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This report summarizes the latest experimental results on radiative and electroweak rare B meson decays. These

rare decay processes proceed through the Flavor-Changing-Neutral-Current processes, and thus are sensitive to the

postulated new particles in the theories beyond the Standard Model. Experiments at e+e− colliders, Belle, BaBar

and CLEO, have been playing the dominant role, while the CDF and D0 experiments have just started to provide new

results from Tevatron Run-II. The most significant achievement is the first observation of the decay B → K∗`+`−,

which opens a new window to search for new physics in B meson decays.

1. Introduction

Rare B meson decays that include a photon or a lep-

ton pair in the final state have been the most reliable

window—besides the Cabibbo-Kobayashi-Maskawa

(CKM) unitarity triangle—to understand the frame-

work of the Standard Model (SM) using the rich sam-

ple of B decays, and to search for physics beyond the

SM. Belle has just reported that the CP-violating

phase in B → φK0
S may deviate largely from the

SM expectation measured using the B → J/ψK0
S

and related modes.1 The former is the b→ sss tran-

sition which proceeds presumably through the loop

(penguin) diagram for the b → s Flavor-Changing-

Neutral-Current (FCNC) process, while the latter is

the b → ccs transition which is dominated by the

tree diagram and is unlikely to be interfered with

by new physics with a large effect. It is there-

fore an urgent question whether we can also find

a similar deviation from the SM in any other re-

lated b → s transitions using the large samples of

e+e− → Υ(4S) → BB data available from two B-

factories, Belle and BaBar, in order to investigate

the nature of the possible new physics signal.

Radiative B decays with a high energy photon in

the final state are a unique probe to explore inside

the B meson. In the SM, the high energy photon

is radiated through FCNC processes, b → sγ and

b

sb→sγ (quark level)

γ γ

B→Xs γ (meson level)

B

K

π Xs

π

Figure 1. b→ sγ and B → Xsγ.

b → dγ. These transitions are forbidden at the tree

level and only proceed via penguin loops formed by a

virtual top quark and aW boson, or other higher or-

der diagrams. The loop diagram can also be formed

by postulated heavy particles if they exist, and is

therefore sensitive to physics beyond the SM. The

b → sγ decay rate is large enough to have been

measured already by CLEO2 and ALEPH,3 and then

by Belle4 and BaBar.5,6 As illustrated in Fig. 1, the

b→ sγ transition at the quark level can be studied by

performing an inclusive measurement for B → Xsγ,

where Xs is an inclusive state with a strangeness

S = ±1. The photon energy spectrum, which can

be characterized by its mean energy and moments,

provides a useful constraint to the heavy quark effec-

tive theory that essentially helps to reduce the uncer-

tainties in the inclusive semi-leptonic B decay rates

and hence the extraction of |Vcb| and |Vub|. In con-

trast to the inclusive studies, exclusive decay modes

such as B → K∗γ are experimentally much easier to

measure and have been extensively explored. How-

ever, one has to always consider large model depen-

dent hadronic uncertainties to compare the results

with the SM. Such uncertainties largely cancel by

searching for CP- and isospin asymmetries. Though

the b → dγ transition is suppressed by a CKM fac-

tor |Vtd/Vts|
2 ∼ O(10−2) with respect to b → sγ,

searches are still being pursued for this exclusive de-

cay channel.

Electroweak rare B decays proceeding through a

similar FCNC process b→ s`+`− (` = e, µ) involves

a virtual photon or weak boson, and has sensitivi-

ties to new physics that are not covered by b → sγ.

This process is suppressed with respect to b → sγ

by an additional αem factor that has made it inac-

cessible before the B-factories. Having two leptons
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in the final state, one can measure the dependence

on the momentum transfer squared q2(=M(`+`−)2)

of the virtual γ/Z. Furthermore, measurement of

the forward-backward asymmetry of the lepton de-

cay angle will be a unique probe in this electroweak

process, with a small theoretical uncertainty even in

the exclusive decay B → K∗`+`−. The pure weak

process, b → sνν is experimentally extremely diffi-

cult.

Pure leptonic decay B0
d,s → `+`− is based on the

same quark diagram as b → (d, s)`+`−, and hence

has a similar sensitivity to new physics. The SM

expected branching fractions are beyond the current

experimental reach, but new physics may dramati-

cally enhance the decay rate, especially for Bs →

µ+µ−, for which the Tevatron experiments have just

restarted to provide new information. The charged

counter part, B+ → τ+ν and B+ → `+ν, are tree

level processes. These decays have not been observed

yet because of the very small branching fractions due

to the GIM suppression mechanism and the experi-

mental difficulty due to the missing neutrino.

In this report, the latest results on radiative

(Sec. 2), electroweak (Sec. 3) and pure leptonic

(Sec. 4)B decays are reviewed. Belle has analyzed up

to 140 fb−1 corresponding to 152 million BB pairs,

while BaBar has analyzed up to 113 fb−1 correspond-

ing to 123 million BB pairs. The first results from

the Tevatron Run-II data from CDF and D0 are also

included. Finally Sec. 5 concludes this report.

2. Radiative B Decays

2.1. Inclusive B → Xsγ Branching

Fraction

Due to the two-body decay nature of the quark level

process of b → sγ, the photon energy spectrum of

B → Xsγ has a peak around half of the b quark

mass. This peak is the signature of the fully inclu-

sive B → Xsγ measurement. On top of this sig-

nal, there are huge background sources as shown in

Fig. 2. The largest contribution is from the con-

tinuum process e+e− → qq (q = u, d, s, c) in which

copious π0 → γγ and η → γγ are the sources of high

energy photons, and the initial-state radiation pro-

cess e+e− → qqγ. These continuum backgrounds

are reliably subtracted by using the off-resonance

data sample taken slightly below the Υ(4S) reso-

Figure 2. Expected photon energy distribution for B → Xsγ

signal and various background sources.

nance. The background from B decay is also signif-

icant, especially for lower photon energies. To esti-

mate and subtract the B decay background, one has

to largely rely on the Monte Carlo simulation. As

the signal rate rapidly decreases and the background

rate rapidly increases towards lower photon energies,

it is inevitable that one requires a minimum photon

energy (Emin
γ ) and extrapolates the spectrum below

Emin
γ to obtain the total branching fraction.

