent constraints 
from low-energy experiments, can 
the mechanism that resolves this 
issues have a non-trivial flavor 
structure? 
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Higgs boson 
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scattering at high 
energies



SM FLAVOR STRUCTURE

large global 
flavor symmetry

LSM = Lgauge(Aa, ψi) + LHiggs(φ, Aa, ψi)

U(1)B × U(3)Q × U(3)u × U(3)d × . . .

‣ 3 identical replica of the fermion multiplet (ψi = QL, uR, dR, LL, lR   ):



‣ Flavor-degeneracy broken by the Yukawa interactions:
in the 
quark 
sector

SM FLAVOR STRUCTURE

large global 
flavor symmetry

LSM = Lgauge(Aa, ψi) + LHiggs(φ, Aa, ψi)

Q̄i
L (Yd)ij dj

Rφ → Q̄i
L (Md)ij dj

R

Q̄i
L (Yu)ij uj

R φ̃ → Q̄i
L (Mu)ij uj

R

Md = diag (md, ms, mb) Mu = V †
CKM diag (mu, mc, mt)

U(1)B × U(3)Q × U(3)u × U(3)d × . . .

‣ 3 identical replica of the fermion multiplet (ψi = QL, uR, dR, LL, lR   ):



U(3) FLAVOR PLANES
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misalignment
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to U(1)u
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3

combination  
breaks U(3)Q



U(3) FLAVOR PLANES
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Exercise 1: Derive the number of physical parameters in the quark sector of the SM using symmetry arguments

breaks U(3)u        
to U(1)u

3

breaks U(3)d            

to U(1)d
3

combination  
breaks U(3)Q



BSM FLAVOR STRUCTURE

Leff = Lgauge + LHiggs +
∑

d≥5

cn

Λd−4
Q(d)

n (φ, Aa, ψi)

‣As of today, we have not clearly identified the flavor structure of the 
new dofs (which we hope to discover at the LHC), but we know that 
additional sources of flavor breaking suppressed only by the TeV scale 
have to be non-generic, because ...



BSM FLAVOR STRUCTURE

Leff = Lgauge + LHiggs +
∑

d≥5

cn

Λd−4
Q(d)

n (φ, Aa, ψi)

i) Good overall consistency of the various experimental constraints 
appearing in the so-called unitarity triangle (UT) fits:

V †
CKMVCKM = 1

V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0

V ∗
ubVud

V ∗
cbVcd

V ∗
tbVtd

α

βγ

B → J/ψKS

B → Xu!ν

∆md,s

εK



g4m2
t

16π2M4
W

(V ∗
tbVtd)2

COMMENTS ON UT ANALYSES

The most remarkable feature of the global CKM fits is the consistency 
between tree- (sin2β, Vxb) & loop-level (Δmd,s, εK) constraints:

Vubb u

W
!
ν

W

W

B B̄t t
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V ∗
tb Vtd
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g2

M2
W

Vub

new physics has to be large 
to compete with SM

loop- & CKM-suppressed & therefore 
potentially more sensitive to new physics



y4
t

16π2m2
t
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t
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W
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COMMENTS ON UT ANALYSES

bLdL

bL dL

q′
RB B̄qR

In fact, what we are testing in neutral meson-mixing amplitudes, as 
well as in other flavor-changing neutral currents (FCNCs), is the 
structure of the Yukawa interaction, beyond the tree level: 

Yu = V †
CKM diag (yu, yc, yt)

≈ V †
CKM diag (0, 0, yt)

WL

WL

(Y †
u )qb

(Y †
u )q′b

(Yu)q′d

(Yu)qd

gaugeless limit reproduces leading term in heavy 
top-quark mass expansion of exact calculation



BSM FLAVOR STRUCTURE CONT’D

[Misiak et al., hep-ph/0609232]

ii) Good agreement of rare and radiative FCNC decays with their SM 
expectations. Most remarkable example is inclusive B → Xs  γ decay:

t

W
g

g

γ

b s

Next-to-next-to-leading order 
(NNLO) calculation for the rate 
with cut on photon energy E  , 
including local and non-local power 
corrections, the later of which 
represent an irreducible (?) source 
of theory error at the level of 5%

