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Radiative decays

2

• Radiative decays are flavor-changing neutral current (FCNC) 
processes, and occur only via loop diagrams

- two categories:

- radiative penguin decays: emission of a photon (a,b)

- electroweak penguin decays: emission of a lepton pair (c)
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Figure 1
Examples of radiative penguin decay diagrams in (a) the Standard Model and (b) beyond. (c) A penguin.

they are theoretically well understood and have been extensively measured at the B factories.
The search for such NP effects complements the search for new particles produced at collider
experiments.

The first generation of the B factories at KEK (i.e., the Belle experiment at the KEKB
e+e! collider; see http://belle.kek.jp/) and at SLAC (i.e., the BaBar experiment at the PEP-
II e+e! collider; see http://www.slac.stanford.edu/BFROOT/) have collected huge samples of
B meson decays and have thereby established the SM picture of CP violation and other flavor-
changing processes in the quark sector. These processes are governed by a single 3 " 3 uni-
tarity matrix referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix (3, 4). The CKM
matrix can be illustrated by a unitarity triangle in the complex plane that is overconstrained
by measurements from the B factories, the Tevatron B physics programs [namely the CDF
(see http://www-cdf.fnal.gov/physics/new/bottom/bottom.html) and DØ (see http://www-
d0.fnal.gov/Run2Physics/WWW/results/b.htm) experiments], and earlier kaon decay experi-
ments. In other words, none of the current measurements of B meson decays have observed an
unambiguous sign of NP (5, 6). Although this experimental result is an impressive success of the
CKM theory within the SM, there is still room for sizable new effects from new flavor structures,
given that FCNC processes have been tested only up to the 10% level.

The nonexistence of large NP effects in the FCNC processes hints at the famous flavor problem,
namely why FCNCs are suppressed. This problem must be solved in any viable NP model. Either
the mass scale of the new degrees of freedom is very high or the new flavor-violating couplings
are small for reasons that remain to be found. For example, assuming generic new flavor-violating
couplings, the present data on K ! K̄ mixing imply a very high NP scale of order 103–104 TeV,
depending on whether the new contributions enter at loop level or at tree level. In contrast,
theoretical considerations on the Higgs sector, which is responsible for the mass generation of the
fundamental particles in the SM, call for NP at order 1 TeV. As a consequence, any NP below
the 1-TeV scale must have a nongeneric flavor structure. The present measurements of B decays,
especially of FCNC processes, already significantly restrict the parameter space of NP models.
For further considerations on NP, the reader is referred to another article in this volume (7) and
to Reference 8.

Quark-level FCNC processes such as b # s ! , to which NP may contribute, cannot be directly
measured because the strong interaction forms hadrons from the underlying quarks. Instead, the
experimentally measured and theoretically calculated process is a B meson decay into a photon
plus an inclusive hadronic final-state Xs, which includes all the hadron combinations that carry the
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F.Blanc, Flavor Physics

Radiative decays in the SM and beyond

3

• In the SM, radiative decays are well understood, and accurate 
predictions can be made (branching fractions, photon energy 
spectrum)

• New physics heavy particles can enter the loop and couple to 
the SM particles (quarks, photon)
=> modification to the SM-predicted values
=> sensitive laboratory for new physics
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Figure 1
Examples of radiative penguin decay diagrams in (a) the Standard Model and (b) beyond. (c) A penguin.

they are theoretically well understood and have been extensively measured at the B factories.
The search for such NP effects complements the search for new particles produced at collider
experiments.

The first generation of the B factories at KEK (i.e., the Belle experiment at the KEKB
e+e! collider; see http://belle.kek.jp/) and at SLAC (i.e., the BaBar experiment at the PEP-
II e+e! collider; see http://www.slac.stanford.edu/BFROOT/) have collected huge samples of
B meson decays and have thereby established the SM picture of CP violation and other flavor-
changing processes in the quark sector. These processes are governed by a single 3 " 3 uni-
tarity matrix referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix (3, 4). The CKM
matrix can be illustrated by a unitarity triangle in the complex plane that is overconstrained
by measurements from the B factories, the Tevatron B physics programs [namely the CDF
(see http://www-cdf.fnal.gov/physics/new/bottom/bottom.html) and DØ (see http://www-
d0.fnal.gov/Run2Physics/WWW/results/b.htm) experiments], and earlier kaon decay experi-
ments. In other words, none of the current measurements of B meson decays have observed an
unambiguous sign of NP (5, 6). Although this experimental result is an impressive success of the
CKM theory within the SM, there is still room for sizable new effects from new flavor structures,
given that FCNC processes have been tested only up to the 10% level.

The nonexistence of large NP effects in the FCNC processes hints at the famous flavor problem,
namely why FCNCs are suppressed. This problem must be solved in any viable NP model. Either
the mass scale of the new degrees of freedom is very high or the new flavor-violating couplings
are small for reasons that remain to be found. For example, assuming generic new flavor-violating
couplings, the present data on K ! K̄ mixing imply a very high NP scale of order 103–104 TeV,
depending on whether the new contributions enter at loop level or at tree level. In contrast,
theoretical considerations on the Higgs sector, which is responsible for the mass generation of the
fundamental particles in the SM, call for NP at order 1 TeV. As a consequence, any NP below
the 1-TeV scale must have a nongeneric flavor structure. The present measurements of B decays,
especially of FCNC processes, already significantly restrict the parameter space of NP models.
For further considerations on NP, the reader is referred to another article in this volume (7) and
to Reference 8.

Quark-level FCNC processes such as b # s ! , to which NP may contribute, cannot be directly
measured because the strong interaction forms hadrons from the underlying quarks. Instead, the
experimentally measured and theoretically calculated process is a B meson decay into a photon
plus an inclusive hadronic final-state Xs, which includes all the hadron combinations that carry the
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F.Blanc, Flavor Physics

Electroweak effective Hamiltonian
• Rare B decays: interplay between weak and strong 

interactions. To first order:
- weak interactions govern the decay

- strong interactions govern the hadronization

• Effective theory in B-meson decays

- integrate out the heavy particles:

- the top quark

- and the electroweak bosons (W±, Z0)

- we obtain an effective 5-quark low-energy theory (u,d,s,c,b)

• The operator product expansion (OPE) method allows 
separation of

- long distance contributions (operator matrix elements)

- short-distance physics (“Wilson coefficients”)

4



F.Blanc, Flavor Physics

Electroweak effective Hamiltonian
• The electroweak effective Hamiltonian

5

He� =
4GF�

2

X

i

Ci(µ, M)Oi(µ)



F.Blanc, Flavor Physics

Electroweak effective Hamiltonian
• The electroweak effective Hamiltonian

5

He� =
4GF�

2

X

i

Ci(µ, M)Oi(µ)

The Wilson coefficients

• contain the integrated top quark and 
W mass dependencies

• can be calculated with perturbative 
methods



F.Blanc, Flavor Physics

Electroweak effective Hamiltonian
• The electroweak effective Hamiltonian

5

He� =
4GF�

2

X

i

Ci(µ, M)Oi(µ)

The Wilson coefficients

• contain the integrated top quark and 
W mass dependencies

• can be calculated with perturbative 
methods

The operator matrix elements

• for inclusive decays: use quark-hadron duality
• i.e. calculations at quark level (+corrections): 
b→sγ 

• for exclusive decays: need matrix elements 
between meson states.
• various approaches, based on heavy-quark 
limit:

• QCD factorizations (QCDF)
• soft-collinear effective theory (SCET)



F.Blanc, Flavor Physics

Effective Hamiltonian for radiative decays
• The electroweak effective Hamiltonian for radiative decays:

• The CKM matrix elements enter in the λq parameters

                               with unitarity relations

• The operators are:

6

He� = �4GF⇥
2

"
�t

q

10X

i=1

CiOi + �u
q

2X

i=1

Ci(Oi �Ou
i )

#
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The effective electroweak Hamiltonian that is relevant to b ! s /d ! and b ! s /d "+""

transitions in the SM reads

Heff = "4GF#
2

!

#t
q

10"

i=1

CiOi + #u
q

2"

i=1

Ci (Oi " Ou
i )

#

, 5.

where the explicit CKM factors are #t
q = V tb V $

tq and #u
q = V ub V $

uq . The unitarity relations
#c

q = "#t
q " #u

q have already been used. The dimension-six operators are

O1 = (s̄ L!µT a c L)(c̄ L! µT a b L), O2 = (s̄ L!µc L)(c̄ L! µb L),

Ou
1 = (s̄ L!µT a uL)(ūL! µT a b L), Ou

2 = (s̄ L!µuL)(ūL! µb L),

O3 = (s̄ L!µb L)
"

q

(q̄! µq ), O4 = (s̄ L!µT a b L)
"

q

(q̄! µT aq ),

O5 = (s̄ L$b L)
"

q

(q̄$%q ), O6 = (s̄ L$T a b L)
"

q

(q̄$%T aq ),

O7 = e/16%2mb (s̄ L&µ'b R)Fµ', O8 = gs /16%2mb (s̄ L&µ'T a b R)Ga
µ',

O9 = e2/16%2(s̄ L!µb L)
"

"

("̄! µ"), O10 = e2/16%2(s̄ L!µb L)
"

"

("̄! µ!5"), 6.

where $ = !µ!'!# and $% = ! µ! '! #. The subscripts L and R refer to left- and right-handed
components, respectively, of the fermion fields. In b ! s transitions, the contributions propor-
tional to #u

s are rather small, whereas in b ! d decays, where #u
d is of the same order as #t

d , these
contributions play an important role in CP and isospin asymmetries. The semileptonic operators
O9 and O10 occur only in the semileptonic b ! s /d "+"" modes.

Among the four-quark operators, only the effective couplings for i = 1, 2 are large at the
low scale µ = mb [C1,2(mb ) & 1], whereas the couplings of the other four-quark operators have
almost negligible values. However, the dipole operators [C7(mb ) & "0.3, C8(mb ) & "0.15] and
the semileptonic operators [C9(mb ) & 4, C10(mb ) & "4] also play a significant role.

There are three principal calculational steps that lead to the LL (NNLL) result within the
effective field theory approach:

1. The full SM theory must be matched with the effective theory at the scale µ = µW , where
µW denotes a scale of order mW or mt . The Wilson coefficients Ci (µW ) pick up only small
QCD corrections, which can be calculated within fixed-order perturbation theory. In the
LL (NNLL) program, the matching has to be worked out at the O((0

s ) [O((2
s )] level.

2. The evolution of these Wilson coefficients from µ = µW down to µ = µb must then be
performed with the help of the renormalization group, where µb is of the order of mb .
Because the matrix elements of the operators evaluated at the low scale µb are free of large
logarithms, the latter are contained in resummed form in the Wilson coefficients. For the
LL (NNLL) calculation, this RGE step has to be performed using the anomalous-dimension
matrix up to order (1

s ((3
s ).

3. To LL (NNLL) precision, the corrections to the matrix elements of the operators
's ! |Oi (µ)|b( at the scale µ = µb must be calculated to order (0

s ((2
s ) precision. The calcu-

lation also includes bremsstrahlung corrections.

2.2.1. B ! Xs! . The error of the LL prediction of the B ! X s ! branching fraction (37–40)
is dominated by a large renormalization-scale dependency at the ± 25% level, which indicates
the importance of the NLL series. By convention, the dependency on the renormalization scale
µb is obtained by the variation mb/2 < µb < 2mb . The three calculational steps of the NLL
enterprise—Step 1 (41, 42), Step 2 (43, 44), and Step 3 (45–49)—have been performed by many

650 Hurth · Nakao
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F.Blanc, Flavor Physics

• Three steps:
1. match the effective theory to the W mass scale (µ=mW)

- small QCD corrections to the Wilson coefficients

- LL at O(αs) or NNLL at O(αs2) level

2. evolution of Ci from µ=mW down to µ=mb 

- with help of renormalization group 

3. apply corrections (e.g. bremsstrahlung)

• For b→sγ calculations:

              BF(b→sγ, Eγ>1.6GeV) = (3.15±0.23)×10-4

Calculating the b→sγ branching fraction

7
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Figure 2
Renormalization-scale dependency of B(B ! X s ! ) in units of 104 at leading log (LL) (dotted red lines),
next-to-leading log (NLL) (dashed dark yellow lines), and next-to-next-to-leading log (NNLL) (solid blue lines).
The plots describe the dependency on (a) the low-energy scale µb and (b) the charm mass renormalization
scale µc . From Reference 54.

different groups and have been independently checked. The resulting NLL prediction had a small
dependency on the scale µb as well as on the matching scale µ0 below 5%. But, as first observed in
Reference 50, there was a large charm mass scheme dependency because the charm loop vanishes at
the LL level and the significant charm dependency begins only at the NLL level. By varying mc /mb

in the conservative range 0.18 " mc /mb " 0.31, which covers both the pole mass value (with its
numerical error) and the running mass value m̄c (µc ) with µc # [mc , mb ], one finds an uncertainty
of almost 10% (51, 52). This uncertainty is the dominant error in the NLL prediction. The
renormalization scheme for mc is an NNLL issue, and a complete NNLL calculation reduces this
large uncertainty by at least a factor of two (53). This finding motivated the NNLL calculation of
the B ! X s ! branching fraction.

Following a global effort, such an NNLL calculation was recently performed and led to the
first NNLL prediction of the B ! X s ! branching fraction (54). This result is based on various
highly nontrivial perturbative calculations (55–65). Some perturbative NNLL corrections have
not yet been included in the present NNLL estimate, but they are expected to be smaller than the
current perturbative uncertainty of 3% (59, 66–69).

In the present NNLL prediction (54), the reduction of the renormalization-scale dependency
at the NNLL is shown in Figure 2. The most important effect occurs for the charm mass M S
renormalization scale µc , which has been the main source of uncertainty at the NLL. The current
uncertainty of ± 3% due to higher-order [O("3

s )] effects can be estimated via the NNLL curves
in Figure 2. The reduction factor of the perturbative error is a factor of greater than three. The
central value of the NNLL prediction is based on the choices µb = 2.5 GeV and µc = 1.5 GeV.

At NNLL QCD accuracy, subdominant, perturbative, electroweak two-loop corrections are
also relevant and have been calculated to be $3.6% (70–73). They are included in the present
NNLL prediction.

2.2.2. B ! Xs!
+!". Compared with the B ! X s ! decay, the inclusive B ! X s #

+#$ decay
presents a complementary and more complex test of the SM, given that different perturbative elec-
troweak contributions add to the decay rate. This inclusive mode is also dominated by perturbative
contributions, if one eliminates c c̄ resonances with the help of kinematic cuts. In the so-called
perturbative q2 windows below and above the resonances, namely in the low–dilepton mass region
1 GeV2 < q 2 = m2

## < 6 GeV2 and in the high–dilepton mass region where q 2 > 14.4 GeV2,

www.annualreviews.org • Decays of B Mesons 651
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F.Blanc, Flavor Physics

b→sγ branching fraction measurements
• 3 methods to measure the b→sγ branching fraction

1. semi inclusive: sum of several exclusive final states (B→Xsγ)

2. fully inclusive: subtract continuum and other B-decay photon 
energy spectrum from on-resonance Υ(4S) data

- full statistics can be exploited, but large backgrounds

3. B recoil

- very clean, but relatively
small statistics

8

304 M. Antonelli et al. / Physics Reports 494 (2010) 197–414

Table 41
Inclusive branching fractions of radiative B decays. Emin

⇥ and B(E⇥ > Emin
⇥ ) are the minimum energy and branching fraction reported in the paper, while

B(E⇥ > 1.6 GeV) is the rescaled branching fraction. The size of the data sets is given in units of fb�1 and the branching fractions are in units of 10�6.

