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Indirect measurements
Lessons from the past:
rare low energy processes like ΔMK 
(charm), Bd - Bd osc. and EWPT (top),  
can tell us a lot about heavy particles 
prior to their discovery

Future
In order to test NP indirectly we need 
theoretically very clean observables, 
preferably with small SM contribution.

Present
SM works remarkably well, surprisingly 
also in the least understood sector: 
the flavor sector
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Flavour in the SM
Yukawas are responsible for flavour transitions

mt >> mi and VCKM has a hierarchical structure

There are no FCNCs on tree level.

 

Since G
F
 is already broken within the SM, it is not consistent to impose it as an

exact symmetry beyond the SM.

However, we can (formally) promote G
F
 to be an exact symmetry, assuming the 

Yukawa matrices are the vacuum expectation values of appropriate auxiliary 

fields: 

_                                  _
E.g.:   Y

D  
~ (3,1,3)   &  Y

U  ~ (3,3,1)  under  SU(3)
Q

L

×SU(3)
U

R

×SU(3)
D

R

"
Yukawa

 = Q
L 

Y
D 

D
R 

H + Q
L 

Y
U

U
R 

(H)
c
 + L

L 
Y

L 
E

R  
H + h.c.

_                      _                         _

(1,1,3)  (3,1,1)  
_    

(3,1,3)  
          _

(1,1,1)  

YU = V †
CKM(mu,mc,mt)/v

YD = (md,ms,mb)/v



Flavour change is small

We have no idea why YU and YD are the way they are. 
Generally, NP models are struggling since we have no theory of 
flavour. 
We want NP to show up at around a TeV (Higgs stabilization).
K-K mixing e.g. shows no generic flavour violation up to 103 TeV.

YU = V †
CKM(mu,mc,mt)/v

YD = (md,ms,mb)/v

YU ≈




10−5 −0.002 0.007 + 0.004i
10−6 0.007 −0.04 + 0.0008i
10−8 + 10−7i 0.0003 0.96







Flavour precision tests
General structure of a decay rate

Γ = (non-pert. QCD) x QCD RG x (Vckm SM short dist.+ NP)

Three strategies for precision tests:
1) hadronic uncertainties cancel in asymmetries 
    partial cancelation: 
2) hadronic matrix element from Experiment (                )
3) inclusive, non-perturbative ~ (ΛQCD/mb)2  (                )

Energy scale

theoretical uncertainty

Br(Bq → µ+µ−)/∆Mq

Amix
CP (Bs → ψφ)

K → πν̄ν
B → Xsγ



FCNCs in the SM

Bd → µ+µ− B → Xdγ

K → πν̄νKL → π0 l̄l

Bs → µ+µ−B → Xsl
+l−

increasing 
SM contribution

B → Xsγ AFB(B → Xsl
+l−)

B → K∗γ

interesting Flavour channels 

s→d ~ λ5    ΔMK, εK, ε’/ε,                  ,             

b→d ~ λ3    ΔMd,                   ,

b→s ~ λ2   ΔMs,                           ,                             ,    

                                 

theoretical error 

              < 15 %    < 10%    < 5%
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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

Comparison of sensitivities
D’Ambrosio, Giudice, Isidori, Strumia ’02; Buras,Bryman, Isidori, Littenberg ‘05



plan of the talk

• Interesting NP flavour observables of the 
future

• rare Kaon decays: the four golden modes, 
status of the SM calculation, NP searches

• B→Xsγ (new result)

• rare B decays and large tanß

• Conclusions



4 golden modes

Br(KL → π0µ+µ−)

Br(KL → π0e+e−)

Br(KL → π0νν̄)

Br(K+ → π+νν̄)

24 carat
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24 carat

60-ε! 



Potential of K->pivv

Dominated by short distance contributions
o sigma(K+)theory ~ 4%
o sigma(KL)theory ~ 2%
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SM CalculationCalculation of the total rate

• Three steps

• At lowest order in 1/mb OPE calculation 
boils down to evaluating the partonic b!s" 
matrix elements

• Leading power corrections are known to LO

• NLO EW corrections known

OPE             #             run          #          match 

mb MZ, mt, ... MX

eff. weak Hamiltonian
“Fermi Theory”

SUSY, xD, ?...SMHQET



General properties

Q(6)
ν =

∑

l=e,µ,τ

(s̄LγµdL)(ν̄lLγµνlL)

