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How To Kill a Penguin



Next 15+ minutes ...*
• Setting stage: MFV & CMFV

• Introducing theme: Z→diLdjL vs. Z→bLbL

• General observation: small momentum 
expansion of  Z-vertex form factor

• Model calculations: 2HDM, CMFV MSSM,    
mUED & LHT

• Grand final: Killing Z-penguin, lower & upper 
bounds on rare decays

*done in collaboration with Andreas Weiler; still preliminary results

− −



Minimal Flavor Violation (MFV)

*D’Ambrosio et al. ’02

MFV = “effective theory constructed from SM fields & 
Yukawa couplings YD,U that is invariant under GF”*

LYukawa = Q̄LYDDRφ + Q̄LYUURφc + h.c.

In limit of vanishing Yukawa couplings YD,U SM aquires
a global symmetry GF = U(3)5 ⊃ SU(3)Q×SU(3)U×SU(3)D

−If  Yukawa couplings YD,U transform as YD ~ (3,1,3) &  
YU ~ (3,3,1) global symmetry GF is restored

−



Typical FCNC D=6 Operator

(YUY †
U )ij = V †diag(y2

u, y2
c , y2

t )V ≈ y2
t V ∗

tiVtj

(Q̄i
L (YUY †

U )ij Qj
L)(L̄LLL)

Only flavor-independent magnitude of FCNC amplitudes 
can be modified by NP contributions to D≤6 operators*

sL

ν̄L

dL !L
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...
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!̄L

yt VtiVtj is effective coupling ruling all FCNCs with external 
down-type quarks: K→πνν, B→Xsγ, B→Xsl+l-, ...

2 ∗

− − −

*phase measurements a(B→ψKs), ∆MBs/∆MBd, ... unaffected in MFV



Constrained MFV (CMFV)

CMFV = “MFV & no other operators beyond SM ones”*

CMFV ≡ MFV under assumption of single ϕ doublet;
large tanβ effects in 2HDM/MSSM not covered by CMFV

• D=4 effective FCNC Z-vertex: C = CSM + ΔC

• D=6 subleading penguins and EW boxes: E = ESM + ΔE , ...

eff• D=5 (chromo)magnetic operators: C7   = C7,SM + ΔC7 , ...eff eff

diL d̄jL

f f
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q q
g

*Buras et al. ’00, ...



CMFV parameters
X(v) = C(v) + Bνν(v)
Y (v) = C(v) + B""(v)

Z(v) = C(v) +
1
4
D(v)

K-K̄ mixing (|εK |)
Bd,s-B̄d,s mixing (∆MBd,s)
K → πνν̄, B̄ → Xd,sνν̄

KL → µ+µ−, Bd,s → µ+µ−

KL → π0$+$−

ε′/ε, |∆S| = 1
non-leptonic |∆B| = 1
B̄ → Xsγ

B̄ → Xsg

B̄ → Xs$
+$−

S(v)
S(v)
X(v)
Y (v)
Y (v), Z(v), E(v)
X(v), Y (v), Z(v), E(v)
X(v), Y (v), Z(v), E(v), E′(v)
D′(v), E′(v)
E′(v)
Y (v), Z(v), E(v), D′(v), E′(v)

dominated by Z-penguin trade for C7  (μb)
eff

drop as O(10−2)



ΔC7  vs. ΔC from B→Xsγ,l+l- & K+→π+ννeff − −

*Gambino, UH, Misiak ’04

SM

SM C7   > 0    
eff

C < 0    

results depend on 
assumptions ΔB = 0 
& |ΔD| ≤ |DSM|

SM

opposite sign C7 ii 

less likely*  

     

eff



ΔC7  vs. ΔC from B→Xsγ,l+l- & K+→π+ννeff − −

large destructive  
Z-penguin allowed*

SM

SM C7   > 0    
eff

C < 0    

results depend on 
assumptions ΔB = 0 
& |ΔD| ≤ |DSM|

SM

*Bobeth et al. ’05



Idea: Z→diLdjL ≡ Z→bLbL

_ _

universal        
Z-penguin:

C

B(K+→π+νν), ...
_
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*Altarelli, Barbieri & Caravaglios ’93



Idea: Z→diLdjL ≡ Z→bLbL

_ _
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Z → diLd̄jL :

Z → bLb̄L :

C(q2 = 0)

C(q2 = M2
Z)

Γji ∝ V ∗
tjVtiC(q2) d̄jLZ/ diL δC = 1− Re C(q2 = 0)

Re C(q2 = M2
Z)

is there a general 
argument that shows 
that δC is small?



