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B physics results from the Belle experiment are reviewed. Precise measurements of Cabbibo-

Kobayashi-Maskawa matrix elements are made. Several decay modes are observed which will enable

us to measure the CP angles, φi in channels other than B
0 → ψK0 modes. New rare decay modes

are observed in many channels. Particular attention is paid to the first observation of the electroweak
penguin-mediated decay.

1 Introduction

One of the main objectives of heavy flavor

physics is the determination of the Cabbibo-

Kobayashi-Maskawa (CKM) quark mixing

matrix.1 In the hadronic charged current of

weak decay, the weak and flavor eigenstates

are not identical. The CKM matrix describes

the relation between these two sets of states.

An irreducible phase in this matrix, first in-

troduced by Kobayashi and Maskawa, gives

rise to CP violation in the framework of the

Standard Model (SM).

The unitarity of the CKM matrix for b

and d quark sectors leads to the expression

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0. (1)

This relation can be displayed as a triangle

in the complex plane as shown in Figure 1.

The angles of the triangle are defined as2

φ1 ≡ π − arg

(−VtdV ∗tb
−VcdV ∗cb

)

= β,

φ2 ≡ arg

(

VtdV
∗
tb

−VudV ∗ub

)

= γ, (2)

φ3 ≡ arg

(

VudV
∗
ub

−VcdV ∗cb

)

= α.

A crucial test of the SM is to evaluate the

consistency of all sides and angles of this uni-

tarity triangle. This test may provide infor-

mation on the dynamical origin of the quark

mixing matrix.

Experimentally, the magnitudes of the

elements of the CKM matrix can be deter-
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Figure 1. Unitarity triangle.

mined by measuring decay rates (including

the mixing rate) and production rates. The

angles φi can be determined by measure-

ments of CP asymmetries caused by the in-

terference of two or more amplitudes with dif-

ferent weak phases. For example, sin 2φ1 can

be determined by the CP asymmetry induced

by interference between mixing which carries

the V ∗tb phase and B0 → ψK0 decay which

carries the V ∗cb phase as indicated by Eq. 2.

In this paper, we review the B physics

results (except for the results which in-

volve decay-time dependent analysis) from

the Belle experiment. We report the deter-

mination of the magnitude of the CKM ma-

trix element |Vcb| and the observation of new

B decay modes which will lead to measure-

ments of the CP angles φi.

2 The Belle Detector

The Belle detector is designed and con-

structed primarily to observe and measure
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CP violation in B decays. Because of the

high luminosity of KEKB3 (Lpeak ≈ 5.0 ×
1033cm−2s−1), Belle currently accumulates

data at a rate of more than 4.5 fb−1 per

month. This corresponds to 5 million BB

events per month, allowing precise measure-

ments of B and charmed hadron properties.

Most of the analyses presented in this pa-

per are based on an integrated luminosity of

21.3 fb−1.

Due to the asymmetric energies of the

colliding beams (3.5 GeV × 8 GeV), the

Υ(4S) and its daughter B mesons are pro-

duced at βγ ≈ 0.425 in the laboratory frame:

the difference in B meson decay times may be

measured using the difference in decay vertex

positions. This key feature of the Belle exper-

iment allows the measurement of CP viola-

tion through mixing in neutral B decays.

The Belle detector consists of a sili-

con vertex detector (SVD), a central drift

chamber (CDC), an aerogel Čerenkov counter

(ACC), a time of flight (TOF) and trig-

ger scintillation counter (TSC) system, an

electromagnetic calorimeter (ECL), and a

KL/muon detector (KLM).

The SVD measures the precise position

of decay vertices. It consists of three layers

of double-sided silicon strip detectors (DSSD)

in a barrel-only design and covers 86% of

solid angle. The three layers are at radii

of 3.0, 4.5 and 6 cm respectively. Impact

parameter resolutions are measured as func-

tions of momentum p (GeV/c) to be σ2xy =

192+ [50/(pβ sin3/2 θ)]2 µm2 and σ2z = 362+

[42/(pβ sin5/2 θ)]2 µm2, where θ is the polar

angle with respect to the beam direction.

Charged tracks are primarily recognized

by the CDC. The CDC covers 92% of solid

angle in the center of mass (CM) frame, and

consists of 50 cylindrical layers of drift cells

organized into 11 super-layers each contain-

ing between three and six layers. He-C2H6

(50/50%) gas is used to minimize multiple-

Coulomb scattering. The magnetic field

of 1.5 Tesla is chosen to optimize momen-

tum resolution without sacrificing efficiency

for low momentum tracks. The transverse

momentum resolution for charged tracks is

(σpT
/pT )

2 = (0.0019pT )
2 + (0.0030/β)2,

where pT is in GeV/c.

Particle identification is accomplished by

a combination of the ACC, the TOF and the

CDC. The combination of these particle iden-

tification devices is a key feature of the Belle

detector. The combined response of the three

systems provide K± identification with an

efficiency of about 85% and a charged pion

fake rate of about 10% for all momenta up to

3.5 GeV/c.

The CDC and ECL are used to iden-

tify electrons. The ECL also detects pho-

tons and measures their energy. The ECL

consists of 30 cm (16.1X0) long Cesium Io-

dide (Tl) crystals. The photon energy reso-

lution is (σE/E)2 = (0.013)2+(0.0007/E)2+

(0.008/E1/4)2, where E is in GeV.

The KLM is designed to detect KL’s and

muons. The KLM consists of 14 or 15 mod-

ules which contain of 47 mm thick iron plates

and 44 mm thick slots instrumented with re-

sistive plate counters (RPC).