An alternative semi-inclusive method is to sum

up all the possible fully reconstructed Xsγ final

states, where Xs is formed from one kaon and up to

four pions. In this case, one can require the kine-

matic constraints on the beam-energy constrained

mass Mbc =
√

E∗beam
2 − p∗B

2 (also denoted as the

beam-energy substituted mass MES) and ∆E =

E∗B −E
∗
beam, using the beam energy E

∗
beam and fully

reconstructed momentum p∗B and energy E
∗
B of the B

candidate in the center-of-mass (CM) frame. There-

fore the large backgrounds can be reduced at the cost

of introducing an additional error due to the model

dependent hadronization uncertainties.

So far, CLEO2 and BaBar5 have performed the

fully inclusive measurement, and Belle4 and BaBar6

have performed the semi-inclusive measurement.

Figure 3 summarizes these results, together with the

measurement performed by ALEPH.3 CLEO has ap-

plied the lowest Emin
γ of 2.0 GeV and has the smallest

error, while BaBar requires Emin
γ = 2.1 GeV, and

Belle requires M(Xs) < 2.1 GeV which is roughly

equivalent to Emin
γ ∼ 2.25 GeV.

The average of the five measurements, including
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Figure 3. B → Xsγ branching fraction measurements.

the two from BaBar with an overlapping data set, has

been calculated taking into account the correlation

of the systematic and theory errors, as7

B(B → Xsγ) = (3.34± 0.38)× 10
−4. (1)

The latest SM calculation8 predicts B(B → Xsγ) =

(3.57 ± 0.30) × 10−4, in very good agreement with

the world average. The prediction fully includes up

to Next-to-Leading-Order QCD corrections.9

This result can be used to constrain new physics

hypotheses.8,10,11 For example, any new physics that

has only a constructive interference with the SM am-

plitude is strongly constrained. The Type-II charged

Higgs boson is one such example, and its mass has to

be greater than 350 GeV if there is no other destruc-

tive amplitude.8,10 Many SUSY models can, however,

have also a destructive amplitude that may cancel

the constructive part. The decay amplitude is usu-

ally written down using the effective Hamiltonian

with Wilson coefficients for the relevant operators.

The B → Xsγ result constrains the magnitude of

the C7 Wilson coefficient, that can be a useful mea-

sure of a possible deviation from the SM, and also

is an input parameter to the constraints provided by

other measurements.

In order to further improve the measurement, it

is necessary to lower the minimum photon energy.

The latest Belle and BaBar data samples, with the

largest off-resonance data size, have yet to be ana-

lyzed. A new effort to significantly reduce the the-

ory error by including the Next-to-Next-to-Leading-

Order QCD correction has also been started.

2.2. Exclusive B → K∗γ

The measurement of the B → K∗γ exclusive branch-

ing fraction is straightforward, since one can use the

Table 1. B → K∗γ branching fractions

B0 → K∗0γ B+ → K∗+γ

[×10−5] [×10−5]

CLEO 4.55± 0.70± 0.34 3.76± 0.86± 0.28

BaBar 4.23± 0.40± 0.22 3.83± 0.62± 0.22

Belle 4.09± 0.21± 0.19 4.40± 0.33± 0.24

Mbc, ∆E and K∗ mass constraints. (K∗ denotes

K∗(892) throughout this report.) The latest Belle

measurement (Fig. 4) uses 78 fb−1 data, with a to-

tal error of much less than 10% for each of the B0

and B+ decays. The results from CLEO,12 BaBar13

and Belle14 are in good agreement and are listed in

Table 1. The world averages are calculated as

B(B0 → K∗0γ) = (4.17± 0.23)× 10−5, (2)

B(B+ → K∗+γ) = (4.18± 0.32)× 10−5. (3)

The corresponding theoretically predicted branching

fraction is about (7±2)×10−5, higher than the mea-

surement with a large uncertainty.15 As the b → sγ

transition is well understood by the inclusive mea-

surement, we consider the deviation is due to the

ambiguous hadronic form factor, for which the light-

cone QCD sum rule result of FB→K∗

7 (0) = 0.38±0.05

is used. However, a recent lattice-QCD calculation16

is suggesting that the expected form-factor is as small

as FB→K∗

7 (0) = 0.25±0.04 and is consistent with the

value of FB→K∗

7 (0) = 0.27± 0.04 extracted from the

measured branching fraction.

A better approach to exploit the B → K∗γ

branching fraction measurements is to consider

isospin asymmetry.17 A small difference in the

branching fractions between B0 → K∗0γ and B+ →

K∗+γ tells us the sign of the combination of the

Wilson coefficients, C6/C7. Belle has taken into ac-

count the correlated systematic errors and performed

a measurement as

∆+0 ≡
(τB+/τB0)B(B0 → K∗0γ)− B(B+ → K∗+γ)

(τB+/τB0)B(B0 → K∗0γ) + B(B+ → K∗+γ)

= (+0.003± 0.045± 0.018),
(4)

which is consistent with zero and one cannot tell

whether the SM prediction (∆+0 > 0) is correct yet.

Here, the lifetime ratio τB+/τB0 = 1.083 ± 0.017

is used, and the B0 to B+ production ratio is as-

sumed to be unity. The latter is measured to be

f0/f+ = 1.072 ± 0.057 and is a source of an addi-

tional systematic error.