Small Momentum Expansion of C0

†

M3 != 0 , p2
1,2 = m2

1,2 = 0 ,

q2 = (p1 − p2)2 = −2p1 · p2

†

C0 =
M2

3

iπ2

∫
d4l
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‡ ‡ xi = M2
i /M2

3

*Fleischer & Tarasov ’94



Small Momentum Expansion of C0
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suggests that δC is 
small if internal masses 
are > 100 GeV*~

*applies also to case of Z→bRbR; argument doesn’t rely on MFV assumption!−



Assortment of MFV models

• 2-Higgs-Doublet-Model (2HDM)

• MSSM with universal squark 
mass & diagonal tri-linear 
terms* (MFV MSSM)

• SM with one flat universal extra 
dimension (mUED)

• Littlest Higgs model with T-parity 
& degenerate mirror quarks 
(LHT)
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*corrections to universality ~(YU YU)ij induced by RGE+



δC in 2HDM Type II & low tanβ = vU/vD

*Misiak et al. ’06
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δC in CMFV MSSM & low tanβ

general argument 
applies to CMFV MSSM: 
|δCMSSM| < 10%~
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δC in mUED Model
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_
general argument applies 
to mUED model: 
|δCACD| < 5%

*UH & Weiler ’07



δC in CMFV version of LHT Model*
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f = 2 TeV

f = 1 TeV f = 1.5 TeV

*i.e. assuming degenerate mirror quarks; no left over UV pole in Z-penguin after GIM



ZFITTER* + CKMfitter†

*Bardin et al. ’99,  Arbuzov et al. ’05
  Charles et al. ’04†

ZFITTER includes SM 
purely EW, QED & 
QCD radiative effects 
needed to extract 
pseudo observables 
(POs) Rb, Ab & AFB in 
model-independent 
fashion 

0 0,b

Routines for calculation 
of POs Rb, Ab, AFB, &    
B(B→Xsγ), B(B→Xsl+l-) 
called by CKMfitter to 
derive “personal believe 
unbiased” CLs using 
frequentist approach 
Rfit

0 0,b

− −

meaning of experiment & theory remains distinct



−ΔC7  vs. ΔC from POs & B→Xsγ,l+l- eff 

SM SM

ΔC = −0.04±0.27

ΔC7   = −0.04±0.04eff 

results don’t depend 
on assumptions ΔB 

= 0 & |ΔD| ≤ |DSM|*

SM

C7   > 0    
eff

*results obtained assuming δC = ±10% 



R.I.P. Large Destructive CMFV Z-Penguin!

Z



2007: ΔC from POs

results don’t depend 
on assumptions ΔB 

= 0 & |ΔD| ≤ |DSM|

SM

C7   > 0    
eff

SM

ΔC = −0.04±0.27

SM



2015 (?): ΔC from K+→π+νν*−

*assuming a 10% measurement of K+→π+νν close to SM prediction−

SM results do depend 
on assumptions ΔB 

= 0 & |ΔD| ≤ |DSM|

SM SM

ΔC =−0.03±0.29

C7   > 0    
eff



Lower & Upper CMFV Bounds*

*assuming ΔBνν = ΔBll = 0

CMFV deviations now strongly bounded from both sides

Violation of lower & upper bounds could signal additional 
flavor & CP violation || new operators || sizable box effects 

TABLE III: Bounds for various rare decays in CMFV models at 95% probability, the corresponding values in the SM at 68% and
95% CL, and the available experimental information. See text for details.

Observable CMFV (95% CL) SM (68% CL) SM (95% CL) Experiment

B(K+ → π+νν̄) × 1011 [4.24, 11.09] 7.32 ± 1.38 [5.46, 9.41]
`

14.7+13.0
−8.9

´

[65]

B(KL → π0νν̄) × 1011 [1.56, 4.56] 2.86 ± 0.36 [2.24, 3.59] < 2.1 × 104 (90% CL) [84]

B(KL → µ+µ−)SD × 109 [0.30, 1.22] 0.70 ± 0.11 [0.54, 0.88] –

B(B̄ → Xdνν̄) × 106 [0.77, 2.00] 1.34 ± 0.05 [1.24, 1.45] –

B(B̄ → Xsνν̄) × 105 [1.88, 4.86] 3.27 ± 0.11 [3.06, 3.48] < 64 (90% CL) [85]

B(Bd → µ+µ−) × 1010 [0.36, 2.03] 1.06 ± 0.16 [0.87, 1.27] < 3.0 × 102 (95% CL) [86]

B(Bs → µ+µ−) × 109 [1.17, 6.67] 3.51 ± 0.50 [2.92, 4.13] < 9.3 × 101 (95% CL) [87]

longer active, large departures from the SM predictions
are still possible without violating any existing experi-
mental constraint [54, 78]. Precise measurements of the
processes K+ → π+νν̄ and KL → π0νν̄ will therefore
have a non-trivial impact on our understanding of the

flavor structure and CP violation of NP well above the
TeV scale. This statement remains true even after tak-
ing into account possible future constraints on the mass
spectrum obtained at the LHC and the refinement of the
flavor constraints expected from the B-factories [30, 54].