γ

one of the roughly 1000 3-loop diagrams needed 
to be computed to find O(αs ) matching condition 
for the electromagnetic dipole operator

B(B → Xsγ)Eγ>1.6 GeV
SM = (3.15± 0.23) · 10−4

2



BSM FLAVOR STRUCTURE CONT’D

ii) Good agreement of rare and radiative FCNC decays with their SM 
expectations. Most remarkable example is inclusive B → Xs  γ decay:

[Misiak et al., hep-ph/0609232]

B(B → Xsγ)Eγ>1.6 GeV
SM = (3.15± 0.23) · 10−4

Table 2: Reported total branching fraction (B), minimum photon energy (Emin), branch-
ing fraction at Emin (B(Eγ > Emin)) and converted branching fraction (Bcnv(Eγ > 1.6))
for the decay b → sγ. All the branching fractions are in units of 10−6. The errors are, in

order, statistical, systematic and theoretical (if exists) for B, and statistical, systematic
and shape-function systematic for Bcnv. Theoretical errors in B(Eγ > Emin) are merged

into the systematic error of Bcnv during conversion. The CLEO measurement on the
branching fraction at Emin includes B → Xdγ events.

Mode B Emin B(Eγ > Emin) Bcnv(Eγ > 1.6)

CLEO Inc. [3] 321 ± 43 ± 27+18
−10 2.0 306 ± 41 ± 26 327 ± 44 ± 28 ± 6

Belle Semi.[4] 336 ± 53 ± 42+50
−54 2.24 − 369 ± 58 ± 46+56

−60

BABAR Semi.[6] 335 ± 19+56+4
−41−9 1.9 327 ± 18+55+4

−40−9 349 ± 20+59+4
−46−3

BABAR Inc. [7] − 1.9 367 ± 29 ± 34 ± 29 390 ± 31 ± 47 ± 4

BABAR Full [8] 391 ± 91 ± 64 1.9 366 ± 85 ± 60 389 ± 91 ± 64 ± 4
Belle Inc.[5] − 1.7 345 ± 15 ± 40 347 ± 15 ± 40 ± 1

Average 355 ± 24 ± 9

3
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[http://www.slac.stanford.edu/xorg/hfag/rare/winter10/radll/btosg.pdf]

CLEO incl.
Belle semi.
BaBar semi.
BaBar incl.
BaBar full
Belle incl.

http://www.slac.stanford.edu/xorg/hfag/rare/winter10/radll/btosg.pdf%5D
http://www.slac.stanford.edu/xorg/hfag/rare/winter10/radll/btosg.pdf%5D


NEW PHYSICS IN U(3) FLAVOR PLANES
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BOUNDS ON GENERIC FLAVOR VIOLATION

[numbers taken from UTfit Collaboration, arXiv:0707.0636; Gedalia et al., arXiv:0906.1879]
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BOUNDS ON GENERIC FLAVOR VIOLATION

[Fox et al., arXiv:0704.1482; Gedalia & Perez, arXiv:1005.3106]

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables
Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; εK
(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; εK
(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|,φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|,φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd
; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd
; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2 12 7.1× 10−3 pp → tt

Table 1: Bounds on representative dimension six ∆F = 2 operators (taken from [78], and the
last line is from [58, 59]). Bounds on Λ are quoted assuming an effective coupling 1/Λ2, or,
alternatively, the bounds on the respective cij’s assuming Λ = 1 TeV. Observables related to CPV
are separated from the CP conserving ones with semicolons. In the Bs system we only quote a
bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of
the CPV observables in the D system see Ref. [10].

(iii) In the case of Bs–Bs mixing, the precise determination of ∆mBs does not allow large
deviations in modulo with respect to the SM. The constraint is particularly severe if we consider the
ratio ∆mBd

/∆mBs , where hadronic uncertainties cancel to a large extent. However, the constraint
on the CPV phase is quite poor. Present data from CDF [79] and D0 [80] indicate a large central
value for this phase, contrary to the SM expectation. The errors are, however, still large, and
the disagreement with the SM is at about the 2σ level. If the disagreement persists, and becomes
statistically significant, this would not only signal the presence of physics beyond the SM, but
would also rule out a whole subclass of MFV models (see Sec. 6).