L(6)
eff =

4GF√
2

α

2πs2
W

∑

i=u,c,t

Ci(µ)Q(6)
ν

* Z penguin is SU(2)L breaking: powerlike GIM 

* large CPV phase in dominant top contribution

* charm effects:
1) negligible in KL: O(mc2/mt2)<<1 for dominant direct 
CPV-Amplitude 
2) small in K+~30% (→ next to next slide)

Ci(MW ) ∝ m2
i V ∗

isVid ∝






Λ2
QCDλ

m2
c(λ + iλ5)

m2
t (λ5 + iλ5)
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c
t



* short distance dominated (>99%)
* very small theoretical error ~ 2%
* 85% of total error CKM input
* precise and direct measurement of 
amount of CPV in SM

SM prediction of KdL->pv
B(KL → π0νν̄) = κL

[
Im (V ∗

tsVtd)
λ5

X

]2

κL = rKL

3α2B(K+ → π0e+νe)
2π2s4

W

τ(KL)
τ(K+)

KL → π0νν̄

KTEV, E391a (soon to be improved!)

Brexp / BrSM <2.86 104 (90% C.L.) E391B(KL → π0νν̄) = (2.8± 0.6)× 1011

Buras, Gorbahn, Haisch, Nierste ‘06



X = 1.46± 0.04 (NLO)

Buchalla & Buras ‘93, ‘99;
Misiak & Urban ‘99
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X = 1.46± 0.04 (NLO)

Buchalla & Buras ‘93, ‘99;
Misiak & Urban ‘99

t

* short distance dominated (>99%)
* very small theoretical error ~ 2%
* 85% of total error CKM input
* precise and direct measurement of 
amount of CPV in SM

Marciano & Parsa ‘96

rKL = 0.944± 0.028 isospin

SM prediction of KdL->pv
B(KL → π0νν̄) = κL
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Im (V ∗
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SM prediction for K->pivK+ → π+νν̄
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]
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SM prediction for K->piv

* theoretical error of QCD 
corrections to the charm 
contribution Pc factor ~4 smaller 
thanks to NNLO calculation
* Pc error now dominated by Δmc

Buras, Gorbahn, Haisch, Nierste ‘05
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PcNLON = 0.369±0.033±0.037±0.009 ≈ 0.37±0.07

PcNNLO = 0.375±0.031±0.009±0.009 ≈ 0.38±0.04

theoryΔmc αS

Buras, Gorbahn, Haisch, Nierste ‘05

Buchalla, Buras ‘94
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* theoretical error of QCD 
corrections to the charm 
contribution Pc factor ~4 smaller 
thanks to NNLO calculation
* Pc error now dominated by Δmc

Isidori, Mescia & Smith ‘05

ΛQCD π π

K π

ν ν
χPT

mc

s d

ν ν
q2·

OP

* LD and dim8 effects in δPc are 
~ π2 Fπ2/mc2 ~10% of charm contribution,  
6% enhancement of BrK+ 
* LQCD could improve accuracy to 1-2%

Isidori, Martinelli & Turchetti ‘05 δPc = 0.04± 0.02 (χPT)

Buras, Gorbahn, Haisch, Nierste ‘05
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* theoretical error of QCD 
corrections to the charm 
contribution Pc factor ~4 smaller 
thanks to NNLO calculation
* Pc error now dominated by Δmc

* LD and dim8 effects in δPc are 
O(π2 Fπ2/mc2) ~ 10% of charm 
contribution,  6% enhancement of BrK+ 
* LQCD could improve accuracy to 1-2%

Isidori, Mescia & Smith ‘05

Isidori, Martinelli & Turchetti ‘05

Buras, Gorbahn, Haisch, Nierste ‘05

SM prediction for K->pivK+ → π+νν̄

B(K+ → π+νν̄) = (8.0± 1.1)× 1011

Buras, Gorbahn, Haisch, Nierste ‘05

B+
exp =

(
14.7+13.0

−8.9

)
× 1011

E787 (2), E949 (1)



MFV
SM Yukawa couplings are the only source of flavour violation.

All flavour violation is proportional to VCKM.

Strong correlations between K and B physics.



K+ and KL in specific MFV 
models

• Littlest Higgs:  slight suppression

• Universal ED: <9-10% enhancement

• CMFV MSSM:  0...40% suppression  

Buras, Uhlig, Poschenrieder ’05

Buras, AW, Spranger ’03

Buras, Gambino, Gorbahn, Jäger, Silvestrini ’00

General pattern:
NP contribution to ΔMd interferes constructively with SM 
ΔF =2 Amplitude S in the above models and

Br(K)exp > Br(K)SM immediately falsifies most MFV models!