In order to allow a better comparison with the re-
sults presented previously in [11], we will set ∆Bνν̄ =

∆Bl+l− = 0 when determining the allowed ranges for
the branching ratios of K+ → π+νν̄, KL → π0νν̄,
KL → µ+µ−, B̄ → Xd,sνν̄, and Bd,s → µ+µ− within
CMFV. The corresponding lower and upper bounds at
95% probability are reported in Tab. III. For compari-
son, we also show the 68% and 95% CL limits in the SM,
obtained using the CKM parameters from a standard UT
analysis. The calculations of the SM branching ratios all
employ the results of [79]. In addition we take into ac-
count the recent theoretical developments of [30, 80, 81]
in the case of K+ → π+νν̄ and KL → π0νν̄, and of
[82] for what concerns KL → µ+µ−. In contrast to the
standard approach we normalize the B̄ → Xd,sνν̄ de-
cay width to the B̄ → Xueν̄ rate, while we follow [83]
in the case of Bd,s → µ+µ−, since both procedures lead
to a reduction of theoretical uncertainties. The actual
numerical analysis is performed with a modified version
of the CKMfitter code. The used input parameters are
given in App. B.

It is evident from Tab. III that the strong bound on
∆C, coming mainly from the existing precision measure-
ments of the Z → bb̄ POs, does allow for CMFV depar-
tures relative to the SM branching ratios that range from
around ±20% to at most ±60% for the given rare K- and
B-decays. While our upper bounds are in good agree-
ment with the results of [11], the derived lower bounds are
one of the new results of our article. A strong violation of
any of the 95% CL bounds on the considered branching
ratios by future measurements will imply a failure of the
CMFV assumption, signaling either the presence of new
effective operators and/or new flavor and CP violation.
A way to evade the given limits is the presence of siz-

able corrections δCNP and/or ∆Bνν̄ and ∆Bl+l− . While
these possibilities cannot be fully excluded, general ar-
guments and explicit calculations indicate that they are
both difficult to realize in the CMFV framework.

V. CONCLUSIONS

To conclude, we have pointed out that large contri-
butions to the universal Inami-Lim function C in con-
strained minimal-flavor-violation that would reverse the
sign of the standard Z-penguin amplitude are highly dis-
favored by the existing measurements of the pseudo ob-
servables R0

b , Ab, and A0,b
FB performed at LEP and SLC.

This underscores the outstanding role of electroweak pre-
cision tests in guiding us toward the right theory and
immediately raises the question: What else can flavor
physics learn from collider physics?
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Conclusions & Outlook

• Large CMFV contributions to Z→diLdjL excluded 
by LEP and SLC measurements of POs Rb, Ab & AFB

• Are there other correlations in quark sector?      
b → sγ vs. b → bγ*, ...

• Are there correlations in lepton sector assuming 
minimal lepton flavor violation?                           
μ → eγ vs. (g−2)μ*, ...

• Despite 5 meetings @ CERN† interplay between 
flavor & collider physics largely unexplored 

*these probably don’t work http://mlm.home.cern.ch/mlm/FlavLHC.html†

−
0 0,b

http://mlm.home.cern.ch/mlm/FlavLHC.html
http://mlm.home.cern.ch/mlm/FlavLHC.html


ΔC from B→K*l+l-−

*Belle ’05, BaBar ’06

FB asymmetry in B → K∗l+l−
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of large destructive     
Z-penguin:  |ΔC| < 1.5~

• FB asymmetry in 
B→K*l+l- excludes 
C9C10 > 0 at 95% CL* 
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which forbids tree-level couplings that violate custodial
SU(2) symmetry. In the fermionic sector, a consistent
implementation of this reflection symmetry forces the ex-
istence of a copy of all SM fermions, aptly dubbed mirror
fermions [14]. The theoretical concept of T -parity and its
experimental implications resemble the one of R-parity
in SUSY and KK-parity in universal extra dimensional
theories.