(iv) The resulting constraints in the D system discussed above are only second to those from
εK , and unlike the case of εK , they are controlled by experimental statistics, and could possibly be
significantly improved in the near future.

To summarize this discussion, a detailed list of constraints derived from ∆F = 2 observables
is shown in Table 1, where we quote the bounds for two representative sets of dimension six
operators – the left-left operators (present also in the SM) and operators with a different chirality,
which arise in specific SM extensions (Q1 and Q4 from Eq. (59), respectively). The bounds on the
latter are stronger, especially in the Kaon case, because of the larger hadronic matrix elements and
enhanced renormalization group evolution (RGE) contributions. The constraints related to CPV
correspond to maximal phases, and are subject to the requirement that the NP contributions are
smaller than 30% (60%) of the total contributions [4, 5] in the Bd (K) system (see Eq. (73)). Since
the experimental status of CP violation in the Bs system is not yet settled, we simply require that
the NP contributions would be smaller than the observed value of ∆mBs (for less naive treatments
see e.g. [7, 81], and for a different type of ∆F = 2 analysis see [82]).

27

Due to both chiral  and renormalization group (RG) enhancement 
(factor 14 & 8), LR operators in neutral kaon system most strongly 
constrained. Assuming SU(2)L invariance, rare B-meson decays like     
B → Xs l+l−, also set bounds on operators with tL. Operators leading
to right-handed top-quark FCNCs essentially unbounded



BOUNDS ON GENERIC FLAVOR VIOLATION

Exercise 2: Compute the bounds on Λ for the cases that the cijʼs are of CKM type or arise from a strong loop 
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B → Xs l+l−, also set bounds on operators with tL. Operators leading
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HOWTO EVADE THESES FCNC BOUNDS

Λ >> 1 TeV: Higgs-boson  
mass fined-tuned & new 

dofs too heavy to be 
produced at the LHC

Λ ≈ 1 TeV: flavor mixing 
somehow protected & new 
dofs copiously produced at 

the LHC 

The mechanism that 
explains SM mass & mixing 
hierarchies also aligns new 
sources of flavor breaking 

Flavor structure of new dofs 
is a doppelgänger of the one 
present in the SM: Minimal 

flavor violation (MFV) 



A PESSIMISTIC (RADICAL) CURE: MFV

An interesting, though ad hoc, way to keep the amount of quark flavor 
& CP violation under control, is provided by the MFV hypothesis:  

“The down- & up-type quark Yukawa couplings Yd & Yu remain the “ 
“only sources of flavor breaking even in physics beyond the SM”

[see for example Buras et al., hep-ph/0007085; Chivukula & Georgi, Phys. Lett. B188, 99 (1987)]



A PESSIMISTIC (RADICAL) CURE: MFV

An interesting, though ad hoc, way to keep the amount of quark flavor 
& CP violation under control, is provided by the MFV hypothesis:  

“The down- & up-type quark Yukawa couplings Yd & Yu remain the “ 
“only sources of flavor breaking even in physics beyond the SM”

Realize that, as of today, the assumption of MFV is still a theoretical 
speculation (mainly driven by the absence of new physics signals in 
neutral kaon & Bd-meson mixing) & far from being clearly established 

One main goal of flavor physics in the era of the LHC, will be to try  
to understand whether or not there are additional flavor-breaking 
terms besides the SM Yukawa couplings



[DʼAmbrosio et al., hep-ph/0207036]

MFV AS AN EFFECTIVE FIELD THEORY

The popularity & power of the notion of MFV is mainly due to the 
fact that MFV can be formulated as an effective field theory (EFT)

An EFT satisfies the MFV criterion, if all higher-dimensional operators 
constructed from the quark fields and Yukawas (acting as spurions)

are formally invariant under the SM flavor group

U(3)5 = U(3)Q × U(3)u × U(3)d × . . .