In the physics analyses, we take advan-

tage of the fact that the energy of each B

meson is precisely known from accelerator pa-

rameters. The following kinematic variables

are commonly used to distinguish B decay

signals from backgrounds,

Mbc ≡
√

(E∗beam)
2 − (

∑

p∗i )
2,

∆E ≡
∑

E∗i − E∗beam, (3)

where E∗beam is the beam energy in the CM

frame, p∗i and E∗i are the energies and mo-

mentum vectors of the B candidate decay

daughters in the CM frame. The Mbc resolu-

tion is dominated by the resolution in E∗beam
and is very narrow, typically 3 MeV/c2. This

variable is useful to distinguish combinatorial

backgrounds because of the good resolution.

The ∆E variable peaks at zero for signal

events and has a typical resolution of about

10 MeV. This variable is useful to distinguish
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correlated backgrounds such as “feed across”

and particle misidentification since missing

or extra particles, or misidentified particles

cause a shift in the ∆E distribution. The

Mbc distribution still peaks in the signal re-

gion for these backgrounds.

In Monte Carlo simulation, the physics

properties of an event are generated by the

QQ event generator developed by the CLEO

group. The detector response is simulated

using the CERN GEANT package.4

A detailed description of the Belle detec-

tor can be found elsewhere.5

3 Measurement of Magnitude of

CKM Matrix Elements

The magnitude of the CKM matrix elements,

|Vcb| and |Vub| can be measured by studying

semileptonic B decays. Semileptonic decay is

theoretically easier to understand since there

is no final state interactions between the lep-

ton and hadron systems. In the naive spec-

tator model, the partial decay width for the

inclusive semileptonic B decay, B → X`−ν,6

can be expressed as:

Γ(B → X`−ν) =
G2
Fm

5
b

192π3
(γc|Vcb|2+γu|Vub|2),

(4)

where `− = e−, µ− and γq incorporates

phase space and possible strong interaction

effects.

Experimentally, the inclusive semilep-

tonic branching fraction can be measured

using the dilepton method introduced by

ARGUS.7 In this method, high momentum

lepton is required to tag the flavor of one B

meson and the other lepton (only electron is

used) is used for the measurement. Primary

and secondary electrons are identified by the

charge correlation between the electron and

the tagged lepton. The primary electron and

the tagged lepton have opposite charge un-

less the two B mesons have the same fla-

vor due to B0-B0 mixing. The major back-

grounds include secondary electrons from the
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Figure 2. Primary electron momentum spectrum.

The histogram represents the fit result to the ISGW2

model.

Table 1. Vcb determination through the inclusive

semileptonic branching fraction.

Model |Vcb| (×10−2)
ACCMM8 4.1± 0.1± 0.4

ISGW9 4.0± 0.1± 0.4

Shifman et al.10 4.04± 0.10± 0.20

Ball et al.11 3.95± 0.09± 0.19

decay chain b → c → y`−ν (y = s, d) of the

tagged B meson and electrons from contin-

uum e+e− → qq events, which are suppressed

by using angular correlations between the tag

lepton and the electron in the CM frame.

Figure 2 shows the spectrum for the pri-

mary electron, dB(b→ x`−ν)/dp, after sub-

tracting the background and taking into ac-

count the effect of mixing. The branching

fraction is obtained by a fit to the momentum

spectrum predicted by theoretical models.8,9

Model dependence is very small since the

measurement covers a large portion of the

spectrum. Using a 5.1 fb−1 data sample, the

inclusive semileptonic branching fraction is

measured to be

B(B → Xe−ν) = (10.86±0.14±0.47)%, (5)

where the first error is statistical and the sec-

ond error is systematic. The systematic er-

ror is dominated by the uncertainty in the

electron identification and kinematic selec-

tion efficiencies. The |Vcb| value is derived

from the measured branching fraction and
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the model calculation of γc ignoring the |Vub|
term. Model dependence is relatively large as

summarized in Table 1.

The value of |Vcb| can be determined with

less model dependence using HQET (Heavy

Quark Effective Theory).12 In HQET, the

partial B0 → D∗+`−ν decay rate is expressed

as13

dΓ(B0 → D∗+`−ν)

dy
= K|Vcb|2g(y)F (y)2,

K =
G2
F

48π3
M2
D∗+(MB0 −MD∗+)

2, (6)

where y ≡ vB0 · vD∗+ = (M2
B0

+ M2
D∗+ −

q2)/(2MB0MD∗+), v is the four-momentum

divided by the particle mass and q2 is

the square of the four momentum trans-

fer. The form factor at y = 1 (zero recoil)

can be calculated with small theoretical er-

ror. Experimentally, it can be extrapolated

from the y distribution using the following

parameterization;13

g(y)F (y)2 =
√

y2 − 1(y + 1)2A1(y)
2R̃(y),

R̃(y) = 2
1− 2yr + r2

(1− r)2 (1 +R1(y)
2 y − 1

y + 1
)

+{1 + (1−R2(y))
y − 1

1− r }
2, (7)

where r = MD∗+/MB0 . We have used a dis-

persion relation14 to constrain the shape of

the form factor,

R1(y) ≈ R1(1)− 0.12x+ 0.05x2,

R2(y) ≈ R2(1)− 0.11x+ 0.06x2, (8)

A1(y) ≈ A1(1)[1− 8ρ2z + (53ρ2 − 15)z2

−(231ρ2 − 91)z3],

where x = y − 1 and z = (
√
y + 1 −√

2)/(
√
y + 1 +

√
2).

Candidate B0 → D∗+`−ν decays are se-

lected by applying kinematic constraints on

events with a electron and a D∗+ → D0π+

D0 → K−π+ decay chain. The values of

|Vcb|F (1) and ρ2 are extracted by a binned

minimum χ2 fit to the y distribution after

background subtraction. The results were
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Figure 3. The plot on the left shows the B0 →

D∗+`−ν raw yield as a function of the measured y.
The solid circles and the histogram represent the data

and the fit result, respectively. The plot on the right

shows |Vcb|F (y) where the data points are derived

from the yield by correcting for efficiency, smearing

and all the factors in the differential decay rate. The

curve displays the fit result.

obtained from a 10.8 fb−1 data sample while

fixing R1(1) = 1.27 and R2(1) = 0.8.13 Fig-

ure 3 shows the y distribution with the fit

results. The fit yields

|Vcb|F (1) = (3.54± 0.19± 0.19)× 10−2,

ρ2 = 1.35± 0.17± 0.18. (9)

Using F (1) = 0.913 ± 0.042,15 |Vcb| is deter-

mined to be

|Vcb| = (3.88±0.21±0.21±0.19)×10−2. (10)

where the third error is theoretical. The sys-

tematic error is dominated by the uncertainty

in the tracking efficiency for slow pions from

D∗+ → D0π+ decay.