Unless their masses are exactly degenerate, the pres-
ence of mirror quarks leads in general to new flavor-
and CP -violating interactions. In order to maintain
CMFV we will assume such a degeneracy here. In this
case contributions from particles that are odd under
T -parity vanish due to the Glashow-Iliopoulos-Maiani
(GIM) mechanism [47], and the only new particle that
effects the Z → dj d̄i transition in a non-universal way
is a T -even heavy top, T+. A sample diagram involving
such a fermion, its also T -even partner the top quark, t,
and a pseudo Goldstone field, G±, is given on the lower
right-hand side of Fig. 2. In turn, ΓLHT

ji depends only on
the mass of the heavy quark T+, which is controlled by
the size of the top Yukawa coupling, by f , and the adi-
mensional parameter xL ≡ λ2

1/(λ2
1 + λ2

2). Here λ1 is the
Yukawa coupling between t and T+ and λ2 parametrizes
the mass term of T+. In the fourth panel of Fig. 3, we
show from bottom to top δCLHT as a function of xL for
f = 1, 1.5, and 2 TeV. The colored bands underlying the
solid black curves correspond to the allowed regions in
parameter space after applying the constraints following
from precision EW data [48]. As NP effects in the fla-
vor sector of the LHT model with CMFV are generically
small [49, 50], they essentially do not lead to any restric-
tions. We find that the maximal allowed suppression of
Re CLHT(q2 = M2

Z) with respect to Re CLHT(q2 = 0) is
slightly bigger than 3%. This feature again confirms our
general considerations. Our new result for Re CLHT(q2)
resembles for q2 = 0 the analytic expression of the one-
loop correction to the low-energy Z-penguin calculated
recently in [50]. Taking into account that the latter re-
sult corresponds to unitary gauge while we work in ’t
Hooft-Feynman gauge is essential for this comparison. In
particular, in our case no ultraviolet divergences remain
after GIM, as expected on general grounds [51].

At this point a further comment concerning gauge in-
variance is in order. It is well known that only a proper
arrangement of, say, e+e− → f f̄ , including all contri-
butions related to the Z-boson, purely EW boxes, and
the photon, is gauge invariant at a given order in pertur-
bation theory. In flavor physics such a gauge indepen-
dent decomposition [52] is provided by the combinations
X ≡ C + Bνν̄ , Y ≡ C + Bl+l− , and Z ≡ C + D/4
of Inami-Lim functions [53]. Given the normalization
of Eq. (6), NP contributions to the universal Z-penguin
function C are characterized by Re CNP(q2 = 0) in
our notation, while Bνν̄ and Bl+l− represent the con-
tribution of EW boxes with neutrino and charged lep-
ton pairs in the final state. D stems from the off-shell
part of the magnetic photon penguin. Since we want

TABLE I: Results and correlations for the Z → bb̄ POs of the
fit to the LEP and SLC heavy flavor data taken from [3].

Observable Result R0
b Ab A0,b

FB

R0
b 0.21629 ± 0.00066 1.00 −0.08 −0.10

Ab 0.923 ± 0.020 1.00 0.06

A0,b
FB 0.0992 ± 0.0016 1.00

to relate model-independently observables derived from
e+e− → f f̄ to observables connected with the di → djνν̄
and di → dj l+l− transitions, we also have to worry about
the potential size of corrections that are not associated
with the Z-boson.

At the Z-pole, the total cross-section of e+e− → f f̄
is completely dominated by Z-boson exchange. While
purely EW boxes are vanishingly small, the bulk of the
radiative corrections necessary to interpret the measure-
ments are QED effects. It is important to realize that
these QED corrections are essentially independent of
the EW ones, and therefore allow the anomalous Zbb̄
couplings to be extracted from the data in a model-
independent manner. Certain SM assumptions are nev-
ertheless employed when extracting and interpreting the
couplings, but considerable effort [3] has been expended
to make the extraction of the POs R0

b , Ab, and A0,b
FB as

model-independent as possible, so that the meanings of
theory and experiment remain distinct.

In the case of the di → djνν̄ and di → dj l+l− ob-
servables theoretical assumptions about the size of the
EW boxes are unfortunately indispensable. Our explicit
analysis of the considered CMFV models reveals the fol-
lowing picture. In the THDM, the NP contributions
∆Bνν̄ ≡ Bνν̄ − Bνν̄

SM and ∆Bl+l− ≡ Bl+l− − Bl+l−

SM van-
ish identical [54], while their relative size compared to
the NP contribution ∆C ≡ C −CSM amounts to at most
+?
−?% and +?

−?% in the MSSM [55], less than +2% and +1%
in the ACD scenario [43], and below −6% and −2% in
the LHT model [50]. The numbers for ∆Bνν̄ , ∆Bl+l− ,
and ∆C quoted here and in the following refer to the ’t
Hooft-Feynman gauge. Moreover, contributions to the
EW boxes are found to be generically suppressed by at
least two inverse powers of the scale of NP using naive
dimensional analysis [56]. In view of this the possibil-
ity of substantial CMFV contributions to the EW boxes
seems rather unlikely. The actual size of the NP contri-
bution ∆D ≡ D − DSM to the off-shell magnetic photon
penguin D has essentially no impact on our conclusions.
The treatment of ∆Bνν̄ , ∆Bl+l− , and ∆D in our numer-
ical analysis will be discussed in the next section.