(
V NP

td

V SM
td

)2

=
SSM

SSM + |∆SNP| < 1

Buras, Blanke ‘06



Bona, Buras, Bobeth, Ewerth, 
Pierini, Silvestrini, AW ’05

Universal CKM fit from UTfit: 
Bona et. al ‘05
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Bona, Buras, Bobeth, Ewerth, Pierini, Silvestrini, AW (05)

MFV upper bounds

low/moderate tanß !

BNL AGS E787, E949
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Beyond MFV
rare K decays are a very sensitive probe

for non-MFV flavour violation since 

(s→d) ~ λ5

suppression is not built in the model anymore.



Generic MSSM
• Flavor structure probes Susy breaking mechanism

• Room for sizable deviations even if ΔF=2 sector 
agrees well with SM

• very sensitive to new sources of flavor symmetry 
breaking due to λ5 suppression of SM amplitude

•

 Nir & Worah ‘97
 Buras, Romanino, Silvestrini ‘97

Colangelo & Isidori ‘98

s d

ũL

Z

χ̃−

ũLt̃R

X̃
(peng)
SUSY ∝

(M2
LR

)d′t (M2
LR

)∗
s′t

M4
SUSY

∝

1

M2

Z

VZs̄dAmplitude SU(2)L 

weakly constrained

small tanß

Buras, Ewerth, Jäger, Rosiek ’04
Isidori, Mescia, Paradisi, Smith , Trine  ’06



 Generic MSSM
Buras, Ewerth, Jäger, Rosiek ’04

be obtained taking into account the bounds given by other processes. In Fig. 7 we plot
distributions of those quantities for tanβ = 2.

Figure 7: Distributions of X and Br(KL → π0νν̄), Br(K+ → π+νν̄) for tan β = 2.

As can be seen from Fig. 7, the allowed values for Br(KL → π0νν̄) and Br(K+ →
π+νν̄) can be significantly enhanced compared to the SM prediction, even by an order
of magnitude. Such large values are higher than the 90%CL experimental bound [19],
Br(K+ → π+νν̄) < 3.8 · 10−10, therefore this decay can already be used to constrain
the MSSM parameter space. We will analyze this elsewhere. One should note that the
obtained values for the branching ratios do not violate the Grossman-Nir (GN) [26] bound
Br(KL → π0νν̄)/Br(K+ → π+νν̄) ≤ 4.4, which can be regarded as a simple cross-check
of the correctness of our numerical codes.

In Fig. 8 we plot the allowed range of X after imposing the cut [19] Br(K+ →

21

includes all present 
constraints
ΔMK, εK, b→sγ,...

saturation of 
Grossman-Nir bound

KL could be 20-30x 
enhanced

in reach of E391a 

SM



 Generic MSSM II
Isidori, Mescia, Paradisi, Smith , Trine  ’06

K+ best probe of up-type trilinear soft Susy breaking terms

 G. Isidori – Exploring BSM with K physics    Flavour in the era of the LHC

!MBd

 "(K+! #+$$)  
 "(Bd ! µµ)  

Even if the mass spectrum is fully determined by LHC, large uncertainties in FCNCs due to 

several FV couplings % important to combine different observables 

The single MIA (mass insert. approx.) is bad approximation for K!#$$, even in presence of 

a single flavour-violating coupling % dominance of the double-MIA [Colangelo & G.I. '98]
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CKM and rare K decays

a) b)

Figure 1: Leading Feynman diagrams relevant to K → πνν̄ decays (a); CKM unitarity

triangle from K → πνν̄ (b).

where λt = V ∗
tsVtd, with Vij being the elements of the CKM matrix and (β, γ) the angles

of the unitarity triangle (see Fig. 1). With the measurements of the branching ratios at

the ±5% level these estimates change to

σ(sin 2β) = ±0.03, σ(Imλt) = ±3%, σ(|Vtd|) = ±4%, σ(γ) = ±6◦ . (2.3)

Further details can be found in [9].