Yd ∼ (3, 1, 3̄) Yu ∼ (3, 3̄, 1)

QL ∼ (3, 1, 1) uR ∼ (1, 3, 1) dR ∼ (1, 1, 3)



MFV IN U(3) FLAVOR PLANES
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VCKM

MFV

MFV
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|MFV| ≈ |SM|

condition: moderate tanβ 
or small U(1)PQ breaking



MFV DIMENSION-6 OPERATORS

Notice that 2nd & 3rd operator involving up-type quarks is negligible in 
MFV context due to smallness of down-type Yukawa couplings

For processes with external down-type quarks three basic invariant 
bi-linear structures can be identified:

Q̄LYuY †
u QL ≈

3∑

i,j=1

(V ∗
CKM)ti (VCKM)tj y2

t d̄i
Ldj

L

d̄RY †
d YuY †

u QL ≈
3∑

j=1

(V ∗
CKM)tb (VCKM)tj yb y2

t b̄Rdj
L

d̄RY †
d YuY †

u YddR ≈ |(VCKM)tb|2 y2
b y2

t b̄RbR ≈ 0

[DʼAmbrosio et al., hep-ph/0207036]



Qφ1 = i
(
Q̄LYuY †

u γµQL

)
φ†Dµφ Qφ2 = i

(
Q̄LYuY †

u τ iγµQL

)
φ†τ iDµφ

Q0 =
1
2

(
Q̄LYuY †

u γµQL

)2

QF1 = φ† (
d̄RλdYuY †

u σµνQL

)
Fµν QF2 =

(
Q̄LYuY †

u γµQL

)
DνFµν

QG1 = φ† (
d̄RλdYuY †

u σµνT aQL

)
Ga

µν QG2 =
(
Q̄LYuY †

u γµT aQL

)
DνGa

µν

Q!1 =
(
Q̄LYuY †

u γµQL

)
(L̄LγµLL) Q!2 =

(
Q̄LYuY †

u γµτ iQL

)
(L̄Lγµτ iLL)

Q!3 =
(
Q̄LYuY †

u γµQL

)
("̄Rγµ"R)

Qq1 =
(
Q̄LYuY †

u γµQL

)
(Q̄LγµQL) Qq2 =

(
Q̄LYuY †

u γµτ iQL

)
(Q̄Lγµτ iQL)

Qq3 =
(
Q̄LYuY †

u γµT aQL

)
(Q̄LγµT aQL) Qq4 =

(
Q̄LYuY †

u γµT aτ iQL

)
(Q̄LγµT aτ iQL)

Qq7 =
(
Q̄LYuY †

u γµQL

)
(ūRγµuR) Qq8 =

(
Q̄LYuY †

u γµT aQL

)
(ūRγµT auR)

Qq5 =
(
Q̄LYuY †

u γµQL

)
(d̄RγµdR) Qq6 =

(
Q̄LYuY †

u γµT aQL

)
(d̄RγµT adR)

From these bi-linears, we can construct complete set of operators:

MFV DIMENSION-6 OPERATORS

[DʼAmbrosio et al., hep-ph/0207036]



After electroweak symmetry breaking (EWSB), the operators 

A CLOSER LOOK AT Q 1 & QF1ϕ

induce the effective down-type quark vertices: 

Qφ1 = i
(
Q̄LYuY †

u γµQL

)
φ†Dµφ

QF1 = φ† (
d̄RλdYuY †

u σµνQL

)
Fµν

∝ (V ∗
CKM)ti (VCKM)tj ∆Ceff

7 mdi (d̄i
Rσµνdj

L)Fµν

∝ (V ∗
CKM)ti (VCKM)tj ∆C (d̄i

Lγµdj
L)Zµ

di
L dj

L

Z

dj
Ldi

R

γ

universal contribution to B → Xs γ, B → Xs l+l−, ... 

universal contribution to 
B → Xs l+l−, K → πνν,  ...  



