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The Belle experiment, running at the KEKB e+e− asymmetric energy collider during the first
decade of the century, achieved its original objective of precisely measuring differences between
particles and antiparticles in the B system. After collecting 1000 fb−1 of data at various ϒ
resonances, Belle also obtained the many other physics results described in this article.
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1. Introduction

In the sections that follow, we describe the physics accomplishments of the Belle experiment, which
ran at the KEKB [1] e+e− asymmetric energy collider in Tsukuba, Japan between 1999 and 2010.
KEKB broke all records for integrated and instantaneous luminosity for a high energy accelerator.
As a result Belle was able to integrate over 1000 fb−1 or one inverse attobarn of data.

Belle was designed and optimized for the observation of C P violation in the B meson system. In
2001, Belle (along with BaBar, a competing and similar experiment located in Stanford, California)
was indeed able to observe large C P asymmetries in B decays, which were expected and consistent
with the theoretical proposal of Kobayashi and Maskawa. This experimental result was explicitly
recognized in the 2008 Physics Nobel Prize citation.
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Nevertheless, the Belle spectrometer was a general purpose device with reasonable solid coverage
as well as high quality vertexing with silicon strip detectors, charged particle tracking with a central
drift chamber, and excellent electromagnetic calorimetry, as well as muon and KL detection. These
detector capabilities allowed Belle to not only cover most of the important topics in B physics (in
addition to the C P violation measurements) but also to make important discoveries in charm physics,
tau lepton physics, hadron spectroscopy, and two-photon physics.

Most of the Belle luminosity was recorded on or near the ϒ(4S) resonance, which is the optimal
center of mass (CM) energy for the production of B B̄ pairs used in B physics analysis. However,
KEKB has some flexibility in energy and Belle also recorded a series of unique data sets at theϒ(1S),
ϒ(2S), and ϒ(5S) resonances. The latter data set is of special interest in hadron spectroscopy as a
large number of new and some exotic states were found in analyses of this sample.

2. The Belle detector and its data samples

2.1. Overview

The Belle detector is located at the interaction region of an asymmetric energy e+e− collider, called
KEKB [1]. Belle is optimized to measure time-dependent C P violation in B-meson decay. Therefore,
the detector has good vertex resolution and good particle identification capabilities for leptons and
hadrons. The detector material is minimized to reduce multiple scattering for charged particles and to
maintain high efficiency and good resolution for low energy photons. The acceptance is asymmetric
(covering the polar angle region from 17◦ to 150◦) to match the boost from the asymmetric 8 on
3.5 GeV energy collisions. Belle is a general purpose 4π detector, which can accommodate various
physics programs, including studies of τ pairs, two-photon physics, and qq̄ continuum processes.

Figure 1 shows the Belle detector configuration. The detector is built around a 1.5 Tesla supercon-
ducting solenoid and iron structure. The beam crossing angle is ±11 mrad. B-meson decay vertices
are measured by a double-sided silicon vertex detector (SVD) situated around a cylindrical beryl-
lium beam pipe. There are two inner detector configurations: SVD1 (three layers before the summer
of 2003) and SVD2 (four layers). Charged particle tracking is provided by a central drift chamber
(CDC). Particle identification is provided by d E/dx measurements in the CDC, aerogel Cerenkov
counters (ACC), and time-of-flight counters (TOF) situated radially outside of the CDC. Electro-
magnetic showers are detected by an array of CsI(Tl) crystals (ECL) located inside the solenoid
coil. Muons and KL mesons are identified by arrays of resistive plate counters (KLM) interspersed
in the iron yoke. An array of bismuth germanate oxide (BGO) crystals called the extreme forward
calorimeter (EFC) is located on the surface of the cryostats of the compensation solenoid magnets
in the forward and backward directions. The EFC is used as an active shield against beam back-
ground and also measures the online luminosity. Each subdetector is briefly described in the following
subsections; more detailed information is available in Ref. [2].

2.2. The beam pipe

The Belle detector beam pipe [3] is connected to the KEKB accelerator beam pipe. The pipe is
a double-wall beryllium structure with liquid paraffin cooling to remove the heat generated by the
beams. The inner diameter is only 30 mm (40 mm) for the SVD2 (SVD1) inner detector configuration
to optimize vertex resolution. A 10 µm-thick layer of gold is sputtered inside the beryllium wall to
prevent synchrotron radiation photons from entering the detector.
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Fig. 1. Side view of the Belle detector.

2.3. The SVD detector

The SVD consists of four layers in a barrel-only design (SVD2 [4,5]). Each layer is independently
constructed and consists of ladders. Each ladder consists of double-sided silicon strip detectors
(DSSDs) reinforced by support ribs. The design uses two types of DSSDs. For the second ver-
sion, the DSSDs of the 4th layer are shorter and wider than those of the other layers. The readout
chain for the DSSDs is based on a VA1 (Viking architecture) integrated circuit. The back-end
electronics is a system of flash analog-to-digital converters (FADCs) and field programmable gate
arrays (FPGAs), which perform online common-mode noise subtraction, data sparsification, and data
formatting.

Before the summer of 2003, there were three DSSD layers with slightly less angular coverage
(SVD1). In addition, the beam pipe diameter was larger (40 mm versus 30 mm for the final data
taking configuration).

2.4. The CDC detector

The structure of the CDC is asymmetric in the z direction in order to optimize the angular coverage.
The longest wires are 2400 mm long. The inner radius extends to 80 mm without any walls in order
to obtain good tracking efficiency for low momentum tracks with minimal intervening material. The
outer radius is 880 mm. The forward and backward smaller-r regions have conical shapes in order to
clear the accelerator components while maximizing the acceptance. A low-Z gas, a He–C2H6(50/50)
gas mixture, is used in order to minimize multiple scattering. The chamber has 50 cylindrical layers,
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each containing between three and six axial or small-angle stereo layers, and three cathode strip
layers. The CDC has a total of 8400 drift cells. We chose three layers for the two innermost stereo
super-layers and four layers for the three outer stereo super-layers in order to provide a highly efficient
and fast z-trigger, which is combined with the information from the cathode strips.

During the summer of 2003, the cathode part of the CDC was replaced by a compact small cell type
drift chamber in order to make enough space for the SVD2 vertex detector. The cell sizes are only
5 mm in both the radial and azimuthal directions to accommodate two layers (128 cells per layer) in
a limited space. The maximum drift time is rather small (∼100 nsec); this feature