It is worth stressing that the determination of CKM parameters via K → πνν̄ decays

is mainly an efficient way to compare the measured value of these clean FCNC transitions

with other clean tree-level mediated or loop-induced observables. Since the loop-induced

observables are potentially affected by non-standard contributions, this comparison offers

a powerful tool to constrain or identify new-physics effects. For instance, one of the

most interesting studies which could be performed with experimental data on the two

branching ratios, is a test of the so-called “golden relation” [26]:

(sin 2β)ψKS
= (sin 2β)πνν̄ . (2.4)

Here the right-hand side stands for the value of sin 2β determined from the two K → πνν̄

rates (see Fig. 1), while the left-hand side denotes the corresponding value extracted at

B factories from the time-dependent CP asymmetry in B0
d → ψKS. This relation is

not only a very powerful tool to falsify the SM, but also a useful handle to discriminate

among different new-physics scenarios.

A key feature of the KL → π0νν̄ mode is the fact that it proceeds through a pure loop-

induced direct-CP-violating amplitude [18]. Within the SM, its rate gives the cleanest

determination of Imλt, or the combination of Yukawa couplings which control the amount

of CP violation in the model [27]. We can indeed write [25]

Imλt = 1.39 · 10−4

[

|Vus|

0.224

] [

1.53

X(xt)

]

√

B(KL → π0νν̄)

3 · 10−11
, (2.5)

4

test of the ‘golden relation’

Could help improve the knowledge of CKM parameters

However, more interesting is the 201x scenario:

* CKM known to great precision independent of NP from        
   Belle, BaBar, LHCb, SuperB, ... 
* SM prediction for K+, KL together with a 10% measurement
   allows precision test of the flavor structure of NP

K+ → π+νν. Impact on unitarity triangle
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Perhaps one day?
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Status of KL→π0 l+ l-
Buchalla, D’Ambrosio, Isidori; Isidori, Smith, Unterdorfer ’04, Smith, Mescia, Trine ‘06
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where P0 = 2.88 ± 0.06 [54] includes NLO QCD corrections and

βK
Y = β − βs − θK

Y , βK
Z = β − βs − θK

Z (8.9)

with ZK defined in (3.5) and obtained from Zs by changing ξ(s)
i to ξ(K)

i .

The effect of the new physics contributions is mainly felt in ω7A, as the corresponding

contributions in ω7V cancel each other to a large extent.

The present experimental bounds

Br(KL → π0e+e−) < 28 · 10−11 [55] , Br(KL → π0µ+µ−) < 38 · 10−11 [56]

(8.10)

are still by one order of magnitude larger than the SM predictions [53]

Br(KL → π0e+e−)SM = 3.54+0.98
−0.85

(

1.56+0.62
−0.49

)

· 10−11 , (8.11)

Br(KL → π0µ+µ−)SM = 1.41+0.28
−0.26

(

0.95+0.22
−0.21

)

· 10−11 (8.12)

with the values in parentheses corresponding to the “−” sign in (8.1).

9 Benchmark Scenarios for New Parameters

9.1 Preliminaries

In what follows we will consider as in [26] several scenarios for the structure of the VHd

matrix and the mass spectrum of mirror fermions with the hope to gain a global view
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Status of KL→π0 l+ l-
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Direct CPV amplitude: 
* clean probe of independent 
NP structures and CPV beyond 
SM
* important if beyond-MFV NP is 
found
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B → Xsγ

Best high precision NP test in flavour physics so far

new NNLO results
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Experiment vs. NLO theory

HFAG ‘06

Brexp(Eγ > 1.6GeV) = (3.55 ± 0.24+0.09
−0.1 ± 0.03) × 10−4

WA

BaBar ’05

Belle ’04

BaBar ’02

CLEO ’01
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ALEPH ’98
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Charm Quark Mass

mc/mb = 0.29± 0.02

mc/mb = 0.22± 0.04

(on-shell)

(MS)
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E
γ
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6G
eV

)

Haisch ‘06

mc/mb = 0.29 ± 0.02 (pole mass)

mc/mb = 0.22 ± 0.04 (MS)

BrSM(Eγ > 1.6GeV) = (3.33 ± 0.29) × 10−4, mc/mb = 0.26 ± 0.01

mc(mc)/m1S
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B → Xsγ

Experiment vs. NLO theory
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mc/mb = 0.29 ± 0.02 (pole mass)

mc/mb = 0.22 ± 0.04 (MS)

BrSM(Eγ > 1.6GeV) = (3.33 ± 0.29) × 10−4, mc/mb = 0.26 ± 0.01

mc(mc)/m1S
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Charm mass dependence enters first at NLO:
Strong scheme ambiguity in mc/mb only be resolved at NNLO

(old NLO)



very involved calculation

1) 3-loop matching (complete)
2) 3 and 4-loop mixing (almost)
3) most difficult: 3-loop matrix element (interpolation 
between mc/mb>>1 and αS2nF approximation)
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Combining our results for various O(α2
s) corrections to the weak radiative B-meson decay, we

are able to present the first estimate of the branching ratio at the next-to-next-to-leading order in
QCD. We find B(B̄ → Xsγ) = (3.15 ± 0.23) × 10−4 for Eγ > 1.6 GeV in the B̄-meson rest frame.
The four types of uncertainties: non-perturbative (5%), parametric (3%), higher-order (3%) and
mc-interpolation ambiguity (3%) have been added in quadrature to obtain the total error.