IV. NUMERICAL ANALYSIS

Our numerical analysis consists of three steps. First we
determine the CKM parameters ρ̄ and η̄ from an anal-

*

TABLE II: Experimental world averages of B(B̄ → Xsγ) for
Eγ > 1.6 GeV and B(B̄ → Xsl

+l−) for 1GeV2 < q2 < 6 GeV2

and the corresponding SM values at 68% probability.

Observable Experiment SM (68%)

B(B̄ → Xsγ) × 104 3.55 ± 0.26 [57] 3.33 ± 0.29

B(B̄ → Xsl+l−) × 106 1.60 ± 0.51 [58] 1.60 ± 0.25

ysis of the universal unitarity triangle [8]. The actual
analysis is performed with a customized version of the
CKMfitter package [5]. Using the numerical values of
the experimental and theoretical parameters collected in
App. B we find

ρ̄ = 0.187 ± 0.021 , η̄ = 0.323 ± 0.029 . (8)

The given central values are highly independent of
mt, but depend mildly on the hadronic parameter
ξ ≡ (fBsB̂

1/2
Bs

)/(fBdB̂1/2
Bd

) determined in lattice QCD.
Since in our approach theoretical parameter ranges are
scanned, the quoted 68% confidence levels (CLs) should
be understood as lower bounds, i.e., the range in which
the quantity in question lies with a probability of at least
68%. The same applies to all CLs and probability regions
given subsequently.

In the second step, we determine the allowed ranges
of ∆C and the NP contribution ∆Ceff

7 ≡ Ceff
7 (mb) −

Ceff
7 SM(mb) to the effective on-shell magnetic photon pen-

guin from a careful combination of the results of, on the
one hand, the POs R0

b , Ab, and A0,b
FB [3] and, on the

other, of the measurements of the branching ratios of
B̄ → Xsγ [57] and B̄ → Xsl+l− [58]. In contrast to
[59], we do not include the available experimental infor-
mation on K+ → π+νν̄ [60] in our global fit, as the
constraining power of the latter measurement depends in
a non-negligible way on how the experimental CL of the
signal [61] is implemented in the analysis.

Third, and finally, we use the derived ranges for the
Inami-Lim functions in question to find lower and upper
bounds for the branching ratios of the rare decays K+ →
π+νν̄, KL → π0νν̄, KL → µ+µ−, B̄ → Xd,sνν̄, and
Bd,s → µ+µ− within CMFV.

Our data set includes all POs measured at LEP and
SLC that are related to the Z → bb̄ decay. It is given
in Tab. I. Concerning the used data we recall that the
ratio 4/3 A0,b

FB/Ab is lower than the direct measurement
of Ab by 1.6σ, and lower than the SM expectation for Ab

by 3.2σ [3]. Whether this is an experimental problem,
an extreme statistical fluctuation or a real NP effect in
the bottom quark couplings is up to date an unresolved
question. In fact, the relative experimental error in A0,b

FB
is much larger than the ones in the total Z → bb̄ rate,
R0

b , and Ab, where no anomalies are observed. Further-
more, the extracted value of the anomalous LH coupling
of the bottom quark agrees with its SM value because of
the strong constraint given by R0

b . This strong constraint

carries over to all our results, which do not depend signif-
icantly on whether A0,b

FB is included in or excluded from
the data set. We assume that measurement fluctuations
are responsible for the observed discrepancy and include
A0,b

FB in our global fit.
The actual calculations of R0

b , Ab, and A0,b
FB used in our

analysis are performed with ZFITTER [62], which includes
the SM purely EW, QED and QCD radiative effects, pho-
ton exchange and γ-Z interference that are necessary to
extract the POs in a model-independent manner.6 For
the purpose of our analysis, ZFITTER has been modified
to include possible NP contributions to the Zbb̄ vertex in
the parametrization of Eq. (6). The Higgs mass is allowed
to vary freely in the range 100 GeV < mh < 600 GeV.
Since R0

b is largely insensitive to the mass of the Higgs
boson this conservative range has no noticeable impact
on our results. The input values of the other parameters
entering R0

b , Ab, and A0,b
FB are collected in App. B.