Method Data set Emin
⇥ B(E⇥ > Emin

⇥ ) B(E⇥ > 1.6GeV) Ref.

CLEO fully inclusive 9 2.0 305 ± 41 ± 26 329 ± 53 [557]
BaBar fully inclusive 82 1.9 367 ± 29 ± 34 ± 29 392 ± 56 [553]
BaBar semi-inclusive 82 1.9 327 ± 18 +55

�40
+4
�9 349 ± 57 [554]

BaBarB-recoil 210 1.9 366 ± 85 ± 60 391 ± 111 [673]
Belle semi-inclusive 6 2.24 — 369 ± 94 [674]
Belle fully inclusive 605 1.7 332 ± 16 ± 37 ± 1 337 ± 43 [666]

Average – – – 352 ± 23 ± 9

Theory prediction – – – 315 ± 23 [647]
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Fig. 49. (a) On-resonant data (open circle), scaled continuum data (open square) and continuum background subtracted (filled circle) photon energy
spectrum. (b) The spectra of photons from B decays (MC). (c) The extracted photon spectrum for B ⇥ Xs⇥ . The plots are taken from [666].

6.2.2. Experimental methods and status of B ⇥ Xs,d⇥

The analysis of the inclusive B ⇥ Xs⇥ decay at the B factories is rather complicated. The quantities to be measured are
the differential decay rate, i.e., the photon energy spectrum as well as the total branching fraction. There are three methods
for the inclusive analyses: fully inclusive, semi-inclusive, and B recoil.

The idea of the fully inclusive method is to subtract the photon energy spectrum of the on-resonant e+e� ⇥ � (4S) ⇥
BB events by that of the continuum e+e� ⇥ qq events. This method is free from the uncertainty of the final state, and
can exploit the whole available statistics. However, the signal purity is very low, and the background suppression is a key
issue. The photon energy is obtained in the � (4S) rest frame and not in the B rest frame, since the momentum of the B is
unknown.

Panel (a) of Fig. 49 shows thephoton energy spectrumafter suppressing the continuumbackground, using event topology,
and vetoing high energy photons from ⌅0 or ⇤ using the invariant mass of the candidate high energy photon, and of any
other photons in the event. The largest background is from the continuum events, and is subtracted using the continuum
data. This subtraction requires correction due to small center-of-mass energy difference for the event selection efficiency,
photon energy, and photon multiplicity between the on-resonant and continuum sample. As shown in panel (b) of Fig. 49,
the subtracted spectrum still suffers fromhuge backgrounds from B decays, which are subtracted using theMC sample. Here,
the MC sample needs to be calibrated with data using control samples to reproduce the yields of ⌅0, ⇤, etc. The final photon
spectrum, obtained with the prescribed procedure, for b ⇥ s⇥ events, is shown in panel (c) of Fig. 49. It can be seen that
the errors increase rapidly for photon energies below 2 GeV due to the very large continuum background in that region. For
this reason all measurements of the branching ratio introduce a cutoff Emin

⇥ and then extrapolate to get B(E⇥ > 1.6 GeV)
which is compared to the theory prediction. Measurements by CLEO, BaBar, and Belle using the fully inclusive method are
listed in Table 41. The results are consistent with the SM expectation (283).

In the semi-inclusive method, also called ‘‘sum-of-exclusive’’ method, the reconstruction of the B ⇥ Xs⇥ signal is
performed by the sum of certain hadronic final states Xs that are exclusively reconstructed. Typically, Xs is reconstructed
from one Kaon plus up to four pions including up to one or two neutral pions, but also modes with three Kaons or an ⇤
are used. The advantage of this method is a better signal purity compared to the fully inclusive method. The background
suppression is still important, but the detailed correction of theMC samples and the precise determination of the luminosity
of the off-resonance sample, used in the fully inclusive method, are not necessary. Another advantage is that the photon
energy in the B rest frame can be measured from the mass of the Xs system. However, this method can reconstruct only a

The background events consist of nonsignal B decays
and continuum background from u !u, d !d, s!s and c !c events.
The continuum events are suppressed by using a Fisher
discriminant that combines 12 variables related to the
different event decay topologies of B !B and continuum
events. These include event-shape variables such as the
thrust, as well as information on the energy flow relative to
the direction of the candidate signal photon.

To discriminate against photons from !0 and " decays,
we combine the signal candidate photon with any other
photon in the event associated with the signal B. The event
is vetoed if the pair’s invariant mass is consistent with a !0

or ". Furthermore, the event is rejected if the candidate
photon combined with a !! is consistent with a #! !
!!!0 decay assuming that the second photon from the !0

decay is lost.

III. FIT OF SIGNAL RATES

The distribution of mES for the selected events has a peak
around the mass of the B meson, corresponding to correctly
reconstructed B !B events, and a broad background compo-
nent that stems from non-B !B and misreconstructed B !B
events. The peak is modeled with a crystal ball (CB)
function [16]. This contains two parameters that corre-
spond to the mean and width of the Gaussian core and
two additional parameters that describe a power-law tail
extended to masses below the core region. The nonpeak
background term is described with an ARGUS function
[17].

Applying the selection criteria outlined above yields
approximately 7700 events. We divide the event sample
into 14 intervals of photon energy, each 100 MeV wide,
spanning the range 1.3 to 2.7 GeV. In each interval, we
extract the number of peak events with a binned maximum
likelihood fit to the mES distribution.

The limited size of the data sample means that it is not
possible to fit all of the parameters related to the shape of
the CB and ARGUS functions individually in separate

intervals of photon energy. One expects, however, a smooth
variation of the shapes as a function of E$. To impose this
smoothness, a simultaneous fit of the mES distributions for
all of the photon-energy intervals is carried out. The varia-
tion of the shape parameters with photon energy is de-
scribed by polynomials, whose orders are the lowest
possible that allow an adequate modeling of the data.
Examples of the mES distributions and results of the simul-
taneous fit are shown in Fig. 1. The global %2 is 330 for the
charged B sample and 357 for the neutral sample, both for
387 degrees of freedom.

The measured numbers of B events are shown in
Fig. 1(c) as a function of photon energy. The points are
from data; the solid histogram is from a B !B MC sample
that excludes the signal decay B ! X$. Because of the
large background at low energy the signal region is defined
as E$ > 1:9 GeV. This choice was optimized in MC
studies. The MC prediction has been scaled by fitting to
the data region between 1:3<E$ < 1:9 GeV, taking
into account the small contribution from B ! X$ decays
in that region. For E$ > 1:9 GeV, we observe 119! 22
B ! X$ signal events over a B !B background of 145! 9
events.

For 1:3<E$ < 1:9 GeV a comparison of the data and
background gives a %2 of 9.7 for 5 degrees of freedom. The
probability to observe a value at least this great is 8.4%.
Our estimate of the systematic uncertainty in the back-
ground (described below) is in fact smaller than the ob-
served data-background difference; therefore we regard
this difference primarily as a statistical fluctuation.

To determine the partial branching fractions, we require
the total number of B !B events in the sample after selection
of the tag B candidates. In a procedure analogous to that
described for the mES fits in bins of E$, we divide the data
into four intervals of estimated tag B candidate purity and
perform a simultaneous fit of the mES distributions. We
obtain approximately 680 000 B !B events corresponding to
an efficiency of 0.3%.
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(a) 1:6 GeV<E$ < 1:7 GeV for the charged B sample. (b) 2:3 GeV<E$ < 2:4 GeV for the neutral B sample. (c) The measured
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the signal decay B ! X$.
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b→sγ branching fraction: results
• CLEO, Belle and BABAR measured the branching fraction 

for b→sγ (in units of 10-6), above the photon energy Eγ 

- the fully inclusive method gives the better accuracy

- all results are in agreement within their uncertainties

- global average: 

- the difference with the theory calculation is not significant...

=> no obvious departure from SM predictions

9
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Table 41
Inclusive branching fractions of radiative B decays. Emin

⇥ and B(E⇥ > Emin
⇥ ) are the minimum energy and branching fraction reported in the paper, while

B(E⇥ > 1.6 GeV) is the rescaled branching fraction. The size of the data sets is given in units of fb�1 and the branching fractions are in units of 10�6.

Method Data set Emin
⇥ B(E⇥ > Emin

⇥ ) B(E⇥ > 1.6GeV) Ref.

CLEO fully inclusive 9 2.0 305 ± 41 ± 26 329 ± 53 [557]
BaBar fully inclusive 82 1.9 367 ± 29 ± 34 ± 29 392 ± 56 [553]
BaBar semi-inclusive 82 1.9 327 ± 18 +55

�40
+4
�9 349 ± 57 [554]

BaBarB-recoil 210 1.9 366 ± 85 ± 60 391 ± 111 [673]
Belle semi-inclusive 6 2.24 — 369 ± 94 [674]
Belle fully inclusive 605 1.7 332 ± 16 ± 37 ± 1 337 ± 43 [666]

Average – – – 352 ± 23 ± 9

Theory prediction – – – 315 ± 23 [647]
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Fig. 49. (a) On-resonant data (open circle), scaled continuum data (open square) and continuum background subtracted (filled circle) photon energy
spectrum. (b) The spectra of photons from B decays (MC). (c) The extracted photon spectrum for B ⇥ Xs⇥ . The plots are taken from [666].

6.2.2. Experimental methods and status of B ⇥ Xs,d⇥

The analysis of the inclusive B ⇥ Xs⇥ decay at the B factories is rather complicated. The quantities to be measured are
the differential decay rate, i.e., the photon energy spectrum as well as the total branching fraction. There are three methods
for the inclusive analyses: fully inclusive, semi-inclusive, and B recoil.

The idea of the fully inclusive method is to subtract the photon energy spectrum of the on-resonant e+e� ⇥ � (4S) ⇥
BB events by that of the continuum e+e� ⇥ qq events. This method is free from the uncertainty of the final state, and
can exploit the whole available statistics. However, the signal purity is very low, and the background suppression is a key
issue. The photon energy is obtained in the � (4S) rest frame and not in the B rest frame, since the momentum of the B is
unknown.

Panel (a) of Fig. 49 shows thephoton energy spectrumafter suppressing the continuumbackground, using event topology,
and vetoing high energy photons from ⌅0 or ⇤ using the invariant mass of the candidate high energy photon, and of any
other photons in the event. The largest background is from the continuum events, and is subtracted using the continuum
data. This subtraction requires correction due to small center-of-mass energy difference for the event selection efficiency,
photon energy, and photon multiplicity between the on-resonant and continuum sample. As shown in panel (b) of Fig. 49,
the subtracted spectrum still suffers fromhuge backgrounds from B decays, which are subtracted using theMC sample. Here,
the MC sample needs to be calibrated with data using control samples to reproduce the yields of ⌅0, ⇤, etc. The final photon
spectrum, obtained with the prescribed procedure, for b ⇥ s⇥ events, is shown in panel (c) of Fig. 49. It can be seen that
the errors increase rapidly for photon energies below 2 GeV due to the very large continuum background in that region. For
this reason all measurements of the branching ratio introduce a cutoff Emin

⇥ and then extrapolate to get B(E⇥ > 1.6 GeV)
which is compared to the theory prediction. Measurements by CLEO, BaBar, and Belle using the fully inclusive method are
listed in Table 41. The results are consistent with the SM expectation (283).

In the semi-inclusive method, also called ‘‘sum-of-exclusive’’ method, the reconstruction of the B ⇥ Xs⇥ signal is
performed by the sum of certain hadronic final states Xs that are exclusively reconstructed. Typically, Xs is reconstructed
from one Kaon plus up to four pions including up to one or two neutral pions, but also modes with three Kaons or an ⇤
are used. The advantage of this method is a better signal purity compared to the fully inclusive method. The background
suppression is still important, but the detailed correction of theMC samples and the precise determination of the luminosity
of the off-resonance sample, used in the fully inclusive method, are not necessary. Another advantage is that the photon
energy in the B rest frame can be measured from the mass of the Xs system. However, this method can reconstruct only a

B(B ⇥ Xs�) = (352± 23stat+syst ± 9E�>1.6GeV )� 10�6
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b→sγ: sensitivity to charged Higgs

10

• Calculation of the b→sγ branching fraction as a function of 
the charged Higgs mass

- allows determination of the 95% CL lower bound on the charged 
Higgs mass MH

semileptonic phase-space factor

 C !
!!!!!!!!
Vub

Vcb

!!!!!!!!
2 !" "B ! Xce "!#
!" "B ! Xue "!#

: (3)

The factor C has been determined in Ref. [17] together
with mc$mc% from a global fit to the semileptonic data. If
the normalization to B$ "B ! Xce "!% was not applied in the
"B ! Xs" calculation, the error due to mc$mc% would

amount to &2:8%. At the same time, one would need to
take into account uncertainties in m5

b and the Cabibbo-
Kobayashi-Maskawa factor jV?

tsVtbj2, each of which ex-
ceeds &3%.

The nonperturbative uncertainty in Eq. (2) is due to
matrix elements of the four-quark operators in the presence
of one gluon that is not soft (Q2 'm2

b, mb#, where #'
#QCD). Unknown nonperturbative corrections to them
scale like #s#=mb in the limit mc ( mb=2 and like
#s#

2=m2
c in the limit mc ) mb=2. Because mc < mb=2

in reality, #s#=mb should be considered as the quantity
that sets the size of such effects. Consequently, a &5%
nonperturbative uncertainty has been assigned to the result
in Eq. (2). This is the dominant uncertainty at present.
Thus, a detailed analysis of such effects would be more
than welcome. So far, no published results on this issue
exist. Even lacking a trustworthy method for calculating
such effects, it might be possible to put rough upper bounds
on them that could supersede the current guess-estimate of
&5%. Nonperturbative corrections to inclusive "B ! Xd;s"
decays that scale like #=mb may arise when the b-quark
annihilation vertex does not coincide with the hard photon
emission vertex; see, e.g., Ref. [6] or comments on "B !
Xd" in Sec. 2 of Ref. [5].

The NNLO central value in Eq. (2) differs from some of
the previous NLO predictions by between 1 and 2 error
bars of the NLO results. Because those error bars were
obtained by adding various theoretical uncertainties in
quadrature, such a shift is not improbable, similarly to
shifts by less than 2$ in experimental results. The shift
from the NLO to the NNLO level diminishes with lowering
the value of %c, which has motivated us to use the rela-
tively low %c ! 1:5 GeV as a reference value here.

The NNLO results turn out to be only marginally de-
pendent on whether one follows (or not) the approach of
Ref. [18] where the top-quark contribution to the decay
amplitude was calculated separately and rescaled by quark
mass ratios to improve convergence of the perturbation
series. Although the top contribution alone indeed behaves
better also at the NNLO level when such an approach is
used, the charm quark contribution (to which no rescaling
has been applied in Ref. [18]) does not turn out to be
particularly stable beyond the NLO. Consequently, in the
derivation of Eq. (2) and Fig. 2, we have used the simpler
method of treating charm and top sectors together.

Our result in Eq. (2) has been obtained under the as-
sumption that the photonic dipole operator contribution to
the integrated E" spectrum below 1.6 GeV is well approxi-

mated by a fixed-order perturbative calculation (see Note
added). For lower values of the photon energy cut, the
following numerical fit can be used:

 

" B$E" >E0%
B$E" > 1:6 GeV%

#
fixed
order

’ 1* 0:15x+ 0:14x2; (4)

where x ! 1+ E0=$1:6 GeV%. This formula coincides
with our NNLO results up to &0:1% for E0 2
"1:0; 1:6# GeV. The error is practically E0-independent in
this range.