4

γ-π+(a) K
 5.0± 24.2 ±Yield 452.8 

γ0π+(c) K
 2.4± 11.1 ±Yield 86.4 

γ+π0
S(b) K

 3.5± 13.7 ±Yield 146.5 

γ0π0
S(d) K

 0.3± 4.9 ±Yield 16.9 

0
10
20
30
40
50
60
70
80

0

5

10

15

20

25

0
2
4
6
8

10
12
14
16

0

1

2

3

4

5

5.2 5.22 5.24 5.26 5.28 5.2 5.22 5.24 5.26 5.28 5.3

)
2

Beam-energy constrained mass (GeV/c

)2
E

n
tr

ie
s 

(/
 M

eV
/c

)2
E

n
tr

ie
s 

(/
 M

eV
/c

Figure 4. B → K∗γ signal from Belle.

Table 2. B → K∗
2 (1430)γ branching fractions.

B0 → K∗
2 (1430)

0γ B+ → K∗
2 (1430)

+γ

[×10−6] [×10−6]

CLEO 16.6+5.9
−5.3 ± 1.3

Belle 13± 5± 1 —
BaBar 12.2± 2.5± 1.1 14.4± 4.0± 1.3

2.3. Other Exclusive Radiative Decays

The dominant radiative decay channel B → K∗γ

covers only 12.5% of the total B → Xsγ branch-

ing fraction, and the rest has to be accounted for

by decays with higher resonances or multi-body de-

cays. Knowledge of these decay modes will eventu-

ally be useful to reduce the systematic error of the

inclusive measurement. Some of the decays have

a particular property that is useful to search for

new physics. As an example, the decay channel

B0 → K1(1270)
0γ → K0

Sρ
0γ will be useful to mea-

sure the time-dependent CP-asymmetry;18 while an-

other such measurement is experimentally challeng-

ing: B0 → K∗0γ → K0
Sπ

0γ using the detached

K0
S → π+π− decay vertex. Another example is to

use the decay B+ → K1(1400)
+γ → K0

Sπ
+π0 for a

photon polarization measurement.19

The B → K∗2 (1430)γ decay mode is unique

since the K∗2 (1430) decays into a Kπ combination,

while many other resonances have very small or

no decay width to Kπ. After measurements by

CLEO12 and Belle,20 BaBar has also performed a

new measurement21 (Fig. 5). Branching fractions are

listed in Table 2. The results are in agreement with

the SM predictions,22 for example, (17.3±8.0)×10−6.

Belle has extended the analysis into multi-body

decay channels.20 Using 29 fb−1 data, the decay

B+ → K+π+π−γ is measured to have a branching
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Figure 5. B0 → K∗
2 (1400)

0γ signal by BaBar.
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Figure 6. B+ → K∗0π+γ and B → K+ρ0γ from Belle.

fraction of (24±5+4−2)×10
−6 forM(Kππ) < 2.4 GeV.

The decay is dominated by K∗0π+γ and K+ρ0γ fi-

nal states that overlap each other as shown in Fig. 6.

At this moment, it is not possible to disentangle res-

onant states that decay into K∗π or Kρ, such as

K1(1270), K1(1400), K
∗(1650), and so on. A clear

B+ → K+φγ (5.5σ) signal was recently observed

by Belle with 90 fb−1 data (Fig. 7), together with a

3.3σ evidence for B0 → K0
Sφγ. There is no known

Kφ resonant state. This is the first example of a

sssγ final state. Branching fractions are measured

to be23

B(B+ → K+φγ) = (3.4± 0.9± 0.4)× 10−6

B(B0 → K0φγ) = (4.6± 2.4± 0.4)× 10−6

< 8.3× 10−6 (90% CL)

(5)

With more data, one can perform a time-dependent

CP-asymmetry measurement with the K0
Sφγ decay

channel.

Radiative decays with baryons in the final state

have been searched for by CLEO,24 in the B− →

Λpγ channel for photon energies greater than 2 GeV.

The analysis is also sensitive to B− → Σ0pγ with a



5

Mbc , GeV/c2

N
 e

ve
nt

s 
/ 2

.5
 M

eV
/c

2

a)

0

2

4

6

8

10

12

14

5.2 5.22 5.24 5.26 5.28

M (K+K-) , GeV/c2

N
 e

ve
nt

s 
/ 8

 M
eV

/c
2

b)

0

5

10

15

20

25

1 1.05 1.1 1.15 1.2 1.25
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slightly shifted ∆E signal window due to the missing

soft photon in Σ0 → Λγ. Upper limits are given as

B(B− → Λpγ) + 0.3B(B− → Σ0pγ) < 3.3× 10−6

B(B− → Σ0pγ) + 0.4B(B− → Λpγ) < 6.4× 10−6.
(6)

Considering isospin and other resonances such as

N(1232), an upper limit on baryonic radiative de-

cay is obtained to be less than 3.8× 10−5, or 13% of

the total B → Xsγ branching fraction.

In summary, (35 ± 6)% of the total B → Xsγ

is measured to be one of B → K∗γ (12.5%), B →

K∗2 (1430)γ (4% after excluding Kππγ), B → K∗πγ

(9%), B → Kργ (9%) or B → Kφγ (1%). The re-

maining (65±6)% would be accounted for by decays

with multi-body final states, baryonic decays, modes

with η and η′, multi-kaon final states other thanKφγ

or in the large Xs mass range.

2.4. Search for Direct CP-asymmetry

Direct CP-asymmetry in B → Xsγ is predicted to

be 0.6% in the SM with a small error.25,26 This is

contrary to the other hadronic decay channels with

the b → s transition, for which usually larger SM

CP-asymmetries are predicted, however, with large

uncertainties. Although such a small SM asymmetry

is beyond the sensitivity of the current B-factories,

many extensions to the SM predict that it is possi-

ble to produce a large CP-asymmetry greater than

10%.26,27 A large CP-asymmetry will be a clear sign

of new physics.