The magnitude of Vub is one of the small-

est and poorly measured parameters of the

CKM matrix. This is the key element needed

to evaluate the consistency of the SM with

the large CP angle, sin 2φ1 = 0.99 ± 0.14 ±
0.06,16 measured by Belle. Exclusive semilep-

tonic b → u`−ν decay is one of the most

promising modes to determine |Vub| provided
that the form factors are reliably calculated

by theoretical models.

The branching fractions for B0 → ρ`−ν

and B0 → π`−ν have previously been mea-

sured by CLEO using “neutrino reconstruc-

tion” technique.17 In this method, the four
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Figure 4. Mbc distribution for B
0 → π+`−ν decay.

The unshaded histogram shows the signal compo-

nent while the hatched histograms show various back-

ground components.

momentum of the undetected neutrino is in-

ferred from the missing momentum and en-

ergy in an event. The missing momentum

is a poor measure of the neutrino momen-

tum, when the event has multiple neutri-

nos, missing or extra particles. Such events

are reduced by requirements on total charge

and the number of leptons. The miss-

ing mass-squared of the event in the CM

frame, (Mmiss)
2 = (E∗miss)

2 − (p∗miss)
2, is re-

quired to satisfy |(Mmiss)
2| < 2 (GeV/c2)2

to further suppress events with poorly recon-

structed neutrinos. The major background

from b→ c`−ν is reduced by requiring |p∗` | >
1.2 GeV/c, |p∗` |+ |p∗π| > 3.1 GeV/c and other

kinematic constraints. We require |∆E| <
0.3 GeV to reduce feed-across as well as com-

binatorial backgrounds. The signal yield is

extracted by a fit to the Mbc distribution.

A Monte Carlo (MC) simulation is used to

provide both signal and background shapes.

We find 107 ± 16 B0 → π+`−ν events in

a 21.3 fb−1 data sample as shown in Fig-

ure 4, corresponding to a branching fraction

of B(B0 → π+`−ν) = (1.24 ± 0.20 ± 0.26) ×
10−4. The systematic error due to uncer-

tainty of the neutrino finding is dominant.

Further studies are required to extract |Vub|
from this measurement.

4 Toward φi Measurements

The main motivation of the Belle experi-

ment is to measure all the CP angles (φi).

B0 → D∗±D∓ B0 → D∗+D∗−
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Figure 5. Mbc distribution for B
0 → D∗±D∓ and

B0 → D∗+D∗− modes. The solid line shows the

sum of signal and background while the dashed line

shows background.

Such measurements are essential to probe

new physics and overconstrain the CKM ma-

trix. We report some measurements and ob-

servations of new decay modes which demon-

strate our capabilities to measure these CP

angles.

Doubly-charmed decay modes B0 →
D∗+D−, D+D∗− (referred as D∗±D∓ here-

after), D∗+D∗− can be used to measure18 φ1
in addition to the gold plated mode B0 →
ψK0. The CP asymmetry parameter mea-

sured in this mode could deviate from the ex-

pected value due to a sizable penguin contri-

bution, which may provide evidence for new

physics. The B0 → D∗±D∓ decay mode has

not been observed so far.

Candidates are selected using the decay

chains, D− → K+π−π− and D∗+ → D0π+,

D0 → K−π+, K−π+π0, K−π+π+π−. We

also use the D0 → K0
Sπ

+π−, K0
S → π+π−

decay chain for the B0 → D∗+D∗− mode.

The signal yield is extracted by a maxi-

mum likelihood (ML) fit to the Mbc distri-

bution for events within the ∆E signal re-

gion (|∆E| < 20 MeV). A Gaussian and an

ARGUS function19 are used to represent the

signal and background shapes. The fits yield

11.2±4.0 B0 → D∗±D∓ events and 11.0±3.7

B0 → D∗+D∗− events in a 21.3 fb−1 data

sample with statistical significances of 4.1σ

and 5.0σ, respectively. The statistical signifi-

cance is defined as
√

−2 ln(L0/Lmax), where
Lmax is the maximum likelihood and L0 is the
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likelihood values at zero signal yield. Figure

5 shows theMbc distributions with the fit re-

sults. The branching fractions are measured

to be

B(B0 → D∗±D∓)

= (1.04± 0.38± 0.22)× 10−3,

B(B0 → D∗+D∗−) (11)

= (1.21± 0.41± 0.27)× 10−3.

The systematic error is dominated by the

uncertainties in tracking efficiency and fit

method dependence.

The B0 → D∗±D∓ decay mode is also

observed using a D∗+ partial reconstruction

technique. In this method, after the D∗+ →
D0π+ decay we do not reconstruct the sub-

sequent D0 decay in order to increase the

overall detection efficiency. Charmed mesons

from B0 → D∗±D∓ are almost back-to-back

in the CM frame since B mesons are pro-

duced almost at rest. A slow pion from the

D∗+ → D0π+ decay approximately retains

the momentum direction of the parent D∗+

because of the small energy release in this de-

cay. Thus the angle α between the slow pion

and the D− are almost back-to-back and can

be employed as a signature. However, the

partial reconstruction method suffers from a

relatively large background. In particular,

continuum e+e− → cc events can produce

D∗+ and D− in a back-to-back configuration,

which results in a similar angular correlation.