PACS numbers: 12.38Bx, 13.20.He

The inclusive radiative B-meson decay provides im-
portant constraints on the minimal supersymmetric stan-
dard model and many other theories of new physics at the
electroweak scale. The power of such constraints depends
on the accuracy of both the experiments and the stan-
dard model (SM) calculations. The latest measurements
by Belle and BABAR are reported in Refs. [1, 2]. The
world average performed by the Heavy Flavor Averaging
Group [3] for Eγ > 1.6 GeV reads

B(B̄ → Xsγ) =
(

3.55 ± 0.24 +0.09
−0.10 ± 0.03

)

× 10−4. (1)

The combined error in the above result is of the same
size as the expected O(α2

s) next-to-next-to-leading or-
der (NNLO) QCD corrections to the perturbative de-
cay width Γ(b → Xparton

s γ), and larger than the known
non-perturbative corrections to the relation Γ(B̄ →
Xsγ) # Γ(b → Xparton

s γ). Thus, calculating the SM
prediction for the b-quark decay rate at the NNLO in
QCD is necessary for taking full advantage of the mea-
surements.

Evaluating the O(α2
s) corrections to B(b → Xparton

s γ)
is a very involved task because hundreds of three-loop
on-shell and thousands of four-loop tadpole Feynman di-
agrams need to be computed. In a series of papers [4]–
[13], we have presented partial contributions to this en-
terprise. The purpose of the present Letter is to combine
all the existing results and obtain the first estimate of
the branching ratio at the NNLO. We call it an estimate
rather than a prediction because some of the numeri-
cally important contributions have been found using an
interpolation in the charm quark mass, which introduces

uncertainties that are difficult to quantify.

!

W
!

b s

t t

FIG. 1: Sample LO diagram for the b → sγ transition.

Let us begin with recalling that the leading-order (LO)
contribution to the considered decay originates from one-
loop diagrams in the SM. An example of such a diagram
is shown in Fig. 1. Dressing this diagram with one or
two virtual gluons gives examples of diagrams that one
encounters at the next-to-leading order (NLO) and the
NNLO. In addition, one should include diagrams describ-
ing the bremsstrahlung of gluons and light quarks.

An additional difficulty in the analysis of the con-
sidered decay is the presence of large logarithms
(αs ln M2

W /m2
b)

n that should be resummed at each or-
der of the perturbation series in αs. In order to do so,
one employs a low-energy effective theory that arises af-
ter decoupling the top quark and the heavy electroweak
bosons. Weak interaction vertices (operators) in this the-
ory are either of dipole type (s̄σµνbFµν , s̄σµνT abGa

µν)
or contain four quarks ([s̄Γb][q̄Γ′q]). Coupling constants
at these vertices (Wilson coefficients) are first evaluated
at the electroweak renormalization scale µ0 ∼ mt, MW

by solving the so-called matching conditions. Next,

Effective Hamiltonian at NNLO: matching

• Matching at the weak scale complete.

• NNLO = three loops because of weak-

interaction loop (“penguin”)

1 Introduction

The inclusive weak radiative B̄-meson decay is known to be a sensitive probe of new physics.
Its branching ratio has been measured by CLEO [1], ALEPH [2], BELLE [3] and BABAR [4].
The experimental world average [5]

BR[B̄ → Xsγ, (Eγ > 1
20mb)] = (3.34 ± 0.38) × 10−4 (1.1)

agrees with the Standard Model (SM) predictions [6, 7]

BR[B̄ → Xsγ, (Eγ > 1.6 GeV)] = (3.57 ± 0.30) × 10−4, (1.2)

BR[B̄ → Xsγ, (Eγ > 1
20mb)] # 3.70 × 10−4. (1.3)

Such a good agreement implies constraints on a variety of extensions of the SM, including
the Minimal Supersymmetric Standard Model with superpartner masses ranging up to several
hundreds GeV. These constraints are expected to be crucial for identification of possible new
physics signals at the Tevatron, LHC and other high-energy colliders. However, any future
increase of their power depends on whether the theoretical calculations manage to follow the
improving accuracy of the experimental determinations of BR[B̄ → Xsγ].