There has been only one measurement by

CLEO28 to search for the direct CP-asymmetry of

the radiative decays, which is sensitive also to B →

Xdγ. The result is expressed as

0.965ACP (B → Xsγ) + 0.02ACP (B → Xdγ)

= (−0.079± 0.108± 0.022)× (1± 0.030).
(7)
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Figure 8. B-tagged (top-left), B-tagged (top-right) and am-
biguous (bottom) B → Xsγ signal from Belle.

The SM predicts that B → Xdγ has a much larger

ACP with an opposite sign to that of B → Xsγ.

A new ACP (B → Xsγ) measurement performed

by Belle29 uses a similar technique to CLEO’s, sum-

ming up the exclusive modes of one kaon plus up

to four pions. In addition, modes with three kaon

plus up to one pion are included. Belle’s result elim-

inates B → Xdγ by exploiting particle identifica-

tion devices for the tagged hadronic recoil system.

CLEO requires Emin
γ = 2.2 GeV while Belle require

M(Xs) < 2.1 GeV which roughly corresponds to

Emin
γ ∼ 2.25 GeV. Events are self-tagged as B can-

didates (B0 or B+) or B candidates (B0 or B−),

except for ambiguous modes with a K0
S and zero

net charge. In order to correct the imperfect knowl-

edge of the hadronic final state ingredients, the sig-

nal yield for each exclusive mode is used to cor-

rect the Monte Carlo multiplicity distribution. The

resulting B-tagged (342 ± 23+7−14 events), B-tagged

(349± 23+7−14 events) and ambiguous (47.8± 8.7
+1.4
−1.8

events) signals are shown in Fig. 8. Using the wrong-

tag fractions of 0.019 ± 0.014 between B- and B-

tagged, 0.240 ± 0.192 from ambiguous to B- or B-

tagged, and 0.0075± 0.0079 from B- or B-tagged to

ambiguous samples, the asymmetry is measured to

be

ACP (B → Xsγ) = 0.004± 0.051± 0.038. (8)

The result corresponds to a 90% confidence level

limit of −0.107 < ACP (B → Xsγ) < 0.099, and

therefore already constrains extreme cases of the new

physics parameter space.

For exclusive radiative decays, it is straightfor-
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Table 3. B → K∗γ direct CP-asymmetry

CLEO (9.1 fb−1) (8± 13± 3)× 10−2

BaBar (20.7 fb−1) (−4.4± 7.6± 1.2)× 10−2

Belle (78 fb−1) (−0.1± 4.4± 0.8)× 10−2

ward to extend the analysis to search for direct

CP-asymmetry.12−14 Particle identification devices

of Belle and BaBar resolve the possible ambiguity

between K∗0 → K+π− and K∗0 → K−π+ to an al-

most negligible level with a reliable estimation of the

wrong-tag fraction (0.9% for Belle). The results of

the asymmetry measurements are listed in Table 3,

whose average is

ACP (B → K∗γ) = (−0.5± 3.7)× 10−2. (9)

It is usually considered that the large CP-violation

in B → K∗γ is not allowed in the SM and the re-

sult may be used to constrain new physics. However,

as the strong phase difference involved may not be

reliably calculated for exclusive decays, the interpre-

tation may be model dependent.

2.5. Search for b → dγ Final States

There are various interesting aspects in the b → dγ

transition. Within the SM, most of the diagrams are

a copy of those for b→ sγ, except for the replacement

of the CKMmatrix element Vts with Vtd. A measure-

ment of the b→ dγ process will therefore provide the

ratio |Vtd/Vts| without large model dependent uncer-

tainties. This is in contrast with the current best

|Vtd/Vts| limit obtained from ∆ms and ∆md in Bs

and Bd mixing with the help of lattice QCD calcu-

lations. Unfortunately, the inclusive B → Xdγ mea-

surement is extremely difficult due to its small rate

and the huge B → Xsγ background, and the use of

exclusive decay modes such as B → ργ involves other

model dependences. If the constraints of the SM is

relaxed, it is not necessary to retain the CKM struc-

ture, and b→ dγ becomes a completely new probe to

search for new physics effects in the b→ d transition

that might be hidden in the Bd mixing and cannot

be accessed in the b → s transition. This mode is

also the place where a large direct CP-asymmetry is

predicted within and beyond the SM.

The search for the exclusive decay B → ργ is

as straightforward as the measurement of B → K∗γ,

except for its small branching fraction, the enormous

combinatorial background from copious ρ mesons

Table 4. 90% confidence level upper limits on the B → ργ and

ωγ branching fractions.

ρ+γ ρ0γ ωγ

CLEO (9.1 fb−1) 13× 10−6 17× 10−6 9.2× 10−6

Belle (78 fb−1) 2.7× 10−6 2.6× 10−6 4.4× 10−6

BaBar (78 fb−1) 2.1× 10−6 1.2× 10−6 1.0× 10−6

and random pions, and the huge B → K∗γ back-

ground that overlaps with the B → ργ signal win-

dow. BaBar has optimized the background suppres-

sion algorithm using a neural net technique with in-

put parameters of the event shape, helicity angle

and vertex displacement between the signal candi-

date and the rest of the event, and has optimized

the kaon rejection algorithm so that the B → K∗γ

background can be suppressed to a negligible level.

B → ωγ is not affected by B → K∗γ, but it is

still hardly observed. The upper limits obtained

by BaBar,30 Belle31 and CLEO12 are summarized

in Table 4. The best upper limits by BaBar are

still about twice as large as the SM predictions,15

(9.0± 3.4)× 10−7 for ρ+γ, and (4.9± 1.8)× 10−7 for

ρ0γ and ωγ.