The experimental results that we consider in connec-
tion with B̄ → Xsγ and B̄ → Xsl+l− are summarized
in Tab. II. The given weighted average of the branch-
ing ratio B(B̄ → Xsγ) corresponds to a photon energy
cut Eγ > 1.6 GeV in the B̄-meson rest frame, while for
B(B̄ → Xsl+l−) the experimental data in the low-q2 re-
gion 1 GeV2 < q2 < 6 GeV2 of the dilepton invariant
mass squared, averaged over electrons and muons are
shown. For comparison, the SM predictions for B(B̄ →
Xsγ) and B(B̄ → Xsl+l−) based on the same cuts are
also given. Their central values and errors have been ob-
tained with the help of the CKMfitter package. Our ac-
tual calculations rely on [24, 25] in the case of B̄ → Xsγ
and on [63] in the case of B̄ → Xsl+l−. The used nu-
merical input parameters can be found in App. B. Unlike
[59], we do not include B̄ → Xsl+l− data on the regions
0.04 GeV2 < q2 < 1GeV2 and 14.4 GeV2 < q2 < 25 GeV2

in our analysis. The reason for this omission is twofold.
First, in these regions the differential B̄ → Xsl+l− rate
is less sensitive to ∆C than in the low-q2 region. Second,
for high q2 the theoretical uncertainties are larger with
respect to the ones that affect the low-q2 region. An in-
clusion of the latter two constraints would therefore only
make the fit unnecessarily complicated, but it would not
improve the quality of the obtained results.

Before we present our final results, additional com-
ments on the used methodology concerning ∆Bνν̄ ,
∆Bl+l− , ∆C, ∆D, and ∆Ceff

7 are in order. We begin with
∆Ceff

7 which enters both B̄ → Xsγ and B̄ → Xsl+l−. A
well-known way to avoid the B̄ → Xsγ constraint con-
sists in having a large positive NP contribution ∆Ceff

7
that approximately reverse the sign of the amplitude
A(b → sγ) ∝ Ceff

7 (mb) with respect to the SM and leave
B(B̄ → Xsγ) ∝ |Ceff

7 (mb)|2 unaltered within experimen-

6 The default flags of ZFITTER version 6.42 are used, except for set-
ting ALEM = 2 to take into account the externally supplied value

of ∆α(5)
had(MZ).
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and the corresponding SM values at 68% probability.
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) determined in lattice QCD.
Since in our approach theoretical parameter ranges are
scanned, the quoted 68% confidence levels (CLs) should
be understood as lower bounds, i.e., the range in which
the quantity in question lies with a probability of at least
68%. The same applies to all CLs and probability regions
given subsequently.
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of ∆C and the NP contribution ∆Ceff
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B̄ → Xsγ [57] and B̄ → Xsl+l− [58]. In contrast to
[59], we do not include the available experimental infor-
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bounds for the branching ratios of the rare decays K+ →
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SLC that are related to the Z → bb̄ decay. It is given
in Tab. I. Concerning the used data we recall that the
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the data set. We assume that measurement fluctuations
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ting ALEM = 2 to take into account the externally supplied value

of ∆α(5)
had(MZ).

†

ΔC7  vs. ΔC: Fit Inputeff 



*Altarelli, Barbieri & Caravaglios ’93
  S. Schael et al. ’06; experimental & theory error added linearly†

Quick Estimate:  ΔC from εb

εb = −GF√
2

M2
Z

π2
2c2

W Re C

*

gb
A = gb

A(1 + εb)

ΓZbb̄
µ =

(√
2GF M2

Z

) 1
2 (gb

V γµ − gb
Aγµγ5)

gb
V

gb
A

=
(

1− 4s2
d

3
+ εb

)
(1 + εb)−1

,

ΓZbb̄
µ =

GF√
2

M2
Z

π2

ecW

sW
γµPLC

ΔC ≈ −0.04±0.26Δεb = (4±25)×10−3†

δC = ±10% 



68% CL SM Bounds on Rare Decays
TABLE III: Bounds for various rare decays in CMFV models at 95% probability, the corresponding values in the SM at 68% and
95% CL, and the available experimental information. See text for details.

Observable CMFV (95% CL) SM (68% CL) SM (95% CL) Experiment

B(K+ → π+νν̄) × 1011 [4.24, 11.09] 7.32 ± 1.38 [5.46, 9.41]
`

14.7+13.0
−8.9

´

[65]

B(KL → π0νν̄) × 1011 [1.56, 4.56] 2.86 ± 0.36 [2.24, 3.59] < 2.1 × 104 (90% CL) [84]

B(KL → µ+µ−)SD × 109 [0.30, 1.22] 0.70 ± 0.11 [0.54, 0.88] –

B(B̄ → Xdνν̄) × 106 [0.77, 2.00] 1.34 ± 0.05 [1.24, 1.45] –

B(B̄ → Xsνν̄) × 105 [1.88, 4.86] 3.27 ± 0.11 [3.06, 3.48] < 64 (90% CL) [85]