As pointed out more than two years ago [6], the main theoretical uncertainty in the SM
prediction for BR[B̄ → Xsγ] originates from the perturbative calculation of the b → sγ ampli-
tude. It is manifest when one considers the charm-quark mass renormalization ambiguity [6]
in the two-loop, Next-to-Leading Order (NLO) QCD corrections to this amplitude [7, 8]. The
only method for removing this ambiguity is calculating the three-loop, Next-to-Next-to-Leading
Order (NNLO) QCD corrections. A sample NNLO diagram is shown in Fig. 1.

s

u, c, t
b

W

γ

Figure 1: One of the O(103) three-loop diagrams that we have calculated.

Since mb $ MW , such diagrams are most conveniently calculated using an effective field
theory language. The electroweak-scale contributions are encoded into the matching conditions
for the Wilson coefficients, while the b-quark-scale contributions are seen as matrix elements
of several flavour-changing operators. Large logarithms ln(M2

W /m2
b) are resummed using the

effective theory Renormalization Group Equations (RGE) that result from the operator mixing
under renormalization.

1
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Cut in photon energyPhoton energy spectrum

• Belle  has E0=1.8GeV, BaBar E0=1.9 GeV

• Cut complicates theoretical analysis...

• beam background.

The photon spectra for ON and scaled OFF data samples along with the results of
subsequent background subtractions are plotted in Fig. 1(a). The B → Xsγ photon energy
spectrum that has been corrected for efficiency is shown in Fig. 1(b). The analysis measured
the branching fraction,

B(B → Xsγ) = (3.55 ± 0.32+0.30+0.11
−0.31−0.07) × 10−4, (1)

where the errors are statistical, systematic and theoretical, respectively. This result agreed
with the latest theoretical calculations [15, 16], as well as with previous measurements made
by CLEO [17] and Belle [18].
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FIG. 1: From [12]. (a) Photon energy spectra in the Υ(4S) frame. (b) Efficiency-corrected photon

energy spectrum. The two error bars show the statistical and total errors.

MOMENT MEASUREMENTS

We follow the procedure used in the published analysis [12], with some slight variations.
No attempt is made to correct for the part of the spectrum that is not measured with
a satisfactory precision i.e from energy below 1.8 GeV. We apply lower energy threshold
cuts as measured in the Υ(4S) rest frame (E∗

cut) to the efficiency corrected spectrum, from
which we obtain truncated first and second moments. Corrections are applied to recover the
moments such that the lower energy thresholds correspond to quantities measured in the
B-meson rest frame (Ecut).

A simple procedure is used to unfold the effects of detector resolution, the small B-meson
boost in the Υ(4S) frame, and that of the 100 MeV wide bins. We define the first moment
as 〈Eγ〉 (mean) and the second moment as ∆E2

γ ≡
〈

E2
γ

〉

−〈Eγ〉2 (variance). The corrections
are as follows:
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Figure 4: Efficiency-corrected photon energy spectrum for the extracted signal, shown only for the
originally-blinded range of reconstructed energy (note the range 2.7-2.9GeV is not used to measure
the branching fractions or moments). The small error bar is statistical only. The larger error bar
also includes BB and other systematic uncertainties and a model-dependence uncertainty, all in
quadrature. There are significant correlations among non-statistical uncertainties for different bins.

from the B rest frame to the Υ (4S) frame, given our ignorance of the direction of the B.) We
compute the correction factor αcut for the KN and BBU models and find that it has minimal model-
dependence. Table 4 shows PBFs with corrections applied, along with the statistical, systematic and
model-dependent errors. For the corrected PBFs the latter includes two correlated contributions:
the model-dependent efficiency uncertainty noted above, already applied to the measured PBFs,
and the uncertainty on αcut.