Using the isospin relation Γ(B → ργ) ≡

Γ(B+ → ρ+γ) = 2Γ(B0 → ρ0γ), the combined

B → ργ upper limit from BaBar becomes B(B →

ργ) < 1.9 × 10−6. The ratio of the branching frac-

tions can be expressed as

B(B → ργ)

B(B → K∗γ)
=

∣

∣

∣

∣

Vtd
Vts

∣

∣

∣

∣

2
(

m2
B −m

2
ρ

m2
B −m

2
K∗

)3

ζ2[1 + ∆R]

< 0.047 (90% CL)
(10)

where ζ = 0.76 ± 0.10 is the ratio of the form fac-

tors obtained from the light-cone QCD sum rule and

∆R = 0.0± 0.2 is to account for SU(3) breaking ef-

fects. From this inequality, a bound on Vtd is given

as |Vtd/Vts| < 0.34, which is still a weaker constraint

than that given by ∆ms/∆md. One can still ar-

gue about the validity of the form factor ratio,32 as

a recent lattice QCD calculation16 gives a value of

ζ = 0.91 ± 0.08 that leads to a different constraint

on Vtd as shown in Fig. 9.

3. Electroweak Rare B Decays

The b → s`+`− transition has a lepton pair in the

final state, which is a clear signature of the decay.
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Figure 9. Bound on Vtd from the ratio of branching fractions

of B → ργ to B → K∗γ.

The decay amplitude is written down using three

Wilson coefficients, C7, C9 and C10. Although there

are three unknown complex coefficients (|C7| is ob-

tained from B → Xsγ), it is possible to disentangle

all of them from measurements of the ŝ = q2/m2
b de-

pendent branching fraction dΓ/dŝ and the forward-

backward asymmetry dAFB/dŝ,

dΓ

dŝ
=
(αem
4π

)2 G2
Fm

5
b |V

∗
tsVtb|

2

48π3
(1− ŝ)2

×
[

(1 + 2ŝ)
(

|Ceff
9 |

2 + |Ceff
10 |

2
)

+ 4
(

1 + 2
ŝ

)

|Ceff
7 |

2

+12Re
(

Ceff
7 Ceff

9

)]

+ corr.
(11)

dAFB

dŝ
= Ceff

10 (2C
eff
7 + Ceff

9 ŝ)/(dΓ/dŝ), (12)

where QCD corrections are included in the Wilson

coefficients.

There are two amplitudes that interfere with

b → s`+`−: one is b → sγ at q2 → 0 and the

other is b→ (cc)s where (cc) is a charmonium state

such as J/ψ or ψ′ that decays into `+`−. The lat-

est theory calculation that includes Next-to-Next-to-

Leading-Order QCD corrections has been completed

for the restricted range of 0.05 < ŝ < 0.25 to avoid

these interferences.33

Similarly to b → sγ, there are a number of ex-

tensions to the SM35 that one may be sensitive to

by studying b → s`+`−, and B-factories have just

opened the window to search for such effects with

a huge sample of B decays that was not available

before.

3.1. Observation of B → K∗`+`−

The first signal of B → K`+`− was observed by

Belle36 using 29 fb−1 data and confirmed by BaBar37

with 78 fb−1, while the B → K∗`+`− signal, which

has a larger expected branching fraction, was not

significant with those data samples.

The B → K(∗)`+`− signal is identified withMbc,

∆E (and M(Kπ) for K∗`+`−). There are five types

of background that may contribute. 1) Charmonium

decays, B → J/ψK(∗) and ψ′K(∗) have to be re-

moved by the corresponding M(`+`−) veto windows

around J/ψ and ψ′ masses. Especially for e+e−

modes, bremsstrahlung has to be taken into account.

2) Hadronic decays, B → K(∗)π+π−, are almost

completely removed by lepton selection criteria in-

cluding minimum lepton momentum requirements,

but the remaining small contribution has to be eval-

uated and subtracted from the signal peak. 3) Two

leptons from semi-leptonic decays, either in the cas-

cade b → c → s, d chain or from two B mesons,

combined with a random K∗. This is the dominant

combinatorial background that can be reduced for

example by using the missing energy of the event.

4) Continuum background, which can be reduced by

shape variables. 5) Rare backgrounds, K∗γ with a

photon conversion to e+e−, and K(∗)π0 with a π0

decaying into e+e−γ. This background can be re-

moved by requiring a minimum e+e− mass as is done

by Belle or can be subtracted from the signal as done

by BaBar.

Belle has updated the analysis using a 140 fb−1

data sample, with a number of improvements in the

analysis procedure.38 The most significant improve-

ment is the lowered minimum lepton momentum of

0.7 (0.4) GeV for muons (electrons) from 1.0 (0.5)

GeV to gain 12% (7%) in the total efficiency. In

addition, a K∗`+`− combination is removed if there

can be an unobserved photon along with one of the

leptons that can form B → J/ψK → `+`−γK. As

a result, the first B → K∗`+`− signal is observed

with a statistical significance of 5.7 from a fit to

Mbc, as shown in Fig. 10, together with the improved

B → K`+`− signal with a significance of 7.4.

BaBar has also updated the analysis using a

113 fb−1 data sample,39 with improvements such

as the bremsstrahlung photon recovery to include

K(∗)e+e−γ events in the K(∗)e+e− signal. Evidence

for the B → K∗`+`− signal is also seen with a sta-

tistical significance of 3.3 from a simultaneous fit to

Mbc, ∆E and M(Kπ) (Fig. 11 shows their projec-

tions). A signal for B → K`+`− is clearly observed

with a significance of ∼8 (Fig. 12).