In the remainder of this Letter, we shall update the "B !
Xs" constraints on the charged Higgs boson mass in the
two-Higgs-doublet-model II (THDM II) [19]. The solid
lines in Fig. 3 show the dependence of B$ "B ! Xs"% on
this mass when the ratio of the two vacuum expectation
values, tan&, is equal to 2. The dashed and dotted lines
show the SM (NNLO) and the experimental results, re-
spectively. In each case, the middle line is the central value,
while the other two lines indicate uncertainties that one
obtains by adding all the errors in quadrature.

In our THDM calculation, matching of the Wilson co-
efficients at the electroweak scale is complete up to the
NLO [20], but the NNLO terms contain only the SM
contributions (the THDM ones remain unknown). In con-
sequence, the higher-order uncertainty becomes somewhat
larger. This effect is estimated by varying the matching
scale %0 from half to twice its central value. It does not
exceed &1% for the MH* range in Fig. 3.

Even though the experimental result is above the SM
one, the lower bound on MH* for a generic value of tan&
remains stronger than what one can derive from any other
currently available measurement. If all the uncertainties
are treated as Gaussian and combined in quadrature, the
95% (99%) C.L. bound amounts to around 295 (230) GeV.
It is found for tan& ! 1 but stays practically constant
down to tan& ’ 2. For smaller tan&, the branching ratio
and the bound on MH* increase.

The contour plot in Fig. 4 shows the dependence of the
MH* bound on the experimental central value and error.
The current experimental result (1) is indicated by the
black square. Consequences of the future upgrades in the
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(see the text).
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measurements will easily be read out from the plot, so long
as no progress on the theoretical side is made. Of course,
the derived bounds should be considered illustrative only
because they depend very much on the theory uncertainties
that have no statistical interpretation.

To conclude, we have provided the first estimate of
B! !B ! Xs!" at O!"2

s". The inclusion of the NNLO QCD
corrections leads to a significant suppression of the branch-
ing ratio renormalization scale dependence that has been
the main source of uncertainty at the NLO. The central
value is shifted downward with respect to all the previously
published NLO results. It is now about 1# lower than the
experimental average (1). The dominant theoretical uncer-
tainty is currently due to the unknown O!"s"=mb" non-
perturbative effects. In the two-Higgs-doublet model II, the
experimental results favor a charged Higgs boson mass of
around 650 GeV. The 95% C.L. bound for this mass
amounts to around 295 GeV if all the uncertainties are
treated as Gaussian.
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ANSEF N 05-PS-hepth-0825-338 program, Science and
Engineering Research Canada, and support from the Sofia
Kovalevskaja Program of the Alexander von Humboldt
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Note added.—Recently, our results from Eqs. (2) and (4)
were combined in Ref. [21] with perturbative cutoff-
related corrections that go beyond a fixed-order calculation
[21,22]. Because these corrections for E0 # 1:6 GeV do
not exceed our higher-order uncertainty of $3%, we post-

pone their consideration to a future upgrade of the phe-
nomenological analysis, where other contributions of
potentially the same size are going to be included, too
(see Sec. 1 of Ref. [23]).
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Exclusive B→K*γ decays
• Belle and BABAR measured B→K*γ 

- HFAG averages

- Remarks:

- the K*γ final states correspond to approximately 12% of the 
inclusive b→sγ rate

- SM predictions are consistent, but have large uncertainties 
(30%-50%) due to B→K* form factors

- CP asymmetries in these channels are all consistent with zero

11

B(B+ ⇥ K⇤+�) = (42.1± 1.8)� 10�6

B(B0 ⇥ K⇤0�) = (43.3± 1.5)� 10�6
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b→dγ and |Vtd/Vts|
• Exclusive decays are (also) affected by hadronic uncertainties  

• But they can provide a measurement of |Vtd/Vts| via

- all parameters can be calculated

- largest uncertainty from the ratio of form factors parameter ξ

• Results (×106) :

=> Belle:

=> BABAR:
12

M. Antonelli et al. / Physics Reports 494 (2010) 197–414 307

model error for the measurements of the moments, but the measured moments themselves are used to determinedmb. The
latter issue could probably be avoided by performing a simultaneous determination of the parameters in question from the
raw photon energy spectrum.

6.3. Exclusive B ⌅ V⇤ decays

6.3.1. Theory of exclusive B ⌅ V⇤ decays
The exclusive decays B(s) ⌅ V⇤ , with V ⌃ {K ⇥, ⌥, ,�}, are mediated by FCNCs and thus test the flavor sector in and

beyond the SM. Aftermatching onto the effective Lagrangian (281), themain theoretical challenge is to evaluate the hadronic
matrix elements of the operators Q1�8. QCDF is a model independent approach based on the heavy-quark expansion [689–
691], and the bulk of this section is devoted to describing this formalism. At the end of the section we briefly mention the
‘‘perturbative QCD’’ (pQCD) approach [692–694]. Although the hadronic uncertainties inherent to the exclusive decaymodes
are a barrier to precise predictions, we shall see that the exclusive decays nonetheless provide valuable information on the
CKM elements |Vtd/Vts| and allow to put constraints on the chiral structure of possible non-standard interactions.

QCDF is the statement that in the heavy-quark limit the hadronic matrix element of each operator in the effective
Lagrangian can be written in the form

�
V⇤ |Qi| B̄

⇥
= T I

i F
B⌅V⌥ +

� ⇧

0

d 
 
�B

+( )

� 1

0
du�V

⌥(u)T II
i ( , u) + O

⌅
�QCD

mb

⇧
. (285)

The form factor FB⌅V⌥ and the light-cone distribution amplitudes (LCDAs) �B
+, �V

⌥ are non-perturbative, universal objects.
The hard-scattering kernels T I,II

i can be calculated as a perturbative series in⇥s. The elements T I
i (T

II
i ) are referred to as ‘‘vertex

corrections’’ (‘‘spectator corrections’’). The hard-scattering kernels have been known completely at order ⇥s (NLO) for some
time [689–691], and recently some of the ⇥2

s (NNLO) corrections have also been calculated [695].
An all orders proof of the QCDF formula (285) was performed in [696], using the technology of SCET. The EFT approach

also allows to separate physics from the two perturbative scalesmb and
�
mb�QCD, and to resum perturbative logarithms of

their ratio using the RG. The numerical impact of this resummation has been investigated in [695,696].
The predictive power of QCDF is limited by hadronic uncertainties related to the LCDAs and QCD form factors, as well

as by power corrections in �QCD/mb. For instance, the form factors FB⌅V⌥ can be calculated with QCD sum rules to an
accuracy of about 15%, which implies an uncertainty of roughly 30% on the B ⌅ V⇤ branching fractions. More troublesome
is the issue of power corrections. A naive dimensional estimate indicates that these should be on the order of 10%, but this
statement is hard to quantify. Since SCET is an effective theory which sets up a systematic expansion in ⇥s and�QCD/mb, it
has the potential to extend the QCDF formalism to subleading order in�QCD/mb. However, in caseswhere power corrections
have been calculated, the convolution integrals over momentum fractions do not always converge [697]. These ‘‘endpoint
divergences’’ are at present a principle limitation on the entire formalism.

Although a comprehensive theory of power corrections is lacking, it is nonetheless possible to estimate some of the
corrections which are believed to be large, or which play an important role in phenomenological applications. One such
correction stems from the annihilation topology, which has been shown to factorize at leading order in⇥s [690]. Annihilation
gives the leading contribution to isospin asymmetries, and is also important for B± ⌅ ⌥±⇤ branching fractions, where it
is enhanced by a factor of C1,2/C7. The �QCD/mb corrections from annihilation have been included in all recent numerical
studies [446,698–700], and part of the�2

QCD/m
2
b correction, so-called ‘‘long-distance photon emission’’, has been calculated

in [446]. Some additional ⇥s�QCD/mb corrections from annihilation and spectator scattering needed to calculate isospin
asymmetries were dealt with in [697]. Corrections from three-particle Fock states in the B and V mesons, most significant
for indirect CP asymmetries, were estimated in [446].

We now give numerical results for some key observables in B ⌅ V⇤ decays, and compare them with experiment. The
ratio of B ⌅ K ⇥⇤ and B ⌅ ⌥⇤ branching fractions is useful for the determination of |Vtd/Vts|. To understand why this is
the case, consider the expression

B(B0 ⌅ ⌥0⇤ )

B(B0 ⌅ K ⇥0⇤ )
= 1

2⌃ 2

⇤⇤⇤⇤
Vtd

Vts

⇤⇤⇤⇤
2 ⌃

1 � 2Rut⌅0 cos⇥ cos ⇧0 + R2
ut⌅

2
0

⌥
. (286)

Analogous expressions hold for charged decays and B ⌅  ⇤ . The quantities ⌅0 and cos ⇧0 can be calculated in QCDF,
and vanish at leading order in �QCD/mb and ⇥s. Beyond leading order they are approximately 10%, but the factor inside
the brackets remains close to unity, due to a additional suppression from the CKM factors cos⇥ ⇤ 0.1 and Rut =
|(VudVub)/(VtdVtb)| ⇤ 0.5. Therefore, by far, the dominant theoretical uncertainty is related to the form factor ratio
⌃ = FB⌅K⇥

/FB⌅⌥ . The ratio of form factors can be calculated with better accuracy than the form factors themselves and
has been estimated using light-cone sum rules to be 1.17 ± 0.09 [446]. Extracting |Vtd/Vts| from (286) and averaging with
determinations from the charged mode and the B ⌅  ⇤ decay yields the results given in Section 6.3.3.

Direct and isospin CP asymmetries, ACP and AI, provide useful tests of the SM and the QCDF approach. In QCDF, direct
CP asymmetries in B ⌅ V⇤ decays are suppressed by at least one power of ⇥s and isospin asymmetries by at least one
power of �QCD/mb, so both of these are predicted to be small. We first consider B ⌅ ⌥⇤ decays. In that case the QCDF
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Table 42
Measured branching fractions of radiative B decays. Only modes with evidence are listed. The size of the data sets is given in the units of fb�1.

Mode Belle BaBar
B(10�6) Data set Ref. B(10�6) Data set Ref.

B0 ⌅ K ⇤0⇤ 40.1 ± 2.1 ± 1.7 78 [707] 45.8 ± 1.0 ± 1.6 347 [708]
B0 ⌅ K ⇤+⇤ 42.5 ± 3.1 ± 2.4 78 [707] 47.3 ± 1.5 ± 1.7 347 [708]
B+ ⌅ K1(1270)+⇤ 43 ± 9 ± 9 140 [709] – – –
B0 ⌅ K ⇤

2 (1430)0⇤ 13 ± 5 ± 1 29 [710] 12.2 ± 2.5 ± 1.0 81 [711]
B+ ⌅ K ⇤

2 (1430)+⇤ – – – 14.5 ± 4.0 ± 1.5 81 [711]
B+ ⌅ K+⌅⇤ 8.4 ± 1.5 +1.2

�0.9 253 [712] 7.7 ± 1.0 ± 0.4 423 [713]

B0 ⌅ K 0⌅⇤ 8.7 +3.1
�2.7

+1.9
�1.6 253 [712] 7.1 +2.1

�2.0 ± 0.4 423 [713]

B+ ⌅ K+⌅⇧⇤ 3.2 +1.2
�1.1 ± 0.3 605 [714] – – –

B+ ⌅ K+⌥⇤ 3.4 ± 0.9 ± 0.4 90 [715] 3.5 ± 0.6 ± 0.4 211 [716]
B+ ⌅ p�⇤ 2.45 +0.44

�0.38 ± 0.22 414 [717] – – –
B+ ⌅ K+⇧�⇧+ ⇤ 25.0 ± 1.8 ± 2.2 140 [709] 29.5 ± 1.3 ± 2.0 211 [718]
B+ ⌅ K 0⇧+ ⇧0⇤ – – – 45.6 ± 4.2 ± 3.1 211 [718]
B0 ⌅ K 0⇧+ ⇧�⇤ 24.0 ± 4.0 ± 3.0 140 [709] 18.5 ± 2.1 ± 1.2 211 [718]
B0 ⌅ K+⇧�⇧0⇤ – – – 40.7 ± 2.2 ± 3.1 211 [718]
B0
s ⌅ ⌥⇤ 57 +18

�15
+12
�11 24 [719] – – –

B+ ⌅ ⌃+⇤ 0.87 +0.29
�0.27

+0.09
�0.11 605 [720] 1.20 +0.42

�0.37 ± 0.20 423 [721]

B0 ⌅ ⌃0⇤ 0.78 +0.17
�0.16

+0.09
�0.10 605 [720] 0.97 +0.24

�0.22 ± 0.06 423 [721]

B0 ⌅ �⇤ 0.40 +0.19
�0.17 ± 0.13 605 [720] 0.50 +0.27

�0.23 ± 0.09 423 [721]

prediction for the direct CP asymmetry is about �10% [699,700] and agrees well with the recent experimental results
quoted in Section 6.3.2. The QCDF result for AI depends strongly on cos⇥, but in the preferred range of ⇥ near 90° is roughly
between zero and �10% [699,700]. Values closer to the central experimental value can be generated if one assumes a large
contribution from non-perturbative charming penguins [701], which would be in contradiction with the power counting
of QCDF. Given the large experimental errors it is not yet possible to draw a definite conclusion. For B ⌅ K ⇤⇤ decays, the
direct CP asymmetries are strongly suppressed due to the CKM structure of the decay amplitude. The isospin asymmetry
comes out to be (3± 4)% [560], which is compatible with predictions from QCDF [446,697–699]. This isospin asymmetry is
very sensitive to the magnitude and sign of the ratio C6/C7.

Finally, we consider indirect CP asymmetries. In the SM, these are suppressed by powers of ms,d/mb or arise from
the presence of three-particle Fock states in the B and V mesons, which are �QCD/mb corrections to the leading order
factorization formula [702]. A calculation performed in [446] indicates that the corrections from three-particle Fock states
are much smaller than the generic size of a �QCD/mb power correction, so that the indirect CP asymmetries are estimated
to be below the 3% level for all decay modes. The asymmetries could be much larger in extensions of the SM with altered
chiral structure such as left–right symmetric models [446]. The current experimental results are within their large errors
consistent with zero [703,704].

A modified implementation of the heavy-quark expansion is provided by the pQCD approach [692–694]. The main
difference compared to QCDF is that pQCD attempts to calculate the QCD form factors perturbatively. The assumptions
required for such a treatment have been questioned in [705]. However, numerical results for most observables are in
rough agreement with those fromQCDF. A recent comparison between the branching fractions, isospin and CP asymmetries
obtained within the two theoretical setups can be found in [446].

6.3.2. Experimental results for exclusive B ⌅ V⇤ decays
The exclusive reconstruction of radiative B ⌅ V⇤ decays or other multi-body decays such as B ⌅ K⇧⇤ is usually

straightforward. The dominant background originates from the continuum process e+e� ⌅ qq , which is experimentally
suppressed by means of event shape variables.

Vetoing high energetic photons from ⇧0 or ⌅ is also useful. The background from B decays is small in the low hadronic
mass region, but becomes larger for higher hadronic mass, i.e., lower photon energy. Therefore, in the analysis of the
exclusive final states with more than two particles, it is necessary to apply a cut on the hadronic mass, which is typically
around2 to 2.5GeV. The contribution of the cross-feed from radiativeB decays to other final states also becomes a significant
background in some modes.