We studied many sources of systematic uncertainty, and here note the more significant. The
uncertainty on the BB background subtraction is shown in Table 3, and amounts to 5.5% for 2.0 to
2.7GeV. It comes mostly from the statistical uncertainties on the correction factors derived from
the π0(η) control sample. Other systematic effects total 6.4% in quadrature. Of this, 3.3% is the
uncertainty on photon selection, dominated by a 2.5% uncertainty on photon efficiency (determined
from π0s in τ decays) and 2% for the photon isolation cut. It also includes allowance for uncertainties
in photon energy scale and resolution, and in the photon lateral shape cut efficiency, derived mainly
from data from the BABAR B → K∗γ analysis and photons from virtual Compton scattering. The
efficiency of the event shape cuts was studied using a π0 control sample to compare distributions of
the Fisher discriminant between data and simulation, resulting in an uncertainty of 3.0%. A small
sensitivity to details of Xs fragmentation implies, for the adjustments determined in the BABAR

semi-inclusive analysis, an additional uncertainty of only 1.4%. A 2.2% uncertainty is assigned for
lepton identification, and 3.0% for the uncertainties on the semileptonic corrections.
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CLEO ‘01‘05

Eγ > 1.8 GeV
to suppress 
background

BaBar Eγ > 1.9 GeV, CLEO Eγ > 2.0 GeV



Cut in photon energy
with cut E0>Eγ three relevant scales: 

(hard)  mb 
(jet)     (Δ mb)1/2 

(soft)   Δ=mb -2E0 ≈1GeV 

OPE in terms of (ΛQCD/Δ)n and αS(Δ)

calculate NNLO corrections to multiscale OPE to 
resum large logarithms

Neubert ‘04; Becher, Neubert ‘06

H(µh) H(µh)

Soft-Collinear Effective Theory

Γ ∼ H
2
J ⊗ S

QCD

Heavy-Quark Effective Theory

J(p2, µi)

H(µh) H(µh)

soft fields

collinear fields

Factorization theorem

B

B

BBB

B
Korchemsky, Sterman ‘94

s

bb

HQET fields ≡ soft fields

softhard jet
shape function



Experiment vs. NLO theory

HFAG ‘06

Brexp(Eγ > 1.6GeV) = (3.55 ± 0.24+0.09
−0.1 ± 0.03) × 10−4
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Charm Quark Mass

mc/mb = 0.29± 0.02

mc/mb = 0.22± 0.04

(on-shell)

(MS)

B
r(

E
γ

>
1.

6G
eV

)

Haisch ‘06

mc/mb = 0.29 ± 0.02 (pole mass)

mc/mb = 0.22 ± 0.04 (MS)

BrSM(Eγ > 1.6GeV) = (3.33 ± 0.29) × 10−4, mc/mb = 0.26 ± 0.01

mc(mc)/m1S
b

NNLO estimate of Becher/Neubert ‘06 including effect 
of photon energy cut using the recent NNLO result of 
Misiak et. al ‘06

4

between 0.3% and 3% has been found. Accounting for
this effect lowers the central value from 3.27 to 3.22.

Our final prediction for the B̄ → Xsγ branching frac-
tion with E0 = 1.6GeV is

Br(B̄ → Xsγ) (9)

= (2.98+0.13
−0.17pert ± 0.16hadr ± 0.11pars ± 0.09mc

) · 10−4 ,

where we have combined errors of the same type in
quadrature. This appears justified, since theoretical cor-
relations in the calculations of the total branching frac-
tion and the event fraction F (E0) are small. In (1) we
have combined all uncertainties in quadrature. A more
conservative approach would be to add the errors lin-
early, in which case the error becomes +0.49

−0.53. Compared
with the result Br(B̄ → Xsγ) = (3.15 ± 0.23) · 10−4 ob-
tained in [8], our central value in (9) is lower by about
5% and, more importantly, the perturbative uncertainty
is larger by almost a factor of 2. Both changes are a re-
sult of significant two-loop corrections encountered at the
intermediate and soft scales, µi ∼

√
mb∆ and µ0 ∼ ∆.

Our theoretical prediction for the B̄ → Xsγ decay rate
is consistent with the present experimental world aver-
age, as is reflected in the ratio

Br(B̄ → Xsγ)exp

Br(B̄ → Xsγ)th
= 1.19 ± 0.09exp ± 0.10th . (10)

However, whereas for a long time the experimental re-
sult used to be lower than the theoretical one, it is now
about 1.4 standard deviations larger. Since in many ex-
tensions of the Standard Model the contributions from

New Physics are expected to interfere constructively with
the Standard Model b → sγ amplitude, the situation
has changed from one where New Physics models were
rather tightly constrained to one where there is now room
for speculation about how the central number in (10)
could be explained in terms of loop contributions con-
taining new heavy particles. Consider, e.g., the case of
type-II two-Higgs-doublet models. Whereas in the past
there used to be bounds on the charged-Higgs mass from
B̄ → Xsγ on the order of 500GeV, the ratio (10) could
now be explained with a New Physics contribution from
a charged Higgs in just that mass range.