HUNTING & KILLING PENGUINS

[Gambino, UH & Misiak, hep-ph/0410155]

di
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· ∆Ceff
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eff
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eff

The non-SM like 
sign solution of C7   

is disfavored by the 
measurement of 
the branching ratio 
of B → Xs l+l−

eff



HUNTING & KILLING PENGUINS

[Bobeth et al., hep-ph/0505110]

di
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· ∆Ceff

7

· ∆C
C7   > 0    

     

SM

SM C < 0    SM

C7     > 0    
eff

C7     > 0    
eff

C < 0    

5 years ago, a large 
destructive universal 
left-handed Z-penguin 
was allowed by flavor 
data (b → s & s → d)



HUNTING & KILLING PENGUINS

di
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Ldi

R

γ
· ∆Ceff

7
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Today this possibility     
is limited (| C   | < 1/2) 
due to new data on 
exclusive b → s l+l−exclusive         
(though quality of 
global fit is not good)

Δ ~

[CDF note 10047; BaBar Collaboration, arXiv:0804.4412; Belle Collaboration, arXiv:0904.0770]
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HUNTING & KILLING PENGUINS

di
L dj

L

Z

dj
Ldi

R

γ
· ∆Ceff

7

· ∆C

Today this possibility     
is limited (| C   | < 1/2) 
due to new data on 
exclusive b → s l+l−exclusive         
(though quality of 
global fit is not good)

Δ ~

[Bobeth, Hiller & van Dyk, arXiv:1006.5013]

SM

Fig. 8. Firstly, knowing whether AFB has a zero for low q2 as in the SM or not, fixes the sign

of Re {C7C∗
10}, thereby eliminating two of the four possible solutions. Alternatively, the sign of

the interference term Re{C∗
7C9} in B(B̄ → Xsl+l−) can be extracted from precision measurements.

In the SM, this term decreases the branching ratio. These two effects are correlated within our

framework, i.e., the existence of an AFB zero crossing implies a destructive interference term in

the branching ratio and vice versa.

At this point, there would still be two possible solutions left. Assuming, for instance, a confirmation

of the AFB zero, these solutions are C7,9,10 having SM-like signs, or C7,9,10 having opposite signs with

respect to their SM values. This last ambiguity can be resolved with precision measurements at the

level where one becomes sensitive to the (known) difference between the Wilson coefficients Ci and

the effective ones Ceff
i . Then, the additional contribution breaks the symmetry in the observables

under sign reflection. Since the contribution of C7 to the decay amplitudes is small at large q2,

promising observables to resolve the final sign issue are those at low dilepton masses.

(a) (b)

FIG. 8: The global constraints on C9 and C10 from B̄ → K̄∗l+l− and B̄ → Xsl+l− for C7 = CSM
7 (a) and

C7 = −CSM
7 (b) using Belle [8, 40], BaBar [41] and CDF [9] data at 68% CL (red area) and 95% CL (red

and blue areas). The (green) square marks the SM value of (C9, C10).
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HUNTING & KILLING PENGUINS
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Today this possibility     
is limited (| C   | < 1/2) 
due to new data on 
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(though quality of 
global fit is not good)
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Exercise 3: To get more familiar with the basic ideas of model-independent analyses, go penguin hunting yourself
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PRECISION OBSERVABLES & MFV INTERPLAY

di
L dj

L

Z

dj
Ldi

R

γ
· ∆Ceff

7

· ∆C

[UH & Weiler, arXiv:0706.2054]

In fact, FCNCs are 
compared to Z → bLbL    compared to Zbb    
(as precisely measured 
at LEP & SLC) far less 
powerful in excluding 
sizable effects in ΔC

C7     > 0    
eff

SMSM

C7     > 0    
effSM



C7     > 0    
eff

SMSM

C7     > 0    
effSM

PRECISION OBSERVABLES & MFV INTERPLAY

[UH & Weiler, arXiv:0706.2054]

b                          
are related by a CKM 
factor (on-shell effects 
of Z boson are small)

This finding follows 
form the fact that in 
MFV, amplitudes for 
di → dj

       Z & Z → bLbLL L

bL

bL

di
L dj

L

t

t

WL

WL
Z

Z

t t

q2 = MZ
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q2 = 0
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PRECISION OBSERVABLES & MFV INTERPLAY

b                          
are related by a CKM 
factor (on-shell effects 
of Z boson are small)

This finding follows 
form the fact that in 
MFV, amplitudes for 
di → dj

       Z & Z → bLbLL L

bL

bL

di
L dj

L

t

t

WL

WL
Z

Z

t t

q2 = MZ
2

q2 = 0

Exercise 4: Can one do the same with μ → eγ & (g − 2)μ?