B(Bd → µ+µ−) × 1010 [0.36, 2.03] 1.06 ± 0.16 [0.87, 1.27] < 3.0 × 102 (95% CL) [86]

B(Bs → µ+µ−) × 109 [1.17, 6.67] 3.51 ± 0.50 [2.92, 4.13] < 9.3 × 101 (95% CL) [87]

longer active, large departures from the SM predictions
are still possible without violating any existing experi-
mental constraint [54, 78]. Precise measurements of the
processes K+ → π+νν̄ and KL → π0νν̄ will therefore
have a non-trivial impact on our understanding of the

flavor structure and CP violation of NP well above the
TeV scale. This statement remains true even after tak-
ing into account possible future constraints on the mass
spectrum obtained at the LHC and the refinement of the
flavor constraints expected from the B-factories [30, 54].

In order to allow a better comparison with the re-
sults presented previously in [11], we will set ∆Bνν̄ =

∆Bl+l− = 0 when determining the allowed ranges for
the branching ratios of K+ → π+νν̄, KL → π0νν̄,
KL → µ+µ−, B̄ → Xd,sνν̄, and Bd,s → µ+µ− within
CMFV. The corresponding lower and upper bounds at
95% probability are reported in Tab. III. For compari-
son, we also show the 68% and 95% CL limits in the SM,
obtained using the CKM parameters from a standard UT
analysis. The calculations of the SM branching ratios all
employ the results of [79]. In addition we take into ac-
count the recent theoretical developments of [30, 80, 81]
in the case of K+ → π+νν̄ and KL → π0νν̄, and of
[82] for what concerns KL → µ+µ−. In contrast to the
standard approach we normalize the B̄ → Xd,sνν̄ de-
cay width to the B̄ → Xueν̄ rate, while we follow [83]
in the case of Bd,s → µ+µ−, since both procedures lead
to a reduction of theoretical uncertainties. The actual
numerical analysis is performed with a modified version
of the CKMfitter code. The used input parameters are
given in App. B.

It is evident from Tab. III that the strong bound on
∆C, coming mainly from the existing precision measure-
ments of the Z → bb̄ POs, does allow for CMFV depar-
tures relative to the SM branching ratios that range from
around ±20% to at most ±60% for the given rare K- and
B-decays. While our upper bounds are in good agree-
ment with the results of [11], the derived lower bounds are
one of the new results of our article. A strong violation of
any of the 95% CL bounds on the considered branching
ratios by future measurements will imply a failure of the
CMFV assumption, signaling either the presence of new
effective operators and/or new flavor and CP violation.
A way to evade the given limits is the presence of siz-

able corrections δCNP and/or ∆Bνν̄ and ∆Bl+l− . While
these possibilities cannot be fully excluded, general ar-
guments and explicit calculations indicate that they are
both difficult to realize in the CMFV framework.

V. CONCLUSIONS

To conclude, we have pointed out that large contri-
butions to the universal Inami-Lim function C in con-
strained minimal-flavor-violation that would reverse the
sign of the standard Z-penguin amplitude are highly dis-
favored by the existing measurements of the pseudo ob-
servables R0

b , Ab, and A0,b
FB performed at LEP and SLC.

This underscores the outstanding role of electroweak pre-
cision tests in guiding us toward the right theory and
immediately raises the question: What else can flavor
physics learn from collider physics?
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Mini Review: 2HDM

*softly broken in V(ϕ1,ϕ2) 
  realized in MSSM†

L2HDM
Yukawa = Q̄LYDDRφ1 + Q̄LYUUR(φ2)c + h.c.

FCNCs naturally suppressed by imposing Z2 symmetries 
ϕ1 → −ϕ1* & DR → −DR 

Type I (UR→−UR):
ϕ1 = ϕ2

mb
mt

yb
yt

=

Type II (UR→+UR):
ϕD = ϕ1 ≠ ϕ2 =ϕU

mb
mt

yb
yt

=
vU
vD

†



Mini Review: MFV MSSM 

not RG invariant†*D’Ambrosio et al. ’02

*m̃2
QL

= m̃2
(
a11 + b1YUY †

U + b2YDY †
D + . . .