The first observation of radiative B decays has been established in 1993 by CLEO [706] by a measurement of the
B ⌅ K ⇤ ⇤ mode. They found 13 events in the signal region in a data sample of 1.4 fb�1, and measured the branching
fraction B(B ⌅ K ⇤ ⇤ ) = (45 ± 15stat ± 3syst) ⇥ 10�6. Now, the measurements by BaBar and Belle are based on data set
that are more than 100 times larger and start to be dominated by systematics, as can be seen from Table 42. Unfortunately,
it is not easy to predict the branching fractions of exclusive modes precisely, and hence it is difficult to compare the results
with theory.
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Table 42
Measured branching fractions of radiative B decays. Only modes with evidence are listed. The size of the data sets is given in the units of fb�1.

Mode Belle BaBar
B(10�6) Data set Ref. B(10�6) Data set Ref.
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B0 ⌅ K ⇤

2 (1430)0⇤ 13 ± 5 ± 1 29 [710] 12.2 ± 2.5 ± 1.0 81 [711]
B+ ⌅ K ⇤
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B+ ⌅ K+⌅⇤ 8.4 ± 1.5 +1.2

�0.9 253 [712] 7.7 ± 1.0 ± 0.4 423 [713]

B0 ⌅ K 0⌅⇤ 8.7 +3.1
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+1.9
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�2.0 ± 0.4 423 [713]

B+ ⌅ K+⌅⇧⇤ 3.2 +1.2
�1.1 ± 0.3 605 [714] – – –

B+ ⌅ K+⌥⇤ 3.4 ± 0.9 ± 0.4 90 [715] 3.5 ± 0.6 ± 0.4 211 [716]
B+ ⌅ p�⇤ 2.45 +0.44

�0.38 ± 0.22 414 [717] – – –
B+ ⌅ K+⇧�⇧+ ⇤ 25.0 ± 1.8 ± 2.2 140 [709] 29.5 ± 1.3 ± 2.0 211 [718]
B+ ⌅ K 0⇧+ ⇧0⇤ – – – 45.6 ± 4.2 ± 3.1 211 [718]
B0 ⌅ K 0⇧+ ⇧�⇤ 24.0 ± 4.0 ± 3.0 140 [709] 18.5 ± 2.1 ± 1.2 211 [718]
B0 ⌅ K+⇧�⇧0⇤ – – – 40.7 ± 2.2 ± 3.1 211 [718]
B0
s ⌅ ⌥⇤ 57 +18

�15
+12
�11 24 [719] – – –

B+ ⌅ ⌃+⇤ 0.87 +0.29
�0.27

+0.09
�0.11 605 [720] 1.20 +0.42

�0.37 ± 0.20 423 [721]

B0 ⌅ ⌃0⇤ 0.78 +0.17
�0.16

+0.09
�0.10 605 [720] 0.97 +0.24

�0.22 ± 0.06 423 [721]

B0 ⌅ �⇤ 0.40 +0.19
�0.17 ± 0.13 605 [720] 0.50 +0.27

�0.23 ± 0.09 423 [721]

prediction for the direct CP asymmetry is about �10% [699,700] and agrees well with the recent experimental results
quoted in Section 6.3.2. The QCDF result for AI depends strongly on cos⇥, but in the preferred range of ⇥ near 90° is roughly
between zero and �10% [699,700]. Values closer to the central experimental value can be generated if one assumes a large
contribution from non-perturbative charming penguins [701], which would be in contradiction with the power counting
of QCDF. Given the large experimental errors it is not yet possible to draw a definite conclusion. For B ⌅ K ⇤⇤ decays, the
direct CP asymmetries are strongly suppressed due to the CKM structure of the decay amplitude. The isospin asymmetry
comes out to be (3± 4)% [560], which is compatible with predictions from QCDF [446,697–699]. This isospin asymmetry is
very sensitive to the magnitude and sign of the ratio C6/C7.

Finally, we consider indirect CP asymmetries. In the SM, these are suppressed by powers of ms,d/mb or arise from
the presence of three-particle Fock states in the B and V mesons, which are �QCD/mb corrections to the leading order
factorization formula [702]. A calculation performed in [446] indicates that the corrections from three-particle Fock states
are much smaller than the generic size of a �QCD/mb power correction, so that the indirect CP asymmetries are estimated
to be below the 3% level for all decay modes. The asymmetries could be much larger in extensions of the SM with altered
chiral structure such as left–right symmetric models [446]. The current experimental results are within their large errors
consistent with zero [703,704].

A modified implementation of the heavy-quark expansion is provided by the pQCD approach [692–694]. The main
difference compared to QCDF is that pQCD attempts to calculate the QCD form factors perturbatively. The assumptions
required for such a treatment have been questioned in [705]. However, numerical results for most observables are in
rough agreement with those fromQCDF. A recent comparison between the branching fractions, isospin and CP asymmetries
obtained within the two theoretical setups can be found in [446].

6.3.2. Experimental results for exclusive B ⌅ V⇤ decays
The exclusive reconstruction of radiative B ⌅ V⇤ decays or other multi-body decays such as B ⌅ K⇧⇤ is usually

straightforward. The dominant background originates from the continuum process e+e� ⌅ qq , which is experimentally
suppressed by means of event shape variables.

Vetoing high energetic photons from ⇧0 or ⌅ is also useful. The background from B decays is small in the low hadronic
mass region, but becomes larger for higher hadronic mass, i.e., lower photon energy. Therefore, in the analysis of the
exclusive final states with more than two particles, it is necessary to apply a cut on the hadronic mass, which is typically
around2 to 2.5GeV. The contribution of the cross-feed from radiativeB decays to other final states also becomes a significant
background in some modes.

The first observation of radiative B decays has been established in 1993 by CLEO [706] by a measurement of the
B ⌅ K ⇤ ⇤ mode. They found 13 events in the signal region in a data sample of 1.4 fb�1, and measured the branching
fraction B(B ⌅ K ⇤ ⇤ ) = (45 ± 15stat ± 3syst) ⇥ 10�6. Now, the measurements by BaBar and Belle are based on data set
that are more than 100 times larger and start to be dominated by systematics, as can be seen from Table 42. Unfortunately,
it is not easy to predict the branching fractions of exclusive modes precisely, and hence it is difficult to compare the results
with theory.

Belle BABAR

|Vtd/Vts| = 0.233+0.025
�0.024

exp

± 0.021
theory

|Vtd/Vts| = 0.195+0.020
�0.019

exp

± 0.015
theory
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Radiative decays: b→sl+l- 
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• B→K(*)e+e- and B→K(*)µ+µ- decays have been first observed 
at BABAR and Belle

- decay topology similar to J/ψKS => well suited for B factories
...and for LHCb!

- background levels are low

• Results:

- branching fractions are at
the level of 10-6 or below

- consistent with SM expectations
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B→K(*)l+l- isospin asymmetry
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• Isospin asymmetry

- Measurements (HFAG):   Δ0+=-0.45±0.10

- SM prediction is essentially zero
                                                        => 3-4σ effect in data!

⇥0+(B ! K⇤�+��) =
�(B0 ! K⇤0�+��)� �(B+ ! K⇤+�+��)
�(B0 ! K⇤0�+��) + �(B+ ! K⇤+�+��)

Heavy Flavor Averaging Group
August 2010

Isospin Asymmetry
In PDG2010 New since PDG2010 (preliminary) New since PDG2010 (published)

Parameter PDG2010 Avg. BABAR Belle New Avg.
�0�(Xs�) �0.01 ± 0.06 �0.01 ± 0.06 �0.01 ± 0.06
�0�(K⇥�) 0.066 ± 0.030 0.066 ± 0.021 ± 0.022 0.012 ± 0.044 ± 0.026 0.052 ± 0.026

�⇥� �0.46 ± 0.17 �0.43+0.25
�0.22 ± 0.10 �0.48+0.21+0.08

�0.19�0.09 �0.46+0.17
�0.16

�0�(K⇧⇧)† �0.40+0.34
�0.30 �1.43+0.56

�0.85 ± 0.05 �0.31+0.17
�0.14 ± 0.08 �0.40+0.16

�0.15

�0�(K⇥⇧⇧)† �0.44 ± 0.13 �0.56+0.17
�0.15 ± 0.03 �0.29 ± 0.16 ± 0.09 �0.44+0.13

�0.12

�0�(K(⇥)⇧⇧)† �0.45 ± 0.17 �0.64+0.15
�0.14 ± 0.03 �0.30+0.12

�0.11 ± 0.08 �0.45 ± 0.10

†m�� < mJ/⇤

Heavy Flavor Averaging Group
August 2010

Compilation of B Inclusive Branching Fractions
All branching fractions are in units of 10�6

In PDG2010 New since PDG2010 (preliminary) New since PDG2010 (published)
RPP# Mode PDG2010 Avg. BABAR Belle CLEO New Avg.

� K+X New 196+37+31
�34�30† 196+48

�45

� K0X New 154+55+55
�48�41† 154+77

�63

80 s� < 440 255 ± 27+41
�142 § < 440 255+49

�144

81 s�⇤ 420 ± 90 390 ± 80 ± 90‡ 460 ± 110 ± 60‡ 423 ± 86

† p⇥ > 2.34 GeV; § 0.4 < MXs < 2.6 GeV; ‡ 2.0 < p⇥ < 2.7 GeV

HFAG 2010
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B→K(*)l+l- asymmetries
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• 4-body final state (Kπee or Kπµµ)
=> angular distributions

- differential decay rate
(summed over spin states)

- integrating over angles, we define the longitudinal polarization 
FL, and the forward-backward asymmetry AFB 

• Measure these asymmetries as a function of the lepton-pair 
invariant mass squared q2 

the soft form factor !?!0" (see Fig. 2). Nevertheless, the K#

polarization parameter will provide valuable information
on nonstandard physics once we have better control on the
actual value of !?!0". We have also investigated the im-
plications of new physics for the longitudinal and trans-
verse polarization fractions (Fig. 8) whose measurement
will allow one to constrain beyond-the-SM scenarios.

In addition to the aforementioned scenario with C9;10
being SM valued, we have investigated the case where
these coefficients receive additional contributions.
Focusing on the transverse asymmetries A!1;2"

T , and taking
into account experimental data on rare B decays, we have
found that A!1;2"

T are still sensitive to the electromagnetic
dipole operator O0

7 (Figs. 5 and 6). Thus, they provide an
especially useful tool to search for right-handed currents in
the low dilepton mass region.

To sum up, the study of the angular distribution of the
decay B0 ! K#0!! K$"%"l%l$ provides valuable infor-
mation on the K# spin amplitudes. This enables us to probe
nonstandard interactions in a way that is not possible
through measurements of the branching ratio and the lep-
ton forward-backward asymmetry. Of particular interest is
the lower part of the dilepton invariant mass region, where
the hadronic uncertainties can be considerably reduced by
exploiting the heavy-to-light form-factor relations in the
heavy quark and large-EK# limit.
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APPENDIX: ANGULAR DISTRIBUTION OF B0 !
K#0!! K$!%"l%l$

In this appendix we give the differential decay rate
formula for finite lepton mass. Assuming the K# to be on
the mass shell, and summing over the spins of the final
particles, the differential decay distribution of B0 !
K#0!! K$"%"l%l$ can be written as4

d4! & 9
32"

I!s; #l; #K# ;$"dsd cos#ld cos#K#d$; (A1)

with the physical region of phase space

4m2
l < s < !mB $mK# "2; $1 < cos#l < 1;

$ 1 < cos#K# < 1; 0 < $ < 2";
(A2)

and

I & I1 % I2 cos2#l % I3sin2#l cos2$% I4 sin2#l cos$

% I5 sin#l cos$% I6 cos#l % I7 sin#l sin$

% I8 sin2#l sin$% I9sin2#l sin2$: (A3)

The three angles #l; #K# ;$, which uniquely describe the
decay B0 ! K#0!! K$"%"l%l$, are illustrated in Fig. 9.
Note that $ is the angle between the normals to the planes
defined by K$"% and l%l$ in the rest frame of the B
meson; that is, defining the unit vectors

e l &
pl$ ' pl%

jpl$ ' pl% j
; eK & pK$ ' p"%

jpK$ ' p"% j ;

ez &
pK$ % p"%

jpK$ % p"% j ;
(A4)

where pi denote three-momentum vectors in the B rest
frame, we have

sin$ & !el ' eK" ( ez; cos$ & eK ( el: (A5)

The functions I1-9 in Eq. (A3) can be written in terms of
the transversity amplitudes A0, Ak, A?, At. The last of these
corresponds to the scalar component of the virtual K#,
which is negligible if the lepton mass is small. For ml !
0, we find

FIG. 9. Definition of kinematic variables in the decay B0 !
K#0!! K$"%"l%l$.

4For a K" pair with an invariant mass sK" ! m2
K# , the decay is

parametrized by five kinematic variables.
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where AC P represents the size of the direct CP asymmetry discussed above.3 In hadronic
decay modes such as B ! J/! K 0

S, a large value of SC P , due to the angle "1 " # =
# arg(V td V $

tb/V ud V $
ub ) of the unitarity triangle, has been established, and a similarly large CP

asymmetry is expected for hadronic penguin decays. This asymmetry is suppressed in radiative
penguin decays because the photon helicities are opposite between those from B! and B̄0 decays
under the left-handed current of SM weak decays, and they do not interfere in the limit of massless
quarks. This finding implies a suppression factor of ms/mb in the leading contribution to SC P that
is induced by the electromagnetic dipole operator O7:

SSM
C P = # sin 2"1

ms

mb
[2 + O($s )] + SSM,s % g . 38.

However, there are also additional contributions, SSM,s % g , induced by the process b ! s % g via
operators other than O7 (179, 180). These corrections are not helicity suppressed but rather are
power suppressed. A conservative dimensional estimate of the contribution from a nonlocal SCET
operator series leads to |SSM,s % g | % 0.06 (179, 180), whereas within a QCD sum rule calculation,
the contribution due to soft gluon emission is estimated to be SSM,s % g = #0.005±0.01 (147, 181),
which leads to SSM

C P = #0.022 ± 0.015+0
#0.01.4 The QCD sum rule estimates of power corrections,

namely long-distance contributions that arise from photon and soft gluon emission from quark
loops (147), lead to analogous results for the other radiative decay modes, such as B ! &% (147).
If a large value of SC P beyond the SM prediction is observed, it will signal a new, right-handed
current beyond the SM.

4.2.4. B " K#!+!$. The isospin asymmetry in the mode B ! K $'+'#, as in the radiative mode,
is a subleading (/mb effect, but the dominant isospin-breaking effects can be calculated pertur-
batively, whereas other (/mb corrections can simply be estimated. Thus, the exact uncertainty is
difficult to estimate due to unknown power corrections, but the observable may still be useful in
the NP search because of its high sensitivity to specific Wilson coefficients (182).

The decay B̄0 ! K̄ $0'+'# (with K̄ $0 ! K #)+ on the mass shell) is completely described by
four independent kinematic variables: the lepton pair–invariant mass squared, q2, and the three
angles *', *K , and " (for their precise definitions, see References 148 and 183). Summing over the
spins of the final particles, one can write the differential decay distribution as (184, 185)

d 4+B̄

dq 2 d*' d*K d"
= 9

32)
I (q 2, *', *K ,") sin *' sin *K . 39.