The branching fractions obtained are summa-
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Figure 10. B → K(∗)`+`− signal observed by Belle.
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Figure 11. Evidence for B → K∗`+`− from BaBar.
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Figure 12. Signal for B → K`+`− from BaBar.

Table 5. B → K(∗)`+`− branching fractions.

Mode Belle (140 fb−1) BaBar (113 fb−1)

[×10−7] [×10−7]

B → Ke+e− 4.8+1.5
−1.3 ± 0.3± 0.1 7.9+1.9

−1.7 ± 0.7

B → Kµ+µ− 4.8+1.3
−1.1 ± 0.3± 0.2 4.8+2.5

−2.0 ± 0.4

B → K`+`− 4.8+1.0
−0.9 ± 0.3± 0.1 6.9+1.5

−1.3 ± 0.6

B → K∗e+e− 14.9+5.2+1.1
−4.6−1.3 ± 0.3 10.0+5.0

−4.2 ± 1.3

B → K∗µ+µ− 11.7+3.6
−3.1 ± 0.8± 0.6 12.8+7.8

−6.2 ± 1.7

B → K∗`+`− 11.5+2.6
−2.4 ± 0.7± 0.4 8.9+3.4

−2.9 ± 1.1
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Figure 13. q2 distributions for B → K(∗)`+`− from Belle.

rized in Table 5. For the combined B → K∗`+`−

results, B(B → K∗`+`−) = B(B → K∗µ+µ−) =

0.75B(B → K∗e+e−) is assumed which compensates

the enhancement at the q2 = 0 pole that appears

more significantly in K∗e+e−, using the expected

SM ratio.40 The measured branching fractions are in

agreement with the SM, for example40 (3.5± 1.2)×

10−7 for B → K`+`− and (11.9 ± 3.9) × 10−7 for

B → K∗`+`−. We note that the experimental errors

are already much smaller than the uncertainties in

the SM predictions41 and the variations due to dif-

ferent model-dependent assumptions used to account

for the hadronic uncertainties.

It is still too early to fit the q2 distribution to

constrain new physics. First attempts to extract the

q2 distribution using the individualMbc signal yields

in q2 bins has been performed by Belle as shown in

Fig. 13.

3.2. Measurement of B → Xs`
+`−

The first measurements of the B → K(∗)`+`−

branching fractions are consistent with the SM pre-

dictions. However since these predictions have un-

certainties that are already larger than the measure-

ment errors, the inclusive rate for B → Xs`
+`− be-
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Table 6. B → Xs`
+`− branching fractions.

Mode Belle (60 fb−1) BaBar (78 fb−1)

[×10−6] [×10−6]

Xse
+e− 5.0± 2.3+1.3

−1.1 6.6± 1.9+1.9
−1.6

Xsµ
+µ− 7.9± 2.1+2.1

−1.5 5.7± 2.8+1.7
−1.4

Xs`
+`− 6.1± 1.4+1.4

−1.1 6.3± 1.6+1.8
−1.5

comes more important in terms of the search for a

deviation from the SM. In contrast to B → Xsγ,

the lepton pair alone does not provide a sufficient

constraint to suppress the largest background from

semi-leptonic decays. Therefore, it is only possible

to use the semi-inclusive method to sum up the ex-

clusive modes for now.

Belle has successfully measured the inclusive

B → Xs`
+`− branching fraction42 from a 60 fb−1

data sample by applying the method to sum up the

Xs final state with one kaon (K
+ or K0

S) and up to

four pions, of which one pion is allowed to be π0.

Assuming the K0
L contribution is the same as K

0
S ,

this set of final states covers 82 ± 2% of the signal.

In addition, M(Xs) is required to be below 2.1 GeV

in order to reduce backgrounds. For leptons, mini-

mum momentum of 0.5 GeV for electrons, 1.0 GeV

for muons and M(`+`−) > 0.2 GeV are required.

Background sources and the suppression techniques

are similar to the exclusive decays.

A new result is reported by BaBar with a 78 fb−1

data sample, using the same method with slightly

different conditions.43 BaBar includes up to two pi-

ons, corresponding to 75% of the signal, and require

M(Xs) < 1.8 GeV. The minimum muon momentum

requirement of 0.8 GeV is lower than Belle’s.

The signal of 60 ± 14 events from Belle with a

statistical significance of 5.4 is shown in Fig. 14, and

41±10 events from BaBar with a significance of 4.6 is

shown in Fig. 15. Corresponding branching fractions

are very close to each other as given in Table 6, whose

average is

B(B → Xs`
+`−) = (6.2± 1.1+1.6−1.3)× 10

−6. (13)

The branching fraction results are for the dilepton

mass range above M(`+`−) > 0.2 GeV and are in-

terpolated in the J/ψ and ψ′ regions that are re-

moved from the analysis, assuming no interference

with these charmonium states.

The results may be compared with the SM

prediction34 of (4.2± 0.7)× 10−6 integrated over the
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Figure 14. B → Xs`
+`− signal measured from Belle. The

Xse
+µ− sample, which is prohibited in the SM, represents

the combinatorial backgrounds.

same dilepton mass range of M(`+`−) > 0.2 GeV.

With this requirement, the effect of the q2 = 0 pole

becomes insignificant, giving almost equal branch-

ing fractions for the electron and muon modes. The

measured branching fractions are in agreement with

the SM, considering the large measurement error. It

should be noted that the large systematic error is

dominated by the uncertainty in the M(Xs) distri-

bution, in particular the fraction of B → K(∗)`+`−,

that will be reduced with more statistics. Distribu-

tions for M(Xs) and M(`
+`−) are shown in Figs. 16

and 17, in which no significant deviation from the

SM is observed.