In summary, we have presented the first NNLO pre-
diction for the B̄ → Xsγ branching fraction in which
the effects of a photon-energy cut Eγ ≥ 1.6GeV have
been properly taken into account. Low-scale perturba-
tive corrections lower the prediction for the branching
ratio and introduce a significant theoretical uncertainty
even at NNLO. Our result is about 1.4 standard devi-
ations lower than the world-average experimental value.
This re-opens the door for explorations of New Physics
contributions to rare flavor-changing B-decay processes.
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Key players
Specific pattern:

Br(Bs →μ+μ-) ~ (tanß)6

ΔMs                     ~ (ΔMs)SM - c (tanß)4

Br(Bu →τ ν)  ~ Br(Bu →τ ν)SM - d (tanß)2

Br(              ) chargino and H± contributions tend to cancel 
for AU<0.

(ΔMs)exp/(ΔMs)SM = 0.8 ± 0.12
RBτν=(Br(Bu →τ ν) )exp/(Br(Bu →τ ν) )SM = 0.7 ± 0.3
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Four key players in the flavour sector:
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The recent experimental infos on B(B± !"l± !) [Belle] & $MBs [CDF] 

allows us to explore this scenario more deeply
G.I. & P.Paradisi '06

~(10-50)%
suppression

up to 100 %

enhancement

~(0-20)%
suppression

~(0-50)%
enhancement

[qualitative general features for MH ~ 500 GeV & tan& ~ 50]

Despite several new free parameters, the framework exhibits a well defined 
pattern of enhancements & suppressions (consistent with present data)

Phenomenology of MFV at large tan&

 G. Isidori –  Large tan& effects in flavour physics         Capri Heavy Flavour Workshop

Isidori, Paradisi ‘06

Buras, Chankowski, Rosiek, Slawianowska ‘02

Babu, Kolda ‘02

pre-ICHEP 06, post-ICHEP -> R=0.85

using UTfit ’05 and CDF/D0 result; UTfit ’06 -> 0.96



Bs→μ+μ- vs. ΔMs

Figure 23: Correlation between ∆Ms/(∆Ms)SM and B0
s,d → µ+µ− in the MSSM with

flavour violation ruled by the CKM matrix. Lower (upper) branches of points correspond

to 0 < 1+fs < 1 (1+fs < 0). Current experimental bounds: BR(B0
s → µ+µ−) < 2 ·10−6

(CDF) [35] and BR(B0
d → µ+µ−) < 2.1 · 10−7 (BaBar) [34] are shown by the horizontal

solid lines. Solid (dashed) vertical lines show the lower limit on ∆Ms/(∆Ms)SM following

from eq. (7.62) with a = 0.52 as in ref. [23] (a = 0.71 as in [44]).
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Figure 2: B-physics observables and (g − 2)µ in the MH±–tanβ plane. The four plots
correspond to: [µ, AU ] = [0.5, 0] TeV (upper left); [µ, AU ] = [1, 0] TeV (upper right);
[µ, AU ] = [0.5,−1.0] TeV (lower left); [µ, AU ] = [0.5,−2.0] TeV (lower right). The exclu-
sion regions for B(Bs → µ+µ−) and B(Bs → Xsγ) correspond to the limits in Eqs. (13)
and (16), respectively (see main text for more details).
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Figure 2: B-physics observables and (g − 2)µ in the MH±–tanβ plane. The four plots
correspond to: [µ, AU ] = [0.5, 0] TeV (upper left); [µ, AU ] = [1, 0] TeV (upper right);
[µ, AU ] = [0.5,−1.0] TeV (lower left); [µ, AU ] = [0.5,−2.0] TeV (lower right). The exclu-
sion regions for B(Bs → µ+µ−) and B(Bs → Xsγ) correspond to the limits in Eqs. (13)
and (16), respectively (see main text for more details).
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Outlook and conclusions
• We are puzzled by the flavour problem

• Rare K decays are very sensitive probe into TeV 
scale flavour violation. Best test of MFV and 
generically expect  large deviations in non-MFV 
scenarios. 

• Beginning of the era of precision flavour tests of 
NP

• Very interesting NP scenario Little Higgs with T 
parity: see C. Tarantino’s talk for a discussion of 
the signatures.

• Theorist’s nirvana: measure                and  K → πν̄ν Bs → µ+µ−