By integrating two of the angles, one finds

d+&

d*K
= 3+&

4
sin *K

!
2FL cos2 *K + (1 # FL) sin2 *K

"
40.

and
d+&

d*'

= +&
#

3
4

FL sin2 *' + 3
8

(1 # FL)(1 + cos2 *') + AF B cos *'

$
sin *'. 41.

The observables appear linearly in the expressions so the fits can be performed on data binned in
q2. The fraction of the longitudinal polarization FL from the kaon angular distribution and the

3The symbol CC P = #AC P is also often used.
4This does not necessarily contradict a larger, time-dependent CP asymmetry of approximately 10% within the inclusive
mode found in Reference 179, because the SCET estimate (179, 180) shows that the expansion parameter is (/Q. Here Q is
the kinetic energy of the hadronic part. There is no contribution at leading order. Thus, the effect is expected to be larger for
larger invariant hadronic mass. The K$ mode must have the smallest effect, below the average 10%.
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where AC P represents the size of the direct CP asymmetry discussed above.3 In hadronic
decay modes such as B ! J/! K 0

S, a large value of SC P , due to the angle "1 " # =
# arg(V td V $

tb/V ud V $
ub ) of the unitarity triangle, has been established, and a similarly large CP

asymmetry is expected for hadronic penguin decays. This asymmetry is suppressed in radiative
penguin decays because the photon helicities are opposite between those from B! and B̄0 decays
under the left-handed current of SM weak decays, and they do not interfere in the limit of massless
quarks. This finding implies a suppression factor of ms/mb in the leading contribution to SC P that
is induced by the electromagnetic dipole operator O7:

SSM
C P = # sin 2"1

ms

mb
[2 + O($s )] + SSM,s % g . 38.

However, there are also additional contributions, SSM,s % g , induced by the process b ! s % g via
operators other than O7 (179, 180). These corrections are not helicity suppressed but rather are
power suppressed. A conservative dimensional estimate of the contribution from a nonlocal SCET
operator series leads to |SSM,s % g | % 0.06 (179, 180), whereas within a QCD sum rule calculation,
the contribution due to soft gluon emission is estimated to be SSM,s % g = #0.005±0.01 (147, 181),
which leads to SSM

C P = #0.022 ± 0.015+0
#0.01.4 The QCD sum rule estimates of power corrections,

namely long-distance contributions that arise from photon and soft gluon emission from quark
loops (147), lead to analogous results for the other radiative decay modes, such as B ! &% (147).
If a large value of SC P beyond the SM prediction is observed, it will signal a new, right-handed
current beyond the SM.

4.2.4. B " K#!+!$. The isospin asymmetry in the mode B ! K $'+'#, as in the radiative mode,
is a subleading (/mb effect, but the dominant isospin-breaking effects can be calculated pertur-
batively, whereas other (/mb corrections can simply be estimated. Thus, the exact uncertainty is
difficult to estimate due to unknown power corrections, but the observable may still be useful in
the NP search because of its high sensitivity to specific Wilson coefficients (182).

The decay B̄0 ! K̄ $0'+'# (with K̄ $0 ! K #)+ on the mass shell) is completely described by
four independent kinematic variables: the lepton pair–invariant mass squared, q2, and the three
angles *', *K , and " (for their precise definitions, see References 148 and 183). Summing over the
spins of the final particles, one can write the differential decay distribution as (184, 185)

d 4+B̄

dq 2 d*' d*K d"
= 9

32)
I (q 2, *', *K ,") sin *' sin *K . 39.

By integrating two of the angles, one finds

d+&

d*K
= 3+&

4
sin *K

!
2FL cos2 *K + (1 # FL) sin2 *K

"
40.

and
d+&

d*'

= +&
#

3
4

FL sin2 *' + 3
8

(1 # FL)(1 + cos2 *') + AF B cos *'

$
sin *'. 41.

The observables appear linearly in the expressions so the fits can be performed on data binned in
q2. The fraction of the longitudinal polarization FL from the kaon angular distribution and the

3The symbol CC P = #AC P is also often used.
4This does not necessarily contradict a larger, time-dependent CP asymmetry of approximately 10% within the inclusive
mode found in Reference 179, because the SCET estimate (179, 180) shows that the expansion parameter is (/Q. Here Q is
the kinetic energy of the hadronic part. There is no contribution at leading order. Thus, the effect is expected to be larger for
larger invariant hadronic mass. The K$ mode must have the smallest effect, below the average 10%.
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where AC P represents the size of the direct CP asymmetry discussed above.3 In hadronic
decay modes such as B ! J/! K 0

S, a large value of SC P , due to the angle "1 " # =
# arg(V td V $

tb/V ud V $
ub ) of the unitarity triangle, has been established, and a similarly large CP

asymmetry is expected for hadronic penguin decays. This asymmetry is suppressed in radiative
penguin decays because the photon helicities are opposite between those from B! and B̄0 decays
under the left-handed current of SM weak decays, and they do not interfere in the limit of massless
quarks. This finding implies a suppression factor of ms/mb in the leading contribution to SC P that
is induced by the electromagnetic dipole operator O7:

SSM
C P = # sin 2"1

ms

mb
[2 + O($s )] + SSM,s % g . 38.

However, there are also additional contributions, SSM,s % g , induced by the process b ! s % g via
operators other than O7 (179, 180). These corrections are not helicity suppressed but rather are
power suppressed. A conservative dimensional estimate of the contribution from a nonlocal SCET
operator series leads to |SSM,s % g | % 0.06 (179, 180), whereas within a QCD sum rule calculation,
the contribution due to soft gluon emission is estimated to be SSM,s % g = #0.005±0.01 (147, 181),
which leads to SSM

C P = #0.022 ± 0.015+0
#0.01.4 The QCD sum rule estimates of power corrections,

namely long-distance contributions that arise from photon and soft gluon emission from quark
loops (147), lead to analogous results for the other radiative decay modes, such as B ! &% (147).
If a large value of SC P beyond the SM prediction is observed, it will signal a new, right-handed
current beyond the SM.

4.2.4. B " K#!+!$. The isospin asymmetry in the mode B ! K $'+'#, as in the radiative mode,
is a subleading (/mb effect, but the dominant isospin-breaking effects can be calculated pertur-
batively, whereas other (/mb corrections can simply be estimated. Thus, the exact uncertainty is
difficult to estimate due to unknown power corrections, but the observable may still be useful in
the NP search because of its high sensitivity to specific Wilson coefficients (182).

The decay B̄0 ! K̄ $0'+'# (with K̄ $0 ! K #)+ on the mass shell) is completely described by
four independent kinematic variables: the lepton pair–invariant mass squared, q2, and the three
angles *', *K , and " (for their precise definitions, see References 148 and 183). Summing over the
spins of the final particles, one can write the differential decay distribution as (184, 185)

d 4+B̄

dq 2 d*' d*K d"
= 9

32)
I (q 2, *', *K ,") sin *' sin *K . 39.

By integrating two of the angles, one finds

d+&

d*K
= 3+&

4
sin *K

!
2FL cos2 *K + (1 # FL) sin2 *K

"
40.

and
d+&

d*'

= +&
#

3
4

FL sin2 *' + 3
8

(1 # FL)(1 + cos2 *') + AF B cos *'

$
sin *'. 41.

The observables appear linearly in the expressions so the fits can be performed on data binned in
q2. The fraction of the longitudinal polarization FL from the kaon angular distribution and the

3The symbol CC P = #AC P is also often used.
4This does not necessarily contradict a larger, time-dependent CP asymmetry of approximately 10% within the inclusive
mode found in Reference 179, because the SCET estimate (179, 180) shows that the expansion parameter is (/Q. Here Q is
the kinetic energy of the hadronic part. There is no contribution at leading order. Thus, the effect is expected to be larger for
larger invariant hadronic mass. The K$ mode must have the smallest effect, below the average 10%.
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F.Blanc, Flavor Physics

B→K(*)l+l- measured asymmetries

16

• measurements are confronted to SM predictions and alternative 
scenarios => constraints on Wilson coefficients

- (marginally) compatible with SM

- negative-sign C7 coefficient is a possibility => new physics?

• More statistics is needed => LHCb...
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Figure 6
Longitudinal polarization fraction, forward-backward asymmetry, and isospin asymmetry of B ! K "!+!# by (a) Belle (219) and (b)
BaBar (222). The solid line shows the Standard Model (SM) predictions, and the other curves represent non-SM extreme cases.

integrated over the entire subset of phase space with q 2 > 0.2 GeV, including the vetoed J/" and
"(2S) regions. The results are in good agreement with the SM prediction. They strongly disfavor
the case with the flipped sign of C7 (175).

6. OUTLOOK
Remarkably, the B factories have measured all the observables within the radiative and electroweak
penguin decays at values that are consistent with SM predictions. These measurements rule out
O(1) corrections to the SM and identify the CKM theory as the dominant effect for flavor violation
as well as for CP violation. The success of the simple CKM theory of CP violation was honored with
the Nobel Prize in Physics in 2008. Theoretical tools and precision have significantly advanced
during the past decade, and we are ready either to challenge the SM if a clear deviation is found
or to discriminate different NP scenarios if direct evidence is found at the LHC.

Also, the future offers great experimental opportunities in flavor physics. LHCb has finally
started taking data and promises to overwhelm many B factory results, and ATLAS and CMS will
also contribute to flavor physics. In radiative and electroweak penguin decays, the most promising
measurements will be the angular analysis of B0 ! K "0µ+µ# and the analysis of time-dependent
CP asymmetry in Bs ! #$ ; the latter measurement cannot be performed at the B factories due to
the fast Bs oscillation. However, the theoretically clean inclusive modes and many modes involving
neutral particles such as the %0 can be pursued only at the e+e# B factories. Two proposed super-B
factories, Belle II at KEK and SuperB in Italy, would accumulate two-orders-of-magnitude-larger
data samples. Such data would push experimental precision to its limit.

672 Hurth · Nakao
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F.Blanc, Flavor Physics

Tobias Brambach | CP Violation @ LHCb | SM @ LHC | Durham | 13th of April 2011

The LHCb detector
‣ One arm forward spectrometer, 

fully instrumented in forward 
direction

‣ 1.9 < η < 4.9

‣ Very good lifetime resolution
(~50 fs)

• long flight length (boost)

• strong spacial resolution

‣ Strong particle identification 
using two RICH detectors, 
scintillator pad, preshower 
detector and muon system

‣ tracking stations before and after 
magnet

‣ one quarter of B mesons 
produced in LHCb interaction 
point are within LHCb acceptance

3
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Produktion von B-Mesonen am LHC

7 � 7 TeV
Visible cross section: 63  mb
b-cross section: 0.5 mb
b-quarks fliegen in Strahlrichtung
Ultimate Luminosity: 1034cm-2s-1 

� >20 Wechselwirkungen / X-ing
LHCb bevorzugt single Xings: 
L =  2x1032cm-2s-1

1012 B-Hadronen in 107 sec
+ 0 0

d sB /B /B / -baryonen
 4 : 4  : 1  :   1

b

gluon fusion

Luminosity

Rate von multiple Interactions

The LHCb detector
• LHCb is a single-arm forward spectrometer at the LHC

- rapidity range: 1.9 < η < 4.9

• Fully instrumented in the forward region

- excellent vertex resolution (+boost)
→ ~50fs lifetime resolution

- tracking stations before and after 4Tm dipole magnet

- particle identification with

- two ring-imaging
Cherenkov detectors

- calorimetry

- muon detectors

17



F.Blanc, Flavor Physics

B→K(*)l+l- at LHCb
• LHCb has been optimized 

for these types of decays

• Lint = 370pb-1

• Simultaneous fit to mass 
and angles

• 337±21 signal events
=> best single result

• Results in good agreement 
with SM! unfortunately :-( 

18

5

The BDT uses information about the event kinematics,
vertex and track quality, impact parameter and particle
identification information from the RICH and muon de-
tectors. The variables that are used in the BDT are cho-
sen so as to induce the minimum possible distortion in the
angular and q2 distributions. For example, no additional
requirement is made on the pT of both of the muons as,
at low q2, this would remove a large proportion of events
with | cos ✓

l

| ⇠ 1. The BDT is trained entirely on data,
using samples that are independent of that which is used
to make the measurements: triggered and fully recon-
structed B0! J/ K⇤0 events are used as a proxy for the
signal decay, and events from the upper B0! K⇤0µ+µ�

mass sideband (5350 < m
K

+
⇡

�
µ

+
µ

� < 5600MeV/c2) are
used as a background sample. The lower mass sideband
is not used, as it contains background events formed from
partially reconstructed B decays. These events make a
negligible contribution in the signal region and have prop-
erties di↵erent from the combinatorial background which
is the dominant background in this region.

A cut is made on the BDT output in order to optimise
the sensitivity to AFB averaged over all q2. The selected
sample has a signal-to-background ratio of three to one.

Peaking backgrounds from B0
s

! �µ+µ� (where
�! K+K�), B0 ! J/ K⇤0 and B0 !  (2S)K⇤0 are
considered and reduced with a set of vetoes. In each
case, for the decay to be a potential signal candidate, at
least one particle needs to be misidentified. For example,
B0! J/ K⇤0 events where a kaon or pion is swapped for
one of the muons, peak around the nominal B0 mass and
evade the J/ veto described above. Vetoes for each of
these backgrounds are formed by changing the relevant
particle mass hypotheses and recomputing the invariant
masses, and by making use of the particle identification
information. In order to avoid having a strongly peak-
ing contribution to the cos ✓

K

angular distribution in the
upper mass sideband, B+ ! K+µ+µ� candidates are
removed. Events with K+µ+µ� invariant mass within
60MeV/c2 of the nominal B+ mass are rejected. The ve-
toes for all of these peaking backgrounds remove a neg-
ligible amount of signal.

After the application of the BDT cut and the above ve-
toes, a fit is made to the K+⇡�µ+µ� invariant mass dis-
tribution in the entire accepted mass range (see Fig. 1). A
double-Gaussian distribution is used for the signal mass
shape and an exponential function for the background.
The signal shape is fixed from data using a fit to the
B0 ! J/ K⇤0 mass peak. In the full q2 range, in a
signal mass window of ±50MeV/c2 (±2.5�) around the
measured B0 mass, the fit gives an estimate of 337± 21
signal events with a background of 97± 6 events.