The partial reconstruction method also in-

troduces a difficulty for the φ1 measurement

since the particles which are not used for the

reconstruction complicate the vertex recon-

struction and the flavor tagging of the ac-

companying B meson. These problems can

be alleviated by requiring a high momentum

lepton (p∗` > 1.1 GeV/c) in the event. This

requirement heavily suppress the continuum

background, and at the same time, provides a

clean flavor tag and a good vertex reconstruc-

tion for the φ1 measurement. The remaining
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Figure 6. cosα distribution for partially recon-

structed B0 → D∗±D∓ decay.

backgrounds can be further suppressed by ex-

ploiting the angular correlation between the

tag lepton and D−. Figure 6 shows the cosα

distribution observed in a 21.3 fb−1 data sam-

ple.

A fit to the cosα distribution for the lep-

ton tagged sample yields 35.8 ± 11.3 signal

events. The signal and background shapes

are obtained from the MC simulation except

for the background from Cabbibo-favored

B0 → D∗+D−s decays for which the data is

used to estimate the amount and the shape

of the background. The branching fractions

are measured to be

B(B0 → D∗±D∓)

= (1.78± 0.56+0.75−0.63)× 10−3. (12)

Uncertainties in the background shape are

the dominant source of the systematic er-

ror. This measurement clearly demonstrates

that the partial reconstruction technique can

be used for a φ1 measurement with B0 →
D∗±D∓ and B0 → D∗+D∗− decays.

The gluonic penguin decay mode B0 →
φK0

S can also provide an independent φ1
measurement.20 This decay mode proceeds

through a b → sss transition, which is for-

bidden at the tree level in the SM, but are

induced by second order loop diagrams (pen-

guin or box diagrams). The CP asymmetry

parameter measured in this mode is of special

interest since it is sensitive to the possible ex-

change of non-SM particles in the loop21 and

may deviate from the expected value.
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The B0 → φK0
S candidates are recon-

structed via φ → K+K− and K0
S → π+π−

decays. The dominant background arises

from continuum events. Event shape vari-

ables are used to suppress the continuum

background. The most powerful variable is

the cosine of the angle between the B can-

didate thrust axis and the thrust axis of the

rest the event (cos θT). The cos θT distribu-

tion for the signal is flat while it is peaked

at ±1 for continuum events. This variable

is combined with other variables such as the

B flight direction and the helicity angle for

pseudoscalar-vector final states (φK0
S , φK

−)

using a likelihood ratio LR = LS/(LS +LB)
where LS and LB denote the signal and back-

ground likelihoods. The likelihood is the

product of probability density function in

each of the discriminating variables.

An extended unbinned ML fit is per-

formed in ∆E andMbc simultaneously to ex-

tract the signal yield. In the extended ML

fit, the sum of the signal and background

yield is allowed to be different from the to-

tal number of the event in the fit. The signal

shape is represented by Gaussian function in

both ∆E and Mbc. The background shape is

represented by a linear function in ∆E and

an ARGUS function in Mbc. The fit yields

8.0+3.5−2.8 B
0 → φK0

S events with a statistical

significance of 4.2σ in a 21.3 fb−1 data sam-

ple. Figure 7 shows the Mbc and ∆E distri-

butions with the projection of the fit result.

We have also observed other B → φK modes

and obtained the branching fractions as

B(B0 → φK0) = (0.89+0.34−0.27 ± 0.10)× 10−5,

B(B0 → φK∗0) = (1.30+0.64−0.52 ± 0.21)× 10−5,

B(B− → φK−) = (1.12+0.22−0.20 ± 0.14)× 10−5.

(13)

Here, K∗0 refers to the K∗0(892). The domi-

nant systematic errors come from uncertain-

ties due to tracking and K0
S reconstruction.

Charmless B decay B0 → π−π+ is one of

B0 → φK0
S
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Figure 7. Mbc and ∆E distributions for B
0 → φK0

S

decay.

the most promising modes to measure the CP

angle φ2. We also need to study B0 → π0π0

and B− → π−π0 decays to disentangle the ef-

fect of penguins.22 Experimentally, K/π sep-

aration at high momentum is the key to dis-

tinguish the ππ mode from the Kπ mode.

The ACC detector in the Belle plays an essen-

tial role in this regard. The K/π separation

capability is measured using kinematicaly se-

lected D∗+ → D0π+, D0 → K−π+ decays

in the data. The efficiency is measured to be

92% for pion and 85% for kaon. The misiden-

tification probability is measured to be 4%

for pion (true pion fakes kaon) and 10% for

kaon. The dominant background comes from

continuum events. The Super-Fox-Wolfram

(SFW) variable23 which is an extension of

the normalized Fox-Wolfram moments24 is

employed to suppress the continuum back-

ground in addition to the cos θT. These

event shape variables are combined into a

Fisher discriminant25 since they are corre-

lated. The resulting Fisher discriminant is

combined with the B flight direction using a

likelihood ratio. This selection rejects 95%

of the continuum background while retaining

40% to 50% of the signal.

The signal yield for B0 → π−π+ mode

is determined from a fit to the ∆E distri-

bution where there is kinematic separation

between π−π+ and K−π+ modes. The sig-

nal shape is modeled by a Gaussian function

while the background shape is modeled by

a linear function and a Gaussian function.

The Gaussian function is introduced to ac-

LP01-Belle-physics: submitted to World Scientific on January 28, 2002 7
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Figure 8. ∆E distribution for B0 → π−π+ decay.

The fit function and its signal and cross-talk com-
ponents are shown by the solid, dashed and dotted

curve, respectively.

count for the background from Kπ mode.

The mean value of this background is shifted

by about −50 MeV since the kaon is misiden-

tified as pion. The normalization of all com-

ponents are free parameters in the fits. The

Gaussian background yield extracted from

the fit is consistent with the misidentification

probability mentioned above. Figure 8 shows

the ∆E distribution for B0 → π−π+ mode

along with the fit result. The signal yield for

B− → π−π0 mode is determined from the

simultaneous fit to the ∆E and Mbc distri-

bution because of the long tail for the ∆E

signal shape. We find 17.7+7.1−6.4 events for the

B0 → π−π+ mode and 10.4+5.1−4.3 events for

the B− → π−π0 mode in 10.4 fb−1 of data.