3.3. Search for B → Kνν

The b → sνν channel is sensitive to the weak-boson

part of the b → s`+`− amplitude, and does not in-

volve the q2 = 0 pole and interfering charmonium

decays. It is experimentally challenging even for the

easiest exclusiveB+ → K+νν channel, because there

is only one measurable kaon track out of the three-

body final state that characterize the signal. In order

to identify the signal, the other side B decay has to

be tagged, so that there is only one kaon in the rest of

the event. The search is attempted by BaBar using

two techniques to tag the other B.
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Figure 15. (a) B → Xse
+e−, (b) B → Xsµ

+µ−, (c) B →

Xs`
+`− signals with the (d) Xse

+µ− sample from BaBar.
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Figure 16. M(`+`−) (left) and M(Xs) (right) distributions
for B → Xs`

+`− from Belle (points with error bars), com-
pared with the SM predictions before (top) and after (bottom)

including detector acceptance effects.

One method44 is to require a D0 meson and

a lepton in the event that come from the B− →

D(∗)0`−ν decay channel to tag the semi-leptonic de-

cay of the other side B. After removing the signal

kaon and the tag-side D0 and lepton, there should

be no remaining charged tracks, and the energy in

the calorimeter should be at most that from the

disregarded soft photon or π0 from the D∗0 decay.

The signal window is defined in the plane of the re-

maining energy (less than 0.5 GeV) and the recon-

structed D0 mass (within ±3σ). Two candidates are

found using a 51 fb−1 data sample (Fig. 18) with

a tagging efficiency of 0.5%, where 2.2 background

events are expected. This leads to the upper limit
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Figure 17. M(Xs) distribution for B → Xs`
+`− from BaBar.
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Figure 18. B → Kνν search results from BaBar using the

semi-leptonic tag technique.

of B(B → Kνν) < 9.4× 10−5 at the 90% confidence

level.

The other method45 is to require a full recon-

struction of the hadronic decay B− → D0X−, where

X− represents a combination of up to three charged

pions or kaons and up to two π0 with a net charge

of −1 to tag the hadronic decay of the other side

B. In this case, the maximum remaining energy is

reduced to 0.3 GeV. The signal is identified with a

high energy kaon with more than 1.5 GeV. Three

candidates are found using a 80 fb−1 data sample

with a tagging efficiency of 0.13%, where 2.7 ± 0.8

background events are expected. This leads to the

upper limit of B(B → Kνν) < 10.5 × 10−5 at the

90% confidence level.

Since the two methods use statistically indepen-

dent sub-samples, the two results can be combined

to improve the upper limit as

B(B → Kνν) < 7.0× 10−5 (90% C.L.), (14)

which is still an order of magnitude higher than the

SM prediction46 of B(B → Kνν) = (3.8+1.2−0.6)×10
−6.
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4. Pure Leptonic B Decays

Leptonic two-body B decays are highly helicity sup-

pressed in the SM due to the large energy release

from the B meson decaying into much lighter lep-

tons. The branching fraction for B+ → `+ν is writ-

ten down as

B(B+ → `+ν) =
G2

FmB

8π
m2

l

(

1−
m2

l

m2
B

)2

fB |Vub|
2τB

(15)

which is sensitive to Vub and the B meson decay con-

stant fB . The experimental sensitivities are still far

above the predicted SM branching fractions.

However, if there is a non-SM decay amplitude

that is not helicity suppressed, the branching frac-

tion may be accessible by the on-going experiments.

The decay modes considered are: B+ → τ+ν, B+ →

µ+ν, B0
d → µ+µ−, B0

d → e+e− and B0
s → µ+µ−.

The lepton flavor violating B0
d → e±µ∓ is also

searched for.

4.1. Search for B → τν and B → µν

The decay B+ → τ+ν has been searched for by

BaBar using 81 fb−1 of data. As there are at least

two missing neutrinos, the same two techniques for

the B → Kνν search are applied to tag the other side

B using semi-leptonic decays and hadronic decays.

In the analysis with the leptonic tag, τ+ →

e+νeντ and µ
+νµντ are used.

47 A fit to the remaining

energy, that can include a soft γ/π0 in the other side

B, shows no significant excess above the expected

background (Fig. 19). The upper limit is obtained

to be B(B+ → τ+ν) < 7.7× 10−4 at the 90% confi-

dence level.

In the analysis with the hadronic tag, hadronic

τ decays into π+ντ , π
+π0ντ and π

+π−π+ντ are also

included.48 The number of events with the remaining

energy less than ∼ 100 MeV is counted. In total 35

candidates are found for the expected background of

37.6±4.7±1.3 events. The upper limit is obtained to

be B(B+ → τ+ν) < 4.9×10−4 at the 90% confidence

level.

These two samples are combined to improve the

upper limit,

B(B+ → τ+ντ ) < 4.1× 10
−4 (90% CL). (16)

This improves the previous upper limit given by L3.49

The corresponding SM prediction is 7.5 × 10−5 for

τB = 1.674 ps, fB = 198 MeV and |Vub| = 0.0036.
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Figure 19. B+ → τ+ν search results from BaBar using the

semi-leptonic tag technique.

The decay B+ → µ+ν has been searched for by

Belle50 and BaBar.51 The analysis technique is to

use the “neutrino reconstruction” technique, to de-

termine the neutrino momentum from the missing

momentum of the event. The muon momentum is

monochromatic, except for the small initial B meson

momentum of 340 MeV, while the muon from the

dominant background source of semi-leptonic B de-

cays have a smaller momentum. No significant signal

excess has been observed; the most stringent upper

limit is given by BaBar using 81 fb−1,

B(B+ → τ+ντ ) < 6.6× 10
−6 (90% CL). (17)

The SM predicts an order of magnitude smaller

branching fraction of ∼ 4× 10−7.