The residual peaking background is estimated using
simulated events. As detailed below, the accuracy of the
simulation is verified by comparing the particle (mis-)
identification probabilities with those derived from con-
trol channels selected from the data. The residual peak-

]2c [MeV/-µ+µ-π+Km
5100 5200 5300 5400 5500 5600

]2 c
Ev

en
ts

 / 
[1

0 
M

eV
/

0

50

100
LHCb

FIG. 1. K+⇡�µ+µ� invariant mass distribution after the
application of the full selection as data points with the fit
overlaid. The signal component is the green (light) line, the
background the red (dashed) line and the full distribution the
blue (dark) line.

ing backgrounds are reduced to a level of 6.1 events, i.e.
1.8% of the 337 observed signal events. The backgrounds
from B0

s

! �µ+µ� and B0 ! J/ K⇤0 decays do not
give rise to any forward-backward asymmetry and are
ignored. However, in addition to the above backgrounds,
B0! K⇤0µ+µ� decays with the kaon and pion swapped
give rise to a 0.7% contribution. The change in the sign
of the particle which is taken to be the kaon results in
a B0 (B0) being reconstructed as a B0 (B0), therefore
changing the sign of AFB for the candidate. This misiden-
tification is accounted for in the fit for the angular ob-
servables.
The selected B0! K⇤0µ+µ� candidates are weighted

in order to correct for the e↵ects of the reconstruction,
trigger and selection. The weights are derived from sim-
ulated B0 ! K⇤0µ+µ� events and are normalised such
that the average weight is one. In order to be indepen-
dent of the physics model used in the simulation, the
weights are computed based on cos ✓

K

, cos ✓
l

and q2 on
an event-by-event basis. The variation of detector e�-
ciency with the � angle is small and ignoring this varia-
tion does not bias the measurements. Only events with
0.10 < q2 < 19.00GeV2/c4 are analysed.
Owing to the relatively unbiased selection, 89% of

events have weights between 0.7 and 1.3, and only 3%
of events have a weight above 2. The distortions in the
distributions of cos ✓

K

, cos ✓
l

and q2 that are induced
originate from two main sources. Firstly, in order to pass
through the iron muon filter and give hits in the muon
stations, tracks must have at least 3GeV/c momentum.
At low q2 this removes events with | cos ✓

l

| ⇠ 1. This ef-
fect stems from the geometry of the LHCb detector and is
therefore relatively easy to model. Secondly, events with
cos ✓

K

⇠ 1, and hence a slow pion, are removed both
by the pion reconstruction and by the impact parameter

6

requirements used in the trigger and BDT selection.
A number of control samples are used to verify the

simulation quality and to correct for di↵erences with
respect to the data. The reproduction of the B0 mo-
mentum and pseudorapidity distributions is verified us-
ing B0 ! J/ K⇤0 decays. These decays are also used
to check that the simulation reproduces the measured
properties of selected events. The hadron and muon
(mis-)identification probabilities are adjusted using de-
cays where the tested particle type can be determined
without the use of the particle identification algorithms.
A tag and probe approach with J/ ! µ+µ� decays is
used to isolate a clean sample of genuine muons. The
decay D⇤+ ! D0⇡+, where D0 ! K�⇡+, is used to
give an unambiguous source of kaons and pions. The
statistical precision with which it is possible to make the
data/simulation comparison gives rise to a systematic un-
certainty in the weights which is evaluated below.

The observables AFB and FL are extracted in bins of
q2. In each bin, a simultaneous fit to the K+⇡�µ+µ�

invariant mass distribution and the cos ✓
K

and cos ✓
l

dis-
tributions is performed. The angular distributions are
fitted in both the signal mass window and in the upper
mass sideband which determines the background param-
eters. The angular distributions for the signal are given
by Eqs. 1 and 2 and a second order polynomial in cos ✓

K

and in cos ✓
l

is used for the background.
In order to obtain a positive probability density func-

tion over the entire angular range, Eqs. 1 and 2 imply
that the conditions |AFB|  3

4 (1 � FL) and 0 < FL < 1
must be satisfied. To account for this, the maximum like-
lihood values for AFB and FL are extracted by performing
a profile-likelihood scan over the allowed range. The un-
certainty on the central value of AFB and FL is calculated
by integrating the probability density extracted from the
likelihood, assuming a flat prior in AFB and FL, inside
the allowed range. This gives an (asymmetric) 68% con-
fidence interval.

The partial branching fraction is measured in each
of the q2 bins from a fit to the e�ciency corrected
K+⇡�µ+µ� mass spectrum. The e�ciencies are deter-
mined relative to the B0! J/ K⇤0 decay which is used
as a normalisation mode.

The event weighting and fitting procedure is vali-
dated by fitting the angular distribution of B0! J/ K⇤0

events, where the physics parameters are known from
previous measurements [6]. The product of the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions
is ⇠ 75 times larger than the branching fraction of
B0! K⇤0µ+µ�, allowing a precise test of the procedure
to be made. Fitting the B0! J/ K⇤0 angular distribu-
tion, weighted according to the event-by-event procedure
described above, yields values for FL and AFB in good
agreement with those found previously.

For B0 ! K⇤0µ+µ�, the fit results for AFB, FL and
dB/dq2 are shown in Fig. 2 and are tabulated together

]4c/2 [GeV2q
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] 2
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4 c 

-7
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2 q
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   LF

0

0.5

1 (b)
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FBA

-0.5

0

0.5
LHCb (a)

Theory Binned theoryLHCb

FIG. 2. AFB, FL and dB/dq2 as a function of q2. The SM pre-
diction is given by the cyan (light) band, and this prediction
rate-averaged across the q2 bins is indicated by the purple
(dark) regions. No SM prediction is shown for the region be-
tween the two regimes in which the theoretical calculations
are made (see text).

with the signal and background yields in Table I. Signal
candidates are observed in each q2 bin with more than
5� significance. The measurements in all three quantities
are more precise than those of previous experiments and
are in good agreement with the SM predictions. The pre-
dictions are taken from Ref. [7]. In the low q2 region they
rely on the factorisation approach [8], which loses accu-
racy when approaching the J/ resonance; in the high
q2 region, an operator product expansion in the inverse
b-quark mass, 1/m

b

, and in 1/
p

q2 is used [9], which is
only valid above the open charm threshold. In both re-
gions the form factor calculations are taken from Ref. [10]
and a dimensional estimate is made on the uncertainty
from expansion corrections [11].
In the 1.00 < q2 < 6.00GeV2/c4 region, the fit gives

AFB = �0.06+0.13
�0.14 ± 0.04, FL = 0.55 ± 0.10 ± 0.03 and

dB/dq2 = (0.42±0.06±0.03)⇥10�7c4/GeV2, where the
first error is statistical and the second systematic. The
theoretical predictions in the same q2 range are AFB =

LHCb, arXiv:1112:3515
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Charmless hadronic B decays
• Charmless hadronic B decays concern decays which do not 

contain valence charm quarks in the final state

• At the quark level, the B→M1M2 transitions can be expressed 
in term of 6 topological diagrams

- external (T) and color-suppressed (C) tree

- electroweak and gluonic penguin (P)

- W±-exchange (E)

- W±-annihilation (A)

- vertical W±-loop (V)

• Remarks: these are not
Feynman diagrams, as the
QCD effects are included

19
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T C E

VPA

Figure 1
Topological diagrams for B ! M1M2 decays. T refers to the color-allowed external W-emission tree
diagram; C, the color-suppressed internal W-emission diagram; E, the W-exchange diagram; A, the
W-annihilation diagram; P, the penguin diagram; and V, the vertical W-loop diagram.

quark-diagram approach (12, 13). In the diagrammatic approach, all two-body, nonleptonic weak
decays of heavy mesons can be expressed in terms of six distinct quark diagrams (Figure 1).2 We
emphasize that these quark diagrams are classified according to the topologies of weak interac-
tions, with all strong-interaction effects included; thus, they are not Feynman graphs. All quark
graphs used in this approach are topological, with all the strong interactions included; specifically,
gluon lines are included in all possible ways. The diagrammatic approach was first applied to
hadronic B decays in Reference 15. After making some reasonable approximations [e.g., SU(3)
symmetry], the authors of References 14 and 16–18 extracted topological amplitudes from the
data.

3. EXPERIMENTAL TOOLS
The B factories at KEK in Japan and at PEP-II in California have a total center-of-mass energy of
approximately 10.58 GeV, at the peak of the !(4S) resonance, because they take advantage of the
increased production rate of B B̄ events at this resonance. The energies of the two beams are not
the same: The positron beam has an energy of approximately 3 GeV, whereas the electron beam
has an energy of 8 GeV (for KEK) to 9 GeV (for PEP-II). This asymmetric-energy design was
employed to facilitate CP-violation analyses, which require measurement of the time-evolution of
the decays. The !(4S) decays almost exclusively to a B B̄ final state. The fact that the !(4S) mass
is only slightly larger than twice the B mass (approximately 5.28 GeV/c2) means that the B mesons
are produced almost at rest.

The experimental measurements involve separation of small samples (10–2000 signal events)
from total samples of B B̄ and light quark pairs (q q̄ ) of several billion events. The background
is typically dominated by the copious q q̄ production, where the background after preliminary
sample selection is often 1000 times larger than the signal. The separation of the signal from the

2Historically, the quark-graph amplitudes T, C, E, A, and P (14) were originally denoted by A, B, C, D, and E, respectively (12,
13). For the analysis of charmless B decays, one adds the variants of the penguin diagram, such as the electroweak penguin
and the penguin annihilation.

www.annualreviews.org • Charmless Hadronic B Meson Decays 219
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F.Blanc, Flavor Physics

Charmless hadronic B decays
• The decay amplitudes are written as functions of the 

topological diagrams

• From measured branching fractions and CP asymmetries, and 
assuming SU(3) flavor symmetry
=> constrain and determine the topological amplitudes

• The amplitudes can then be used to compute the value of 
sin2βeff measured in charmless B decays

20
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large background relies on a number of variables that are common to all analyses. For signal, the
mass of a candidate, reconstructed from the charged and neutral tracks in the event, is equal to
the B mass. The center-of-mass energy of the candidate is equal to one-half of the !(4S) rest
energy. Finally, several variables take advantage of the difference between the shapes of the signal
and background events. In the center-of-mass system, signal is typically spherical because the B
mesons are produced nearly at rest. The q q̄ background events are characterized by back-to-back
jets of particles that have small transverse momentum with respect to the direction of the leading
quarks. For B decays involving resonances in the final state (", K !, #, #", $, %, etc), the mass of
the daughter particles from the decay of these resonances is also used. This inclusion is useful
because the background is often dominated by events with combinatorial background, where the
resonance candidate is not real but rather composed of combinations of particles from the q q̄ event
that happen to have an invariant mass near that of the resonance. For spin-1 (vector) particles,
the so-called helicity angle is also often useful because the decay of the daughters in the vector
particle’s rest frame is not typically uniform.

Most analyses combine some of the above quantities into a maximum-likelihood (ML) fit. Such a
fit characterizes the signal and background with probability density functions (PDFs) that describe
the distribution expected for each variable. It is the difference between the shapes of the signal
and background PDFs that allows extraction of the signal from the very large backgrounds. The
shapes of these PDFs are typically determined from Monte Carlo (MC) simulation for signal and
B B̄ background events, with checks provided by control samples of other, more copious decays.
The data themselves are used to determine the PDFs for the q q̄ background. The free variables
in the ML fit typically include the yields of the signal and backgrounds, the value of CP-violation
parameters where relevant, the longitudinal polarization fraction for decays with two particles
with nonzero spin, and often some of the parameters that determine the q q̄ background shapes.
The structure of the likelihood often assumes that the input observables are uncorrelated. This
assumption is tested with data and MC, and correlations are typically below 10%. The residual
correlations may cause small signal biases (#10%); these are evaluated with MC, and appropriate
corrections are made.

4. TWO-BODY DECAYS

4.1. Branching Fractions

The general expressions of topological amplitudes for B $ && decays are

A(B0 $ &+&%) = T + P + 2
3

Pc
EW + E + V,

A(B0 $ &0&0) = % 1&
2

!
C % P + PEW + 1

3
Pc

EW % E % V
"

, and 3.

A(B+ $ &+&0) = 1&
2

(T + C + PEW + Pc
EW),

for B $ K K̄ decays,

A(B0 $ K +K %) = E + PA,

A(B0 $ K 0 K̄ 0) = P % 1
3

Pc
EW + PA, and 4.

A(B+ $ K + K̄ 0) = A + P % 1
3

Pc
EW,
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large background relies on a number of variables that are common to all analyses. For signal, the
mass of a candidate, reconstructed from the charged and neutral tracks in the event, is equal to
the B mass. The center-of-mass energy of the candidate is equal to one-half of the !(4S) rest
energy. Finally, several variables take advantage of the difference between the shapes of the signal
and background events. In the center-of-mass system, signal is typically spherical because the B
mesons are produced nearly at rest. The q q̄ background events are characterized by back-to-back
jets of particles that have small transverse momentum with respect to the direction of the leading
quarks. For B decays involving resonances in the final state (", K !, #, #", $, %, etc), the mass of
the daughter particles from the decay of these resonances is also used. This inclusion is useful
because the background is often dominated by events with combinatorial background, where the
resonance candidate is not real but rather composed of combinations of particles from the q q̄ event
that happen to have an invariant mass near that of the resonance. For spin-1 (vector) particles,
the so-called helicity angle is also often useful because the decay of the daughters in the vector
particle’s rest frame is not typically uniform.

Most analyses combine some of the above quantities into a maximum-likelihood (ML) fit. Such a
fit characterizes the signal and background with probability density functions (PDFs) that describe
the distribution expected for each variable. It is the difference between the shapes of the signal
and background PDFs that allows extraction of the signal from the very large backgrounds. The
shapes of these PDFs are typically determined from Monte Carlo (MC) simulation for signal and
B B̄ background events, with checks provided by control samples of other, more copious decays.
The data themselves are used to determine the PDFs for the q q̄ background. The free variables
in the ML fit typically include the yields of the signal and backgrounds, the value of CP-violation
parameters where relevant, the longitudinal polarization fraction for decays with two particles
with nonzero spin, and often some of the parameters that determine the q q̄ background shapes.
The structure of the likelihood often assumes that the input observables are uncorrelated. This
assumption is tested with data and MC, and correlations are typically below 10%. The residual
correlations may cause small signal biases (#10%); these are evaluated with MC, and appropriate
corrections are made.

4. TWO-BODY DECAYS

4.1. Branching Fractions

The general expressions of topological amplitudes for B $ && decays are

A(B0 $ &+&%) = T + P + 2
3

Pc
EW + E + V,

A(B0 $ &0&0) = % 1&
2

!
C % P + PEW + 1

3
Pc

EW % E % V
"

, and 3.

A(B+ $ &+&0) = 1&
2

(T + C + PEW + Pc
EW),

for B $ K K̄ decays,

A(B0 $ K +K %) = E + PA,

A(B0 $ K 0 K̄ 0) = P % 1
3

Pc
EW + PA, and 4.

A(B+ $ K + K̄ 0) = A + P % 1
3

Pc
EW,
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K +! –

K 0! +

Theory
Belle
BaBar

Figure 2
Branching fraction measurements of two-body decays from BaBar (blue) (19–22) and Belle (red ) (23–25) and
from theoretical predictions ( gray) (26–29).

and for B ! K! decays,

A(B0 ! K +!") = P # + T # + 2
3

P #c
EW + P #

A,

A(B0 ! K 0!0) = "1$
2

!
P # " C # + P #

EW + 1
3

P #c
EW + P #

A

"
,

A(B+ ! K 0!+) = P # " 1
3

P #c
EW + A# + P #

A, and 5.

A(B+ ! K +!0) = 1$
2

!
P # + T # + C # + P #

EW + 2
3

P #c
EW + A# + P #

A

"
,

where PEW and Pc
EW are color-allowed and color-suppressed electroweak penguin amplitudes,

respectively, and PA is the penguin-induced weak annihilation amplitude. We use unprimed and
primed symbols to denote "S = 0 and |"S| = 1 transitions.