The branching fractions are measured to be

B(B0 → π−π+) = (0.56+0.23−0.20
+0.04
−0.05)× 10−5,

B(B− → π−π0) = (0.78+0.38−0.32
+0.08
−0.12)× 10−5.

(14)

The interference between B− → D0K−

(b → cus) and B− → D0K− (b → ucs) de-

cays provides a theoretically clean determi-

nation of the angle φ3.
26,27 When D0 and D0

decays into a common CP eigenstate mode,

the CP angle φ3 can be related to the follow-

ing observables26 assuming noD0-D0 mixing;

A ≡ Γ(B− → DCPK
−)− Γ(B+ → DCPK

+)

Γ(B− → DCPK−) + Γ(B+ → DCPK+)

≈ 2ξfr sin δ sinφ3,

R ≡ ρ′/ρ = 1 + r2 + 2ξfr cos δ cosφ3, (15)

ρ′ ≡ Γ(B− → DCPK
−) + Γ(B+ → DCPK

+)

Γ(B− → DCPπ−) + Γ(B+ → DCPπ+)
,

ρ ≡ Γ(B− → D0K−) + Γ(B+ → D0K+)

Γ(B− → D0π−) + Γ(B+ → D0π+)
,

r ≡ A(B− → D0K−)/A(B− → D0K−),

where DCP is the CP eigenstate of the D0

meson, δ is the strong phase-difference be-

tween B− → D0K− and B− → D0K−, and

ξf is the CP eigenvalue of DCP .

We have studied B− → D0K− decays

where D0 decays into K−π+ or into a CP =

+1 eigenstate (K−K+, π−π+). Continuum

events are the dominant background and are

reduced by a selection based on event shape

variables. Tight particle identification is ap-

plied to reduce the background from B− →
D0π− decays. The signal yields are extracted

from a fit to the ∆E distribution that ac-

counts for the remaining B− → D0π− back-

ground. The background function includes

an ARGUS function to model the combina-

torial background and a Gaussian function

to model the B− → D0π− background. Fig-

ure 9 shows the ∆E distributions with the

fit results. It should be noted that peak po-

sition for the signal is shifted by −49 MeV

since ∆E is calculated with the assumption

of a pion mass for the prompt kaon. We find

1278± 37, 114± 11 and 70± 11 B− → D0π−

events and 85 ± 10, 12.3 ± 3.9 and 4.9 ± 5.4

B− → D0K− events with subsequent D0 de-

cays into K−π+, K−K+ and π−π+ modes,

respectively, in 21.3 fb−1 of data. The statis-

tical significance of the B− → D0K−, D0 →
K−K+ signal is 4.3σ. These results gives

A = 0.04+0.40−0.35 ± 0.15,

R = 1.39± 0.53± 0.26. (16)

This measurement is an important first step

toward a φ3 measurement.

5 Charmless Hadronic Decays

Charmless hadronic B decays proceed pri-

marily through b → u tree diagrams and

LP01-Belle-physics: submitted to World Scientific on January 28, 2002 8
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Figure 9. ∆E distribution for for B− → D0K− de-
cay with subsequent D0 decay into K−π+, K−K+

and π−π+. The fit function is described in the text.

b→ s penguin diagrams, which provide a rich

ground to search for direct CP violation, al-

though it is theoretically difficult to relate the

CP angles to the CP symmetries measured

in these decay modes. In addition, there are

possibilities to extract CP angles from ratios

of B → Kπ decay rates.28 Furthermore, the

involvement of the penguin diagrams makes

these decays sensitive to the effect of new par-

ticles at higher mass scales in the loop.

It is a theoretical challenge to explain

the unexpectedly large branching fractions

for B → η′K and B → ηK∗ decays reported

by CLEO.29 Since it may suggest new physics

beyond the SM, it is necessary to experimen-

tally confirm the CLEO results and search for

direct CP violation which may be enhanced

by new physics. The large branching fraction

for B0 → η′K0
S also opens the possibility of

measuring mixing-induced CP violation.

We analyze B− → η′K−, B0 → η′K0
S

and B0 → ηK∗0 decay through the de-

cay chains η′ → ηπ+π− (η → γγ), η′ →
ρ0γ (ρ0 → π+π−), K0

S → π+π− and K∗0 →
K−π+. We also use the η → π+π−π0 de-

cay for the B0 → ηK∗0 analysis. After

background suppression using variables such

as cos θT, SFW variable, B flight direction

B0 → η′K0
S
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Figure 10. Mbc and ∆E distributions forB
0 → η′K0

S

mode. Solid and dashed curves show the projections

of the signal+background and background functions.

and helicity angle for B0 → ηK∗0 mode,

we perform extended ML fits to both Mbc

and ∆E to extract signal yields. We ob-

serve 71.4 B− → η′K− and 16.5 B0 → η′K0
S

events with statistical significances of 12.0σ

and 5.4σ, respectively, in 10.1 fb−1 of data,

and also 22.1 B0 → ηK∗0 events at 5.1σ in

21.3 fb−1 of data. Figure 10 shows the Mbc

and ∆E distributions for B0 → η′K0
S mode

with the projections of the fit function. The

branching fractions are measured to be

B(B− → η′K−) = (79+12−11 ± 9)× 10−6,

B(B0 → η′K0) = (55+19−16 ± 8)× 10−6,

B(B0 → ηK∗0) = (21.2+5.4−4.7 ± 2.0)× 10−6.

(17)

These results confirms the large branching

fractions in these modes observed by CLEO.

In addition, we have measured the decay

asymmetry for the B− → η′K− mode,

ACP ≡
Γ(B− → η′K−)− Γ(B+ → η′K+)

Γ(B− → η′K−) + Γ(B+ → η′K+)

= +0.06± 0.15± 0.01. (18)

The result is consistent with no direct CP

violation and with the SM prediction.