BOUNDS ON RARE DECAY

[UH & Weiler, arXiv:0706.2054; Blanke et al., hep-ph/0604057]

Observable CMFV (95%CL) SM (95% CL) Experiment Factor
B(K+ → π+νν̄)× 1011 [4.29, 10.72] [5.40, 9.11]

(
17.3+11.5

−10.5

)
–

B(KL → π0νν̄)× 1011 [1.55, 4.38] [2.21, 3.45] < 2.6 · 103 (90% CL) 920
B(KL → µ+µ−)SD × 109 [0.30, 1.22] [0.54, 0.88] – –
B(B → Xdνν̄)× 106 [0.77, 2.00] [1.24, 1.45] – –
B(B → Xsνν̄)× 105 [1.88, 4.86] [3.06, 3.48] < 64 (90%CL) 20

B(Bd → µ+µ−)× 1010 [0.36, 2.03] [0.87, 1.27] < 7.6 · 101 (95% CL) 70
B(Bs → µ+µ−)× 109 [1.17, 6.67] [2.92, 4.13] < 4.3 · 101 (95% CL) 12

In class of so-called constrained MFV (CMFV) models (MFV scenarios 
that involve no new operators beside those already present in the 
SM), stringent limit on   C translates into tight two-sided bounds for 
the branching ratios of all Z-penguin dominated flavor-changing kaon  
& B-meson decays

Δ



BOUNDS ON RARE DECAY

[UH & Weiler, arXiv:0706.2054]

Observable CMFV (95%CL) SM (95% CL) Experiment Factor
B(K+ → π+νν̄)× 1011 [4.29, 10.72] [5.40, 9.11]

(
17.3+11.5

−10.5

)
–

B(KL → π0νν̄)× 1011 [1.55, 4.38] [2.21, 3.45] < 2.6 · 103 (90% CL) 920
B(KL → µ+µ−)SD × 109 [0.30, 1.22] [0.54, 0.88] – –
B(B → Xdνν̄)× 106 [0.77, 2.00] [1.24, 1.45] – –
B(B → Xsνν̄)× 105 [1.88, 4.86] [3.06, 3.48] < 64 (90%CL) 20

B(Bd → µ+µ−)× 1010 [0.36, 2.03] [0.87, 1.27] < 7.6 · 101 (95% CL) 70
B(Bs → µ+µ−)× 109 [1.17, 6.67] [2.92, 4.13] < 4.3 · 101 (95% CL) 12

In fact, the quoted bounds have be shown to hold in the two-Higgs-
doublet model type I & II (2HDM-I & -II), the minimal-supersymmetric 
SM (MSSM) with MFV, all for small tanβ, minimal universal extra 
dimensions (mUED) & the littlest Higgs model with T-parity (LHT) & 
degenerate mirror quarks (to avoid new sources of flavor breaking)



[UH & Weiler, arXiv:0706.2054]

Observable CMFV (95%CL) SM (95% CL) Experiment Factor
B(K+ → π+νν̄)× 1011 [4.29, 10.72] [5.40, 9.11]

(
17.3+11.5

−10.5

)
–

B(KL → π0νν̄)× 1011 [1.55, 4.38] [2.21, 3.45] < 2.6 · 103 (90% CL) 920
B(KL → µ+µ−)SD × 109 [0.30, 1.22] [0.54, 0.88] – –
B(B → Xdνν̄)× 106 [0.77, 2.00] [1.24, 1.45] – –
B(B → Xsνν̄)× 105 [1.88, 4.86] [3.06, 3.48] < 64 (90%CL) 20