)

m̃2
UR

= m̃2
(
a21 + b5YUY †

U

)
, m̃2

DR
= m̃2

(
a31 + b6YDY †

D

)

AU = A
(
a41 + b7YDY †

D

)
YU , AD = A

(
a51 + b8YUY †

U

)
YD

Soft mass & tri-linear terms that are invariant under GF 

Assumption of universality of soft mass and proportionality 
of tri-linear terms corresponds to bi = 0†

For tanβ not too large terms in YDYD can be dropped 
†



Mini Review: MFV MSSM cont’d

assumed here @ EW scale†

For bi = 0† (s)quark mass matrices can be diagonalized 
simultaneously & tree-level FCNCs governed by CKM 
matrix appear only in chargino couplings (CMFV MSSM)

M̃2
U =

(
m̃2

QL
+ YUY †

U vU + DLL
U (AU − µYU cot β)vU

(AU − µYU cot β)†vU m̃2
UR

+ YUY †
U vU + DRR

U

)

M̃2
D =

(
m̃2

QL
+ DLL

D (AD − µYD tanβ)vD

(AD − µYD tanβ)†vD m̃2
DR

+ DRR
D

)
*

Physical 6×6 squark masses after EW symmetry breaking  

*YDYD terms neglected
†



Mini Review:  mUED Model*

*Appelquist, Cheng & Dobrescu ’01

Under y → −y one has Aμ(−y) = Aμ(y) & A5(−y) = −A5(y)

πR

S1/Z2

0

All SM fields promoted to bulk 
in D=4+1=5
Compactify D=1 to orbifold 
S1/Z2 to allow for ψL,R in D=4 

S1

Aµ(x, y) = Aµ
(0)(x) +

∞∑

k=1

Aµ
(k)(x) cos

ky

R

A5(x, y) =
∞∑

k=1

A5
(k)(x) sin

ky

R

A5Aμ

0

1/R

2/R

3/R
m

k=0

k=1

k=2

k=1

k=2

k=3 k=3



Mini Review:  mUED Model cont’d

*Kaluza ’21, Klein ’26 boundary terms receive divergent radiative corrections†

Translation invariance in y broken at 
fix points: remnant y → y + πR leads to 
KK*-parity (−1)k

Aν
(k)

Aλ
(k)

Aµ
(0)

KK- vs.  sparticles, KK- vs. R-parity, LKP vs. LSP, bosonic 
extra D vs. fermionic extra D, ...

Many similarities to MSSM: 

degenerate towers of KK-modes, same spin, only 
effective theory, UV completion needed for Λ >> 1/R, ...†

But: 



Mini Review: LH Model

Arkani-Hamed et al. ’02†*Arkani-Hamed, Cohen & Georgi ’01

Higgs is pseudo Goldstone of 
spontaneously broken global 
symmetry G → H at f ~ 1 TeV*

Gauge couplings of F → SU(2)L×U(1)Y break G explicitly 
& V(ϕ) generated radiatively

Higgs mass protected by collective symmetry breaking 
@ 1-loop, i.e., both gauge couplings of F need to be ≠ 0

G = SU(5) G = SU(5)

F = [SU(2)×U(1)]2 H = SO(5)

Σ
†

Quadratic divergences cancelled by new heavy partners 
of SM particles:  AH, ZH, WH, T, ...±



Mini Review: LHT Model

*Cheng & Low ’03, Low ’04

±SM particles & top partner T+ are T-even, AH, ZH, WH, ...    
are T-odd; fermion spectrum has to be doubled†: T−, uH, ...

In LH SU(2)c broken @ tree-level & large corrections to   
ρ parameter and POs arise implying f > 2−4 TeV~

T-parity = “discrete symmetry exchanging two gauge 
factors of [SU(2)×U(1)]2”*

Again similarities to MSSM, T- vs. R-parity, LTP vs. LSP, ..., 
but only non-linearly realized effective theory valid up to     
Λ ~ 4 π f ~ 10 TeV

to avoid large 4-fermion operators†



CMFV Hunting Strategy*

upper bounds!

bounds on ΔC7  (μb) & ΔC
from B→Xsγ, B→Xsl+l- & 
K+→π+νν data 

eff

− −
−

B(Bd,s→μ+μ-)CMFV < ...
B(B→Xd,sνν)CMFV < ...

B(KL→π0νν)CMFV < ...
B(KL→μ+μ-)CMFV < ...

B(K+→π+νν)CMFV < ...

−
SD

−
−

−

B(B→Xsγ) ∝ |C7  (μb)|2, B(B→Xsl+l-) = 

f(C7  (μb), C9(C), C10(C)) & B(K+→π+νν) = g(C)

eff

determination of universal unitarity triangle from
angles & ∆MBs/∆MBd

− −

eff −

*Bobeth et al. ’05



ΔC7  vs. ΔC from B→Xsγ & B→Xsl+l-
eff − −

SMSM

SM

C7   > 0    
eff

C < 0    

results depend on 
assumptions ΔB = 0 
& |ΔD| ≤ |DSM|

opposite sign C7 ii 

less likely*  

     

eff

*Gambino, Misiak & UH ’04