Three-body charmless decays B− →
K−h+h− (h refers to a charged kaon or pion)

proceed through variety of diagrams such as

b→ uud, b→ ccs and b→ sss, which provide

an excellent environment to search for CP

violation due the interference of these ampli-

tudes. In particular, a great deal of attention

LP01-Belle-physics: submitted to World Scientific on January 28, 2002 9



For Publisher’s use

is paid to the interference between the for-

mer two amplitudes because it is sensitive to

the CP angle φ3. The B− → π−π+π− de-

cay is a good example since the non-resonant

mode can interfere with the decay B− →
χc0π

−, χc0 → π−π+.30

In this analysis, we reconstruct the de-

cays B− → K−h+h− without any assump-

tion on the intermediate hadronic resonance.

As in other rare B decay modes, contin-

uum events are the dominant background

source and are suppressed using various event

shape and kinematic variables. In the B− →
K−π+π− mode, we have large backgrounds

from B− → D0π−, D0 → K−π+ and

B− → K−ψ(
′), ψ(

′) → µ+µ− (ψ(
′) refers to

J/ψ and ψ(2S)) where muons are misidenti-

fied as pions. These backgrounds are sup-

pressed by requiring |MK−π+ − MD0 | >

0.1 GeV/c2, |Mh+h− −MJ/ψ| > 0.07 GeV/c2

and |Mh+h− − Mψ(2S)| > 0.05 GeV/c2. In

the B− → K−K+K− mode, the background

from the B− → D0K−, D0 → K−K+ decay

is rejected by requiring |MK−K+ −MD0 | >
0.025 GeV/c2. Signal yields are obtained

from fits to the ∆E distributions. We find

177±20 B− → K−π+π− events and 162±16

B− → K−K+K− events in a 21.3 fb−1 data

sample, which corresponds to branching frac-

tions;

B(B− → K−π+π−)

= (58.5± 7.1± 8.8)× 10−6,

B(B− → K−K+K−) (19)

= (37.0± 3.9± 4.4)× 10−6.

Figure 11 shows the ∆E distribution for the

B− → K−π+π− and the B− → K−K+K−

decays after the background suppression.

Our result is higher than the upper limit,

B(B− → K−π+π−) < 28 × 10−6, reported

by CLEO.31 The CLEO’s analysis required

the mass for any pair of particles to be above

2 GeV/c2, which effectively eliminates the

low mass resonances that are found to domi-

nate the signal.

Further studies of intermediate resonant

B−→K−π+π− B−→K−K+K−
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Figure 11. ∆E distributions for B− → K−π+π−

and B− → K−K+K− modes. Points are data, his-

tograms are backgrounds estimated by the MC, and

solid and dashed curves show the signal+background

and background functions.

states of these decays are made with a Dalitz

plot style analysis. Clear contributions from

B− → K∗0π−, K∗0 → K−π+ and B− →
K−f0(980), f0 → π+π−, and no K−ρ0 sig-

nal are observed in the B− → K−π+π−

decay. We also find broad resonances in

K−π+ and π+π− mass around 1.4 GeV/c2

and 1.3 GeV/c2, respectively In the B− →
K−K+K− mode, we find a clear φ(1020)

resonance and a broad K+K− enhancement

around 1.6 GeV/c2. Larger statistics is re-

quired to identify these resonances using a

Dalitz plot analysis with interference terms

between the resonances.

We also find clear signals for B− →
χc0K

−, χc0 → π+π−, K+K− in B− →
K−π+π−, K−K+K− decays. Figure 12

shows the π+π− and K+K− mass distribu-

tions in B− → K−π+π−, K−K+K− de-

cays. The fits to these distributions yield

15.5+5.3−4.6 events in the π+π− mode and 7.7+3.9−3.1

events in the K+K− mode at statistical sig-

nificances of 4.8σ and 3.2σ, respectively. The

fit also gives a sizable peak shift in theK+K−

mass spectrum, which may be due to inter-

ferences from other K−K+K− final states.

Because of this uncertainty, we determine a

branching fraction from the π+π− mode only,

B(B− → χc0K
−) (20)

= (8.0+2.8−2.4 ± 1.9± 1.1)× 10−6,

where the third error is due to the uncer-
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Figure 12. The π+π− mass distribution in the B− →

K−π+π− decay and the K+K− mass distribution in

theK−K+K− decay. The signal function is modeled

by a Breit-Wigner function convolved with a Gaus-

sian.

tainty of the χc0 → π+π− branching fraction.

This observation provides evidence for a sig-

nificant nonfactorizable contribution in B to

charmonium decay process and suggests the

existence of a sizable B− → χc0π
− decay,

which could be used for a φ3 measurement.

6 Color-Suppressed Decays

Color-suppressed B decays such as B0 →
D(∗)0h0, where h0 refers a light neutral

mesons, proceed through an internal spec-

tator diagram which is suppressed by color-

matching. Since the branching fractions for

these modes are expected to be very small32

(< 10−4), studies of color-suppressed de-

cay could provide useful information on fi-

nal state interactions and hadronic B-decay

models.

In this study, B0 → D(∗)0h0 decays are

reconstructed through D∗0 → D0h0, D0 →
K−π+, K−π+π0, K−π+π−π+ where h0 is

reconstructed through π0 → γγ, η → γγ,

π+π−π0 and ω → π+π−π0 modes. In ad-

dition to the continuum background which

is suppressed by event shape variables and

helicity angles, we pay attention to the back-

ground from color-favored decays. The B0 →
D∗+ρ− mode can give the same final state as

D0η and D0ω modes. Such background is

mostly removed by the η and ω mass con-

straints and its contribution can be evalu-

ated from the η and ω mass sidebands. The
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Figure 13. ∆E distributions for B0 → D0π0 and

B0 → D0ω modes. The solid lines show the fit func-

tions, and the dashed lines show the sum of the feed-

across and the combinatorial background, with the

latter shown separately as the dotted lines.