4.2. Search for B → `+`−

In the SM, the decay B0
d,s → `+`− occurs through

the electroweak penguin transition b → (d, s)`+`−,

and due to the helicity suppression, the expected

branching fraction is extremely small:52 (2.34 ±

0.33)×10−15 for B0
d → e+e−, (1.00±0.14)×10−10 for

B0
d → µ+µ− and (3.4± 0.5)× 10−9 for B0

s → µ+µ−.

The decay amplitude may be significantly enhanced

in some extensions to the SM. For example, these de-

cays are sensitive to the chirality flipping interaction

in models with two Higgs doublets, and the branch-

ing fractions can be three orders of magnitude larger

than the SM at large tanβ, and may be accessible

by the B-factories for B0
d decays and by the Tevatron

for B0
s decays. In this case the B → Xs`

+`− decay

rate may not be affected and can be consistent with

the SM. The search can be easily extended to the

lepton flavor violating decay B0
d → e±µ∓.

Belle has searched for the the decays B0
d →
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Figure 20. B0
d
→ `+`− search results from Belle.

e+e−, B0
d → µ+µ− and B0

d → e±µ∓, using a 78 fb−1

data sample.53 The analysis method is similar to

those for the other exclusive decays. The dominant

background source is the continuum e+e− → cc pro-

duction in which both charm quarks decay into lep-

tons. Leptons from e+e− → τ+τ− and two-photon

processes can be removed by requiring five or more

charged tracks in a event. No event was observed

(Fig. 20) for the expected background events of 0.2

to 0.3, and the upper limits set are

B(B0
d → e+e−) < 1.9× 10−7

B(B0
d → µ+µ−) < 1.6× 10−7

B(B0
d → e±µ∓) < 1.7× 10−7

(18)

at the 90% confidence level.

For the B0
s decays, 113 pb

−1 and 100 pb−1 of

Run-II data from CDF and D0 respectively have

been analyzed. Both analyses require three variables

to reduce backgrounds and search for the signal in

the µ+µ− mass distribution. CDF uses the proper

lifetime cτ , the direction difference in azimuthal an-

gle between the µ+µ− vertex and momentum direc-

tions ∆Φ, and a measure of isolation of the B0
s candi-

date based on the tracks inside the cone around the

B0
s direction; D0 also uses a similar set of variables.

CDF and D0 find one and three candidates as

shown in Figs. 21 and 22, respectively. The CDF

result leads to the upper limit of

B(B0
s → µ+µ−) < 9.5× 10−7 (90% CL) (19)

that supersedes the previous CDF Run-I result. D0’s

limit is B(B0
s → µ+µ−) < 16 × 10−7. CDF also re-

Figure 21. B0
s → µ+µ− search results from CDF.
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Figure 22. B0
s → µ+µ− search results from D0.

ports B(B0
d → µ+µ−) < 2.5× 10−7, which is already

competitive with Belle’s result.

5. Conclusion

Figure 23 shows the currently measured branching

fractions and upper limits for the rare B decays that

involve a photon or a lepton pair. Most of the re-

sults have been updated rapidly along with the ac-

cumulation of the B-factory data: new modes and

measurements in the exclusive b→ sγ channels, new

measurement of the CP-asymmetry in B → Xsγ,

the first observation of B → K∗`+`− by Belle and

evidence from BaBar, new results on B → Xs`
+`−

from BaBar in agreement with Belle’s, and new lim-

its on B → Kνν and pure leptonic decays from

BaBar, Belle and CDF are included. So far none

of these results indicate a deviation from the SM. As

B → K∗`+`− is finally measured, the next target

will be the b→ dγ transition in the decay B → ργ.

There are still many programs to be pursued us-

ing these already observed rare B decay channels, in

addition to the searches for unobserved modes. One
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Figure 23. Summary of branching fractions and upper limits compared with the corresponding SM predictions.

example is a measurement for mixing-induced CP-

violation in b→ sγ, for example with B → K∗0γ →

K0
Sπ

0γ. This channel has been considered to be ex-

perimentally challenging due to the displaced K0
S

decay vertex; however, BaBar has recently demon-

strated that it is possible to measure the B decay ver-

tex from K0
S in the B

0 → K0
Sπ

0 channel,54 and the

same technique is applicable to B → K∗γ. The other

example is the measurement of the forward-backward

asymmetry in B → K∗`+`− or B → Xs`
+`−. These

examples demand an order of magnitude larger data

sample than is available. Fortunately, Belle and

BaBar are still collecting more data with improved

luminosities expected, and are planning to extend

their luminosities by orders of magnitude.
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DISCUSSION

Marina Artuso (Syracuse University): You speak

about the generic needs of a much larger data

set size. How about larger continuum samples

by changing the ratio 4S:continuum? It would

be very beneficial for measurements such as the

b→ sγ spectrum.

Mikihiko Nakao : We always keep discussing this

issue. For the lower photon energy of b→ sγ, B

decay background is the dominant source of un-

certainty, for which the continuum sample does

not help. Moreover, there are so many other in-

teresting subjects for which the continuum sam-

ple is useless.

Ikaros Bigi (University of Notre Dame): I would

like to strongly support your call for lowering

the cut on the photon energy in B → γXs. An

even more important motivation than determin-

ing Γ(B → γX) might be that the photon spec-

trum below 2 GeV can yield an important calcu-

lation of the theoretical understanding of b→ c

and b→ u semi-leptonic B decays. Any slice of

100 MeV you could go below 2 GeV is precious.

Mikihiko Nakao : We understand the situation

and are working on that. We hope we can go

below 2 GeV in the analysis of the latest data

sample.

Takuya Morozumi (Hiroshima University):

What do you really mean q2 = 0 is removed in

the analysis of the dilepton mass distribution for

b→ se+e−?

Mikihiko Nakao : We take the lower limit of dilep-

ton mass asm(`+`−) =
√

q2 > 0.2 GeV ∼ 2Mµ.