Theoretical predictions and experimental results for branching fractions from BaBar and Belle
are summarized in Figure 2. (The CDF results are not shown, but the measurements for !+!"

and K+K" are nearly as precise as those of BaBar and Belle.) Here and in the following figures, the
theoretical values and errors are from weighted averages of the various predictions. Note that the
errors are divided by

$
3 because the quoted theory errors indicate a range, not 1 # , given that

the parameters are varied.
As mentioned in Section 2.2, end-point divergences occur in the QCDF approach in the

penguin annihilation and hard spectator scattering amplitudes, which are often parameterized as
(8)

XA = ln
!

mB

$h

"
(1 + %Aei&A) and XH = ln

!
mB

$h

"
(1 + %Hei&H ), 6.
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F.Blanc, Flavor Physics

B0,± charmless decays: branching fractions

21
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F.Blanc, Flavor Physics

B0,± charmless decays: CP asymmetries

22
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F.Blanc, Flavor Physics

B0,± charmless decays: CP asymmetries

22
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F.Blanc, Flavor Physics

ACP in B0→K+π- 
• Significant (>5σ) CP asymmetry observed in B0→K+π- 

                           ACP = -0.098 ± 0.012

• If the color-suppressed, EW penguin, and annihilation 
diagrams can be neglected
              =>A(B0→K+π-) = √2× A(B+→K+π0)
        => expect ACP (B0→K+π-) = ACP (B+→K+π0)

• Experimentally, the charge asymmetries differ by 5.3σ
=> either large color-suppressed or EW penguin amplitude

- various scenarios have been proposed

- it should be noted that a large color-suppressed amplitude, with 
large relative phase to the tree amplitude would:

- solve the apparent ACP puzzle, and

- explain the large B0→π0π0 branching ratio

23



F.Blanc, Flavor Physics

B→VV: branching ratios

24
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F.Blanc, Flavor Physics

B→VV: polarization fraction
• From helicity conservation, expect the longitudinal 

polarization to dominate over the transverse amplitudes

- amplitudes reduced by factors of (ΛQCD/mb)

- A00 dominates over A++ and A-- 

• Define the polarization fraction

where the transversity
amplitudes are

• Expectation:
                       1-fL≈(mV/mB)2 ≈ 0.04

25
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Polarization in charmless B�VV
� B (spin-0) decays to two spin-1 particles:

� spin-related configurations  => 3 amplitudes

� 11 observables:

� Polarization fractions
� Direct CP asymmetries
� triple product asymmetries

� In SM    [helicity conservation]

� A
00

 is the natural spin configuration

� A
++

 and A
--

 suppressed by m
res

/m
B
 (one for each spin flip)

� expect strong longitudinal polarization
 

 f
L
 = |A

00
|2/(|A

00
|2+|A

++
|2+|A

--
|2) ~ 1

φ

K*fL =
|A0|2

|A0|2 + |Ak|2 + |A?|2

Ak =
A+ + A�p

2

A? =
A+ �A�p

2



F.Blanc, Flavor Physics

B→VV polarization: results

• B→ρρ modes: fL ≈ 1

• B→K*ρ and B→φK* modes: fL≈0.5               Why????
26
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F.Blanc, Flavor Physics

B→VV polarization puzzle
• Various mechanisms have been proposed to explain the fL puzzle:

- large penguin-annihilation contributions

- final state interactions

- form factor tuning

- new physics (!)

• But next-to-leading-order (NLO)
corrections may well be the
explanation
- non-factorizable corrections and

hard spectator scattering increases
the positive-helicity amplitude (A+)
of some VV modes

• Problem solved?

- no, still need to test other predictions of the model

- e.g. 

27

ANRV391-NS59-11 ARI 16 September 2009 14:20

0 0.2 0.4 0.6 0.8 1.0 1.2

Longitudinal polarization fraction (fL)

Theory
Belle
BaBar

!K * +

!K * 0

!K *2 (1430)
+

!K *2 (1430)
0

!K +
1 (1270)

"K * +

"K * 0

"K *2 (1430)
+

"K *2 (1430)
0

K*0K 0

K*+K 0

K*0# +

K*0# 0

K*+# 0

"#+

#0#0

#+#–

#+#0

Figure 7
Longitudinal polarization measurements from BaBar (blue) (100–110) and Belle (red ) (85, 111–114) and from
theoretical predictions ( gray) (115–118). The light gray, vertical, dashed line shows the physical limit of 1.0.

increase the transverse polarization. For example, fL is naı̈vely expected to be 1 ! 4mV/m2
B " 0.90

in B # !K $ and B0 # K$0"0 decays. However, NLO corrections decrease this expectation to
fL(!K $) " 0.6 and fL(K $0"0) " 0.5. Therefore, the polarization puzzle is alleviated to a large
extent by the consideration of NLO effects. The theoretical predictions in Figure 7 reflect these
more recent calculations.

According to the recent calculations based on QCDF (117, 118), there is a hierarchy pattern
for the polarization fractions in B # K $" decays:

fL(K $+"0) > fL(K $+"!) > fL(K $0"+) > fL(K $0"0). 19.

This pattern is compatible with measurements, although only two—K $0"+ and K $0"0—are well
measured. Improved measurements of all of these decays are important in further testing the
theoretical calculations.

Even though fL can be substantially reduced in the presence of nonfactorizable corrections,
the polarization anomaly is not fully resolved unless the rate is also reproduced correctly. The
experimental branching fraction measurements are summarized in Figure 8, which shows that in
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in B # !K $ and B0 # K$0"0 decays. However, NLO corrections decrease this expectation to
fL(!K $) " 0.6 and fL(K $0"0) " 0.5. Therefore, the polarization puzzle is alleviated to a large
extent by the consideration of NLO effects. The theoretical predictions in Figure 7 reflect these
more recent calculations.

According to the recent calculations based on QCDF (117, 118), there is a hierarchy pattern
for the polarization fractions in B # K $" decays:

fL(K $+"0) > fL(K $+"!) > fL(K $0"+) > fL(K $0"0). 19.

This pattern is compatible with measurements, although only two—K $0"+ and K $0"0—are well
measured. Improved measurements of all of these decays are important in further testing the
theoretical calculations.

Even though fL can be substantially reduced in the presence of nonfactorizable corrections,
the polarization anomaly is not fully resolved unless the rate is also reproduced correctly. The
experimental branching fraction measurements are summarized in Figure 8, which shows that in

230 Cheng · Smith

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

9.
59

:2
15

-2
43

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 E
co

le
 P

ol
yt

ec
hn

iq
ue

 F
ed

er
al

 L
us

an
ne

 o
n 

11
/1

2/
10

. F
or

 p
er

so
na

l u
se

 o
nl

y.



F.Blanc, Flavor Physics

Measurements with the Bs meson

28



F.Blanc, Flavor Physics

Bs mixing
• Observation of Bs mixing is

probably the most significant
contribution to flavor physics
from the Tevatron experiments
(B factories running at the Υ(4S) do
not have Bs samples)

• Bs high oscillation frequency (≈18ps-1) requires proper time 
reconstruction resolution better than the oscillation period

• The method used is an “amplitude scan” (similar to Fourier transform) 
1. refit the data for the amplitude with fixed probe frequencies

2. report the amplitude as a function of the probe frequency

3. signal where the amplitude is significantly different from zero

29

Moser and Roussarie,  NIM A384 (1997) 491
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F.Blanc, Flavor Physics

Bs mixing: Tevatron results
• B mixing first observed at CDF and D0

30

M. Antonelli et al. / Physics Reports 494 (2010) 197–414 339
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Fig. 59. Amplitude scans for the Bs oscillation fits. CDF and D0 results are shown in the left and right panel, respectively.

The current status of measurements of sin2⇥ from charmonium decays are presented in what follows and cover
b ⌅ c c s and b ⌅ cc̄d transitions. Additional results on determining the sign of ⇥ are also mentioned using the mea-
surement of cos2⇥ in b ⌅ c c s decays.

Most of the measurements presented here are based on data collected by the BaBar and the Belle experiments. The
difference between the proper decay times of the signal B meson (Brec) and of the other B meson (Btag ) is used to measure
the time dependent CP -asymmmetries, ACP . The initial flavor of Brec is identified by using information from Btag . ACP is
defined as

ACP (t) ⇤ N(B
0
(t) ⌅ f ) � N(B0 (t) ⌅ f )

N(B
0
(t) ⌅ f ) + N(B0 (t) ⌅ f )

= S sin(�mdt) � C cos(�mdt), (359)

where N(B
0
(t) ⌅ f ) is the number of B

0
that decay into the CP-eigenstate f after a time t and �md is the difference

between the Bmass eigenstates. Belle reports results using the variable A ⇤ �C .
In the SM, direct CP violation in b ⌅ c c s decays is negligible. Under this assumption, the CP violation parameters

S and C are given by Sb ⌅c c s = �⇤f sin2⇥ and Cb ⌅c c s = 0, where ⇤f is �1 for (cc)K 0
S decays (e.g. J/⌃K 0

S , ⌃(2S) K 0
S ,

⇧c1 K 0
S , ⇤cK 0

S
22) and ⇤f is +1 for the (cc)K 0

L (e.g. J/⌃K 0
L ) state. The J/⌃K ⇥0 (K ⇥0 ⌅ K 0

S ⌅0) final state is an admixture of
CP even and CP odd amplitudes for which we use ⇤f = 0.504 ± 0.033. To be consistent with other time dependent CP
measurements, we show the results in terms of Cf = ⇤f C and Sf = ⇤f S. Using 425.7 fb�1 of integrated luminosity, the
BaBar experiment measured the time dependent CP asymmetry parameters for the J/⌃K 0

S , ⌃(2S) K 0
S , ⇧c1 K 0

S , ⇤cK 0
S and

J/⌃K 0
L modes combined [947]23:

Cf = 0.026 ± 0.020 (stat) ± 0.016 (syst), Sf = 0.691 ± 0.029 (stat) ± 0.014 (syst).

Cf and Sf for each of the decay modes within the CP sample and of the J/⌃K 0(K 0
S + K 0

L ) sample were also measured [947].
These results are preliminary. The Belle experimentmeasured these parameters from J/⌃K 0

S and J/⌃K 0
L decays using a data

sample of 492fb�1 and found [948]:

Cf = �0.018 ± 0.021 (stat) ± 0.014 (syst), Sf = 0.642 ± 0.031 (stat) ± 0.017 (syst).

Belle also reported results from the ⌃(2S) K 0
S decay using 605fb�1 [949]:

Cf = �0.039 ± 0.069 (stat) ± 0.049 (syst), Sf = 0.718 ± 0.090 (stat) ± 0.033 (syst).

The analysis of b ⌅ c c s decaymodes imposes a constraint on sin2⇥ only, but a four-fold ambiguity in the determination
of the angle ⇥ remains. It is possible to reduce this ambiguity by measuring cos2⇥ using the angular and time dependent
asymmetry in B0 ⌅ J/⌃K ⇥0 (K ⇥0 ⌅ K 0

S ⌅0) decays. The results of the fit treating sin2⇥ and cos2⇥ as independent
variables give cos2⇥ = +3.32+0.76

�0.96 ± 0.27 [950] for BaBar. Using the outcome of fits to simulated samples, the sign of
cos 2⇥ is determined to be positive at the 86% confidence level. Belle reported cos2⇥ = +0.56 ± 0.11 ± 0.27 [951]. These
results are compatible with the StandardModel expectations. Othermeasurements also contribute to reduce the ambiguity.

22 Charge-conjugate reactions are included implicitly unless otherwise specified.
23 Unless otherwise stated, all results are quoted with the first error being statistical and the second systematic.

The sensitivity of the measurement is defined by 
the maximum value of Δms where A=1 is excluded 
at 95% C.L. if the measured value of A were zero.

D0 note 5618

CDF, PRL 97 (2006) 242003

�ms = (17.77± 0.10stat ± 0.07syst)ps�1 (5.9�, CDF)

�ms = (18.53± 0.93stat ± 0.30syst)ps�1 (2.9�, D0)



F.Blanc, Flavor Physics

Bs mixing: LHCb results
• With 36pb-1 (2010 dataset) LHCb measures Δms in the 

channels Bs→Ds-(3) π 

• 1381 signal events

• Result:   Δms = 17.63 ± 0.11 ± 0.02 ps-1
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size of the sample, the oscillation pattern is clearly visible when the asymmetry is plotted
in bins of the decay time modulo 2⇡/�m

s

(Fig. 4). In an ideal scenario of perfect tagging
and perfect decay time resolution the amplitude of this oscillation would be 1.0. The
observed amplitude is reduced due to the performance of the tagging algorithm by a
factor 0.41. Another reduction of 0.65 occurs due to the limited decay time resolution.

7 Systematic uncertainties

The dominant source of systematic uncertainty is due to the knowledge of the absolute
decay time scale of the experiment. This uncertainty is dominated by the knowledge of
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size of the sample, the oscillation pattern is clearly visible when the asymmetry is plotted
in bins of the decay time modulo 2⇡/�m

s

(Fig. 4). In an ideal scenario of perfect tagging
and perfect decay time resolution the amplitude of this oscillation would be 1.0. The
observed amplitude is reduced due to the performance of the tagging algorithm by a
factor 0.41. Another reduction of 0.65 occurs due to the limited decay time resolution.

7 Systematic uncertainties

The dominant source of systematic uncertainty is due to the knowledge of the absolute
decay time scale of the experiment. This uncertainty is dominated by the knowledge of
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F.Blanc, Flavor Physics

Bs mixing => determination of |Vtd/Vts|
• Relation between oscillation frequencies in Bd and Bs systems 

allows an accurate determination of |Vtd/Vts|

- the ξ factor accounts for SU(3)-breaking effects

• Provides a theoretically clean ratio (here with Tevatron Δms)

32

�md

�ms
=

mBs

mBd

�2

����
Vts

Vtd

����
2

� = 1.210+0.047
�0.035

����
Vtd

Vts

���� = 0.2061± 0.0012
exp

± +0.0080
�0.0060theo



F.Blanc, Flavor Physics

Phase of Vts ⇒ φs in Bs decays
• φs is the phase of Vts, like β is the phase of Vtd 

• φs can be measured in Bs decays to CP eigenstates

• Golden mode: Bs→J/ψφ

- vector-vector final state
⇒ angular analysis to separate
CP-even and CP-odd amplitudes

• Tagging at the time of production of the b quark, using the 
flavor of the associate anti-b quark (opposite-side tagging)

- tagging efficiency  ε = 24.9%

- dilution D = 0.277

- effective tagging efficiency εtag = (1.91 ± 0.23)%
(compare to ≈30% tagging efficiency at B factories) 

33LHCb, arXiv:1112:3183

1 Introduction

The identification of the initial flavour of reconstructed B0 and B0
s mesons is necessary for

most of the measurements of flavour or CP asymmetries, to establish whether the meson
contained a b or a b quark. This procedure is known as flavour tagging and is performed
at LHCb by means of di�erent flavour tagging algorithms as described in [1] and [2] and
illustrated in Figure 1.

proton

Same side

signal B+

K+

J/�

primary vertex

Opposite side opposite B

lepton taggers     
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Figure 1: Schematic representation of the di�erent sources of information available to tag
the initial flavour of a signal B candidate, here B+� J/⇥K+. The same-side and opposite-
side (which can be any b-hadron) are shown. Since LHCb is a forward spectrometer, same
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s , respectively. For each tagger, the prob-
ability of the tag decision to be correct is estimated by using several kinematic properties
of the tagger and the event itself. When more than one tagger is available per event, these
probabilities are combined into a single probability and a single decision per event.

Two possibilities are considered: the combination of OS taggers only, common to all
the b-hadrons, and the combination of all taggers including SS, which are di�erent for
the B0

s , and B0 and B+ cases. The use of the OS tagger combination is important to
compare the results in di�erent control channels and to study the SS� and SSK tagging
algorithms.
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FIG. 2. Projections for the decay time and transversity angle
distributions for events with m

B

in a ± 20 MeV range around
the B0

s

mass. The points are the data. The dashed, dotted
and solid lines represent the fitted contributions from signal,
background and their sum. The remaining curves correspond
to di↵erent contributions to the signal, namely the CP -even
P-wave (dashed with single dot), the CP -odd P-wave (dashed
with double dot) and the S-wave (dashed with triple dot).