B(Bd → µ+µ−)× 1010 [0.36, 2.03] [0.87, 1.27] < 7.6 · 101 (95% CL) 70
B(Bs → µ+µ−)× 109 [1.17, 6.67] [2.92, 4.13] < 4.3 · 101 (95% CL) 12

A strong violation of any of the found limits would signal presence of 
additional operators not present in SM and/or new sources of flavor 
breaking not encoded in the Yukawa couplings. Such an observation 
would exclude the whole class of CMFV scenarios

BOUNDS ON RARE DECAY



BOUNDS ON MFV OPERATORS

[UTfit Collaboration, arXiv:0707.0636; Hurth et al., arXiv:0807.5039]

Operator Bound on Λ in TeV Observables
QF1 6.1 B → Xsγ , B → Xs"+"−

Q0 5.9 εK , ∆md , ∆ms

QG1 3.4 B → Xsγ , B → Xs"+"−

Q!3 2.7 B → Xs"+"− , Bs → µ+µ−

Qφ1 2.3 B → Xs"+"− , Bs → µ+µ−

Q!1 1.7 B → Xs"+"− , Bs → µ+µ−

QF2 1.5 B → Xs"+"−

Relative to the tree-level limits of (103 −105
 ) TeV that apply in the case 

of general flavor violation, the MFV bounds are rather mild. The most 
severely constrained MFV operators are the electromagnetic dipole 
operator QF1 & the left-handed ∆F = 2 four-quark operator Q0Δ



BOUNDS ON MFV OPERATORS

[UTfit Collaboration, arXiv:0707.0636; Hurth et al., arXiv:0807.5039]

Operator Bound on Λ in TeV Observables
QF1 6.1 B → Xsγ , B → Xs"+"−

Q0 5.9 εK , ∆md , ∆ms

QG1 3.4 B → Xsγ , B → Xs"+"−

Q!3 2.7 B → Xs"+"− , Bs → µ+µ−

Qφ1 2.3 B → Xs"+"− , Bs → µ+µ−

Q!1 1.7 B → Xs"+"− , Bs → µ+µ−

QF2 1.5 B → Xs"+"−

Assuming a strong (weak) loop suppression the given lower limits for 
QF1 & Q0 translate into bounds of around 500 GeV (200 GeV). Even 
weaker limits apply in the case of the remaining operators 



DISTINGUISHING MFV FROM SM IS HARD

[Bryman et al.,hep-ph/0505171; DʼAmbrosio et al.,hep-ph/0207036]

bound on MFV scale at tree level for Ql1 

(divide by 10 to get loop bounds)

relative precision  
of measurement 
(assuming SM 

central values & 
CKM total error 

of 1%)

Figure 3: Comparison of the effectiveness of different rare observables in setting fu-

ture bounds on the scale of the representative operator (Q̄LY †
UYUγµQL)(L̄LγµLL) within

MFV models [30]. The vertical axis indicates the relative precision of a hypothetical

measurement of the observable with central value equal to the SM expectation. All the

curves are obtained assuming a 1% precision on the corresponding overall CKM factor.

• within the so-called littlest-Higgs model, B(KL → π0νν̄) could saturate the 6·10−11

bound according to [40]. On the other hand, in [41] only deviations from the SM

by at most 10% have been found. This discrepancy should be soon clarified.

3.4 Beyond MFV

The possibility of new sources of CP violation and flavor mixing in the 1−10 TeV region

is, in principle, the most natural possibility. At present, this scenario is challenged by

the precise SM-compatible results in B physics. However, a large portion of the allowed

parameter space is still to be explored: on the one side, it is clear that we cannot have

O(1) flavor mixing beyond the SM (if new degrees of freedoms will show up in the TeV

region, as suggested by a natural solution to the hierarchy problem); on the other side,

it is far from being obvious that the SM Yukawa couplings are the only source of flavor-

symmetry breaking (as assumed within the MFV hypothesis). Precise measurements of

the K → πνν̄ rates are a key element to address this problem in a model-independent

and quantitative way.

Models with new sources of CP violation and flavor-symmetry breaking usually in-

11

golden channel