B− → D(∗)0ρ− decays can contaminate the

B0 → D(∗)0π0 mode if the momentum of the

π− from ρ− is very small. These backgrounds

are reduced by rejecting the events that can

be reconstructed as B− → D(∗)0ρ−. These

events also have ∆E values lower than the

signal due to the missing pion.

Signal yields are extracted by fits to

the ∆E distributions taking into account

the backgrounds from color-favored modes.

We observe 126 ± 16 events in D0π0 mode,

26.4+7.7−7.1 events in the D∗0π0 mode, 22.1+7.0−6.3

events in the D0η mode and 32.5+9.4−8.6 events

in the D0ω mode in a 21.3 fb−1 data sam-

ple corresponding to statistical significances

of 9.3σ, 4.1σ, 4.2σ and 4.4σ, respectively.

Figure 13 shows the ∆E distributions for the

D0π0 and D0ω modes along with the fit re-

sults. The branching fractions are measured

to be

B(B0 → D0π0) = (3.1± 0.4± 0.5)× 10−4,

B(B0 → D∗0π0) = (2.7+0.8−0.7
+0.5
−0.6)× 10−4,

B(B0 → D0η) = (1.4+0.5−0.4 ± 0.3)× 10−4,

B(B0 → D0ω) = (1.8± 0.5+0.4−0.3)× 10−4.

(21)

These results are consistently higher than the

predictions, (0.5 ∼ 1.0)×10−4, by a factoriza-

tion model,32 which could indicate the pres-

ence of non-factorizable effects such as final

state interactions, or some corrections to fac-

torization.
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7 Penguin-Diagram Mediated

Decays

The b → s transition is a penguin-diagram

mediated FCNC process. Since it is forbid-

den at tree level in the SM, its small ampli-

tude make it sensitive to effects caused by

exchange of non-SM particles in the penguin

loop.

The CLEO group reported the first ob-

servation of the B → Xsγ radiative penguin

decay.33 Here, B represents B0 or B− mesons

and Xs represents a hadron system that in-

cludes a s quark. The measured branching

fraction for this process provides the most

stringent indirect limit on the charged Higgs

mass range34 and a constraint on the mag-

nitude of the effective Wilson coefficient of

the electromagnetic penguin operator |Ceff
7 |.

The electromagnetic penguin decays B →
Xs`

+`− are essential to further constrain

the Wilson coefficients. The magnitude and

the phase of the coefficients Ceff
7 , Ceff

9 , C10
can be determined by measuring the dilep-

ton invariant mass distributions and forward-

backward charge asymmetry of the dilepton

and the B → Xsγ rate.35 These measure-

ments are crucial to obtain definitive evidence

for new physics.

The branching fraction for B → Xsγ

has been calculated to 10% precision in

the framework of the SM including next-to-

leading order QCD corrections.36 It is impor-

tant to measure the branching fraction to a

precision of 10% or better to explore or limit

non-SM theories.

The inclusive B → Xsγ decay is recon-

structed by combining the Xs system with a

photon. The Xs system is formed by com-

bining a charged kaon or K0
S with 0–4 pions

which may include one π0. Combinatorial

background is reduced by requiring MXs
<

2.05 GeV/c2. The SFW variable is employed

to suppress continuum background. In addi-

tion, the SFW sideband is used to model the

background shape for the continuum events.

The fit to theMbc distribution yields 107±17

events in a 5.8 fb−1 data sample, correspond-

ing to a branching fraction of

B(B → Xsγ) (22)

= (3.36± 0.53± 0.42+0.50−0.54)× 10−4.

The third error is due to extrapolation of

the MXs
spectrum from the region MXs

<

2.05 GeV/c2. Our result is consistent with

the SM prediction36 of (3.28± 0.33)× 10−4.

In order to reduce the systematic error

due to the MXs
spectrum, we need to under-

stand the resonant structure of the Xs sys-

tem beyond the B → K∗0γ decay which has

been well measured. The experimental search

for higher kaonic resonances yielded only an

indication of B → K∗2 (1430)γ so far. In

this analysis, we study the kaonic resonances

which decay into K−π+, K0
Sπ
−, K−π0, and

K−π+π− modes.

In the B0 → K−π+γ mode where the

K−π+ mass is required to be consistent with

K∗02 (1430), a fit to the Mbc distribution

yields 29.1 ± 6.7 events in a 21.3 fb−1 data

sample. The helicity angle distribution is

analyzed to distinguish the K∗02 (1430) sig-

nal from K∗0(1410) and non-resonant modes.

A fit to the helicity angle distribution yields

20.1± 10.5 events for the K∗02 (1430) compo-

nent, which leads to a branching fraction of

B(B0 → K∗02 (1430)γ) (23)

= (1.26± 0.66± 0.10)× 10−5.

We reconstruct B− → K−π+π−γ decays

in B− → K∗0π−γ and B− → K−ρ0γ modes

where K−π+ or π+π− mass is required to be

consistent with K∗0 or ρ0. MK−π+π− is re-

quired to be less than 2.0 GeV/c2 to reduce

combinatorial backgrounds. Fits to the Mbc

distributions yield 46.4 ± 7.3 events in the

B− → K∗0π−γ mode and 24.5 ± 6.4 events

in the B− → K−ρ0γ modes. Figure 14 shows

theMbc distributions for B
− → K∗0π−γ and

B− → K−ρ0γ modes with the fit results.

After subtracting the backgrounds such as

LP01-Belle-physics: submitted to World Scientific on January 28, 2002 12
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Figure 14. Mbc distributions for B

− → K∗0π−γ and

B− → K−ρ0γ modes. The solid lines show the fit

functions, and the dashed lines show the background.