The sensitivity to �

s

stems mainly from its appear-
ance as the amplitude of the sin(�m

s

t) term in Eq. 1,
which is diluted by the decay time resolution and mistag
probability. Systematic uncertainties from these sources
and from the mixing frequency are absorbed in the sta-
tistical uncertainties as explained above. Other system-
atic uncertainties are determined as follows, and added
in quadrature to give the values shown in Table I.

To test our understanding of the decay angle accep-
tance we compare the rapidity and momentum distribu-
tions of the kaons and muons of selected B

0
s

candidates
in data and simulated events. Only in the kaon momen-
tum distribution do we observe a significant discrepancy.
We reweight the simulated events to match the data, red-
erive the acceptance corrections and assign the resulting
di↵erence in the fit result as a systematic uncertainty.
This is the dominant contribution to the systematic un-
certainty on all parameters except �

s

. The limited size
of the simulated event sample leads to a small additional
uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [16].

In the fit each |A
i

(0)|2 is constrained to be greater
than zero, while their sum is constrained to unity. This
can result in a bias if one or more of the amplitudes is
small. This is the case for the S-wave amplitude, which
is compatible with zero within 3.2 standard deviations.
The resulting biases on the |A

i

(0)|2 have been determined
using simulations to be less than 0.010 and are included
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FIG. 3. Likelihood confidence regions in the ��
s

-�
s

plane.
The black square and error bar corresponds to the Standard
Model prediction [3, 4].

as systematic uncertainties.
Finally, a systematic uncertainty of 0.008 ps�1 was as-

signed to the measurement of �
s

due to the uncertainty
in the decay time acceptance parameter �. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.
In summary, in a sample of 0.37 fb�1 of pp collisions

at
p
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B

0
s

! J/ K

+
K

� events with K

+
K

�

invariant mass within ± 12 MeV of the � mass. With
these data we perform the most precise measurements
of �

s

, ��
s

and �
s

in B

0
s

! J/ � decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ��

s

.
Two solutions with equal likelihood are obtained, related
by the transformation (�

s

,��
s

) 7! (⇡��

s

,���
s

). The
solution with positive ��

s

is

�

s

= 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

�
s

= 0.657 ± 0.009 (stat) ± 0.008 (syst) ps�1
,

��
s

= 0.123 ± 0.029 (stat) ± 0.011 (syst) ps�1
,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of �

s

in the range 0.52 < �

s

< 2.62
and �2.93 < �

s

< �0.21 are excluded at 95% confi-
dence level. In a future publication we shall di↵erentiate
between the two solutions by exploiting the dependence
of the phase di↵erence between the P-wave and S-wave
contributions on the K

+
K

� invariant mass [14].
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LHCb: φs results
• SM prediction:

                           ΔΓs = 0.087 ± 0.021 ps-1

                             φs = -0.0363 ± 0.0017 rad

• With 370pb-1, LHCb measures:
                          ΔΓs = 0.123 ± 0.029 ± 0.011 ps-1
                            φs = 0.15 ± 0.18 ± 0.06 rad

⇒ good agreement with SM :-(
     ...but plenty of room for NP :-)

35LHCb, arXiv:1112:3183
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Bs→µ+µ-

• Decay suppressed in the SM

BF(Bs→µ+µ-) = (3.2±0.2)×10-9 

(small BF, with small SM error
⇒ sensitivity to deviations!)

• Possible large enhancement
from New Physics

- scalar sector, SUSY high tanβ
⇒ BF≫SM

- extra dimensions ⇒ BF≠SM

- but negative interference with
SM in some models

- in all cases, constraints on
the parameter space

36
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Bs→µ+µ- results
• Measurements from CDF, CMS, and LHCb

• Combined CMS and LHCb results:

⇒ no large deviation from the SM
...but still plenty of room for new physics

37

Luminosity 95% CL upper limit
CDF 7fb-1 <4.0×10-8 arXiv:1107.2304 (2011)

CMS 1.14fb-1 <1.9×10-8 PRL 107, 191802 (2011)

LHCb 0.34fb-1 <1.5×10-8 arXiv:1112.1600 (2011)

10k signal-plus-background pseudo-experiments are generated, and the results compared
with the observed likelihood ratio in data.

In Fig. 1 examples of �2 ln Q distributions are shown for the background hypothesis
and for the signal-plus-background hypothesis. The quantity CLs+b is the integral of
the “s+b” hypothesis distribution from the observed value upwards, hence represents the
probability that another experiment would give a lower likelihood than the observed one,
under the hypothesis of signal-plus-background. CLs+b is a measure of the incompatibility
with the “s+b” hypothesis. The quantity CLb is the integral of the “b” hypothesis
distribution from the observed value upwards, hence the quantity 1� CLb (also referred
to as the p-value) represents the probability that another experiment would give a lower
likelihood than the observed one, under the hypothesis of background only. 1� CLb is a
measure of the compatibility with the background hypothesis. The modified frequentist
approach used in this note uses the ratio CLs = CLs+b/CLb to calculate the exclusion
limit, which is more conservative than using CLs+b, as it is less a↵ected by background
fluctuations.

4 Results and conclusions

The observed distribution of events from LHCb and CMS, when compared with the ex-
pected background distribution, results in 1 � CLb (or p-value) of 8%. When a signal
is included at the level expected in the Standard Model the p-value increases to 57%,
indicating that the observed candidates are consistent with the sum of backgrounds and
the Standard Model expectation.

The value of CLs, as computed from the distribution of events observed by LHCb and
CMS, is shown in Fig. 2 as a function of the assumed branching ratio. The observed value
of CLs results in the limits:

B(B0
s! µ+µ�) < 1.08⇥ 10�8 at 95 % CL,

B(B0
s! µ+µ�) < 0.90⇥ 10�8 at 90 % CL,

which clearly improve on the limits obtained by the individual experiments, and represent
the best existing limits on this decay. An enhancement of the branching ratio by more
than 3.4 times the Standard Model prediction is excluded at 95% CL. There still remains,
however, room for a contribution from physics beyond the Standard Model.
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Figure 9. The (MA, tan!) planes in the NUHM1 including both the H/A [21] and BR(Bs ! µ+µ!) [41]
constraints (upper left), dropping the H/A constraint but keeping the BR(Bs ! µ+µ!) constraint (upper
right), dropping BR(Bs ! µ+µ!) but keeping H/A (lower left), and dropping both constraints (lower
right).

LEP [55, 56] or the Tevatron, so as to illustrate
whether there is a conflict between these limits
and the predictions of supersymmetric models.
For each model we display the new likelihood
functions corresponding to the LHC1/fb data set,
indicating the theoretical uncertainty in the cal-
culation of Mh of " 1.5 GeV by red bands. We
also show, as dashed lines without red bands, our
previous predictions based on the pre-LHC re-
sults (also discarding the LEP constraint). We
see that the LHC data improve the consistency of
the model predictions with the LEP exclusion, re-
moving whatever tension existed previously. We

cannot resist pointing out that the best-fit value
for Mh found recently in a SM fit including LEP,
Tevatron and LHC exclusions as well as precision
electroweak data " 120 GeV [59], and that this is
also the value of the SM Higgs mass that is most
compatible with the ongoing LHC searches [63].

Predictions for MA

In Fig. 13 we show the one-dimensional "2

functions predicted by our global fits for MA in
the CMSSM (left) and the NUHM1 (right). We
see that the best-fit values of MA have increased
in both models, by " 350 GeV and " 250 GeV,
respectively.

without BF(Bs→µ+µ-)

Bs→µ+µ- : constraints on New Physics
• Effect of Bs→µ+µ- on SUSY (NUHM model):

- constraint on the high tanβ region

- complementary to the direct searches

38
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whether there is a conflict between these limits
and the predictions of supersymmetric models.
For each model we display the new likelihood
functions corresponding to the LHC1/fb data set,
indicating the theoretical uncertainty in the cal-
culation of Mh of " 1.5 GeV by red bands. We
also show, as dashed lines without red bands, our
previous predictions based on the pre-LHC re-
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see that the LHC data improve the consistency of
the model predictions with the LEP exclusion, re-
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LEP [55, 56] or the Tevatron, so as to illustrate
whether there is a conflict between these limits
and the predictions of supersymmetric models.
For each model we display the new likelihood
functions corresponding to the LHC1/fb data set,
indicating the theoretical uncertainty in the cal-
culation of Mh of " 1.5 GeV by red bands. We
also show, as dashed lines without red bands, our
previous predictions based on the pre-LHC re-
sults (also discarding the LEP constraint). We
see that the LHC data improve the consistency of
the model predictions with the LEP exclusion, re-
moving whatever tension existed previously. We

cannot resist pointing out that the best-fit value
for Mh found recently in a SM fit including LEP,
Tevatron and LHC exclusions as well as precision
electroweak data " 120 GeV [59], and that this is
also the value of the SM Higgs mass that is most
compatible with the ongoing LHC searches [63].

Predictions for MA

In Fig. 13 we show the one-dimensional "2

functions predicted by our global fits for MA in
the CMSSM (left) and the NUHM1 (right). We
see that the best-fit values of MA have increased
in both models, by " 350 GeV and " 250 GeV,
respectively.
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• Effect of Bs→µ+µ- on SUSY (NUHM model):

- constraint on the high tanβ region

- complementary to the direct searches

38

arXiv:1110:3568



F.Blanc, Flavor Physics

CP violation in charm decays (LHCb)
• Measurement of direct CP violation (≣CP in the decay)

• To cancel experimental systematic errors, measure instead

• U-spin symmetry
=> ACP(KK) = −ACP(ππ)
=> ΔACP is essentially sum of two effects

• Time-integrated quantities
=> CP violation in mixing is integrated out
=> essentially a measurement of direct CP violation

39
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Direct CPV in charm decays via time integrated rates
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D0? π+π− also SCS, similar BR
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ΔACP in D0 decays

• LHCb result: ΔACP = (-0.82±0.21±0.11)% => 3.5σ significant

• Combined result (all exp.): ΔaCPdir = (-0.645 ± 0.180)%

• Is this a fluctuation, or sign of New Physics?  (à suivre...)
40
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Many other topics (not covered here)!
• Bs physics at Belle

• charm physics

- Dalitz analyses

- D0 mixing

- rare decays (e.g. D0→µ+µ-)

• τ physics:

- decay (Michel) parameters

- lepton-flavor violation (LFV) searches

• 2-photon physics

• neutrino-less double beta decays
=> Majorana vs Dirac neutrinos?

• ...

41
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Future of flavor physics @ LHC
• LHCb is dedicated to the study of flavor physics at the LHC

- LHC is a hadron machine => 1. large statistics, 2. large 
backgrounds, 3. access to all flavor mesons (e.g. Bd, Bs, Bc,...)

- LHCb is expected to provide unique measurements of:

- the weak phase of Vts (in Bs→J/ψφ decays)

- Bs→µ+µ- , with sensitivity to new physics

- CKM angle γ

• CMS and ATLAS will also contribute to flavor physics

- much larger dataset

- significant contributions to Bs→µ+µ- 

- but more challenging signal reconstruction

42
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Future of flavor physics @ B factories
• Belle-2 (approved) and Super-B (in the process of approval) 

plan to run at high luminosity B factories

- increase the total integrated luminosity to 50-100ab-1

- Belle-II expects to start in 2014, and have ≈50ab-1 by 2020

- sensitivity to rare decays => τ+ν, Xsl+l-, etc...

- should answer the questions related to the value of Vub 
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Future of Flavor Physics
• Can we dream of this?
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FIG. 27: Shaded: The current constraints on the kinetic
mixing parameter ✏ as a function of dark photon mass.
Dashed line: the expected constraint from SuperB with
50ab�1 of data.

ysis using 32fb�1 is shown on Figure 27. With the
increased luminosity, SuperB should be sensitive to
values of ✏ down to 5 ⇥ 10�4. Since the gauge sym-
metry of the dark sector is by construction broken,
there is also at least one “dark Higgs” (h0) in the
model. Therefore there can also be interactions like
e+e� ! A0h0 ! 3(l+l�). While this channel is sup-
pressed with respect to e+e� ! �A0, the final state of
6-leptons (with possibly all three pairs giving a nar-
row resonance) should be much cleaner with a small
irreducible QED background. There are a number of
other, more model dependent searches we can do at
SuperB. For instance, if the dark force is non-Abelian
there can be final states with 4-,8-, or even 12- or more
leptons with many pairs forming a narrow resonance.
While these final states are harder to use to extract
✏ limits, any evidence of a narrow resonance in them
would be evidence for new physics.

Searches can also be performed in very rare decays
of the B meson. Generally speaking, and decay in-
volving a photon can be used to search for a dark
photon. We can search in the l+l� mass spectrum in
modes such as B ! Kl+l� for a narrow resonance, al-
though there will be a large background from the nor-
mal SM process. In addition, loop dominated modes
such as B0 ! l+l�l+l� or B ! Kl+l�l+l� can en-
hanced by a “Higgs0-strahlung’ from the top quark in
the loop [404]. If these modes are observed, We can
look in the di-lepton mass spectrum for a resonance.

Finally, we can search for dark forces in rare meson
decays [405]. The SuperB experiment will not be just
a B meson factory, it will also produce huge samples
of other mesons such as ⇡0, ⌘, K, �, and J . For in-
stance, there are roughly 1010⇡0/ab�1 and 109⌘/ab�1

produced which can be used to search for the channel

⇡0/⌘ ! �A0 ! �l+l�. Searching the huge meson sam-
ples for rare decays such as these should give limits on
✏ that are competitive to other measurements.

9. Role of Lattice QCD

This section describes the role of lattice QCD in the
physics case of SuperB.

While there are some flavour observables, like the
angles of unitarity triangle, which can be determined
with rather small or even negligible theoretical uncer-
tainties, in other cases the extraction of physical re-
sults also relies on theoretical inputs, mainly on lat-
tice QCD calculations. This is the case, for example,
of several among the constraints entering the unitar-
ity triangle analysis, for which an extrapolation at the
SuperB is illustrated in Fig. 28 [2]. In this analysis, in

FIG. 28: Unitarity triangle fit within the SM extrapo-
lated using expected results at SuperB and future lattice
QCD calculations [2]. Central values of the constraints are
chosen from the present UT fit. The bands show the 95%
probability regions selected by the single constraints.

order to convert into constraints in the (⇢̄, ⌘̄)-plane the
measurements of leptonic (B ! ⌧⌫) and semi-leptonic
(B ! ⇡(⇢)l⌫/B ! D(D⇤)l⌫) B decay rates and of
K0�K̄0 and B0

d/s�B̄0
d/s mixing amplitudes ("K , �md

and�md/�ms), a determination of the corresponding
hadronic matrix elements is required. These matrix el-
ements are expressed in terms of decay constants (fB),
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Summary
• Flavor physics has proven a very useful tool to study the 

standard model and to search for new physics

• In the past 10 years, the CKM paradigm in the SM was 
proven to be an excellent low-energy description of the weak 
interactions in the quark sector

- several measurements allowed to strongly over-constraint the 
model => good agreement is observed

- these conclusions lead to the Nobel prize for Kobayashi and 
Maskawa

• We have now started a new era at the LHC

- no clear sign yet of new physics...

- but we still have a few 2-3σ deviations from the SM

- many more results expected soon!
45

"for the discovery of the origin of the broken symmetry which predicts the 
existence of at least three families of quarks in nature"
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The search for new physics continues...
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