B− → K−π+π−γ non-resonant decays, feed-

across and other B → Xsγ decays, we ob-

tain signal yields of 39.7 ± 7.4 events in the

B− → K∗0π−γ mode and 22.2 ± 6.5 events

in the B− → K−ρ0γ modes, which gives

branching fractions of

B(B− → K∗0π−γ;MK∗0π− < 2.0 GeV/c2)

= (5.6± 1.1± 0.9)× 10−5, (24)

B(B− → K−ρ0γ;MK−ρ0 < 2.0 GeV/c2)

= (6.5± 1.7+1.1−1.2 × 10−5.

The sum of measured exclusive modes ac-

counts for about a half of the total B → Xsγ

branching fraction.

A great deal of attention has been paid to

the B → Xs`
+`− decay since it provides in-

formation necessary to determine the Wilson

coefficients, Ceff
7 , Ceff

9 , and C10. Some non-

SM models such as SUSY gives significantly

different values for these coefficients from the

SM prediction due to non-SM particle contri-

butions to the loop in the penguin diagram.

However, no experimental evidence has been

observed for the B → Xs`
+`− decays.

We have searched for B → Xs`
+`−

decay using both an exclusive and inclu-

sive approach. The background from B →
ψ(
′)K, ψ(

′) → `+`− is rejected by requir-

ing the dilepton invariant mass to be out-

side of ψ(
′) mass region. We have a wider

veto region for the electron mode because the

electron tends to lose its energy due to ini-

tial state radiation or bremsstrahlung. Sev-

eral event shape variables are combined into

a Fisher discriminant to suppress continuum

background. The missing energy of the event

is used to suppress the major background

from semileptonic B decays. The Fisher dis-

criminant variable and the missing energy are

combined with kinematic variables into like-

lihood ratios to maximize the background re-

jection capability. We reject 85% of contin-

uum background and 45–55% of BB back-

ground while retaining 70–75% of the signal.

In the inclusive analysis, the signal yield

is obtained from an unbinned ML fit to the

Mbc distribution with the sum of a Gaussian

function for the signal and an ARGUS func-

tion for the background. The background

shape is determined by the fit while the sig-

nal shape is calibrated using the B → J/ψK

sample in data. We find 11.4+5.1−4.8 events with

a statistical significance of 2.7σ for the µ+µ−

mode in a 29.5 fb−1 data sample.

In the exclusive analysis, the background

shape is determined using a MC sample cor-

responding to 400 fb−1 due to lack of statis-

tics in the data sample. We also take into ac-

count the background due to lepton misiden-

tification where B → K(∗)h+h− decay is

misidentified as B → K(∗)`+`− where K(∗)

represents K−, K0, K∗−(892) and K∗0(892).

This background is included as a small addi-

tional Gaussian background function in the

fit. We find 9.5+3.8−3.1 events in the Kµ+µ−

mode, 4.1+2.7−2.1 events in the Ke+e− mode and

6.3+3.7−3.0 events in the K∗e+e− mode with sta-

tistical significances of 4.7σ, 2.5σ and 2.5σ,

respectively. We do not observe a significant

signal in the K∗µ+µ− mode. The probability

of an upward fluctuation of the background to

the observed number of events in the Kµ+µ−

mode is 5.5 × 10−6, which corresponds to

4.4σ for a Gaussian probability distribution.

When we combine the Kµ+µ− and Ke+e−

modes, we observe 13+4.5−3.8 events with a sta-

tistical significance of 5.5σ further establish-

ing the observation of the B → K`+`− decay.

Figure 15 shows theMbc distributions for the
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Figure 15. Mbc distributions for B → K`+`− modes.

The solid lines show the fit functions, and the dashed

lines show the background in the left column. The
solid lines show a fit to the ARGUS function in the

right column.

B → K`+`− modes with the fit results. The

left column shows the data and the right col-

umn shows the background distributions in

the MC sample. The branching fraction is

measured to be

B(B → K`+`−) (25)

= (0.75+0.25−0.21 ± 0.09)× 10−6.

This result is consistent with some of the SM

predictions37 which cover the range (0.42–

0.57)×10−6, although one model38 gives a

slightly lower value of (0.33± 0.07)× 10−6.

8 Conclusions

We have established the existence of the

electroweak penguin-mediated decay B →
K`+`−, which opens a new window to search

for physics beyond the SM. We have also

made the following new observations.

• Color-suppressed B decays, B0 → D0π0,

D0η, D0ω.

• Three-body charmless B decays, B0 →
K−h+h−, in which B− → χc0K

− de-

cay is observed. The large branching

fractions for χc0K
− decay and the color-

suppressed decays pose challenges to fac-

torization models.

• B− → DCPK
− decay. We have made an

asymmetry measurement, which is the

first step towards a φ3 measurement.

• B0 → D∗±D∓ decay with full and par-

tial reconstruction technique. This is an-

other promising mode that can be used

to measure φ1.

• B− → K∗0π−γ and B− → K−ρ0γ. The

sum of the exclusive branching fractions

accounts for about 50% of the inclusive

branching fraction.

In addition to the above new obser-

vations, we have observed and measured

branching fractions for B → φK, B0 →
D∗+D∗− and B → ππ decays. These modes

will provide measurements of φ1 and φ2 in

the near future. We have also confirmed the

large branching fractions for B → η′K and

B → ηK∗ decays, which is another theoreti-

cal challenge.

We have made precise measurements of

|Vcb| via inclusive semileptonic B decay and

B0 → D∗+`−ν decay. We have measured

a branching fraction for B0 → π+`−ν de-

cay, which will lead to a |Vub| measurement.

A precise measurement of |Vub| is the key

to evaluate the consistency of the Standard

Model with the large sin 2φ1 value measured

by the Belle experiment.

In conclusion, we have demonstrated

that we are ready to take the next step. We

can measure all the CP angles in many dif-

ferent modes in addition to measuring sin 2φ1
via the B0 → ψK0 mode, and we have many

effective tools to probe new physics beyond

the Standard Model.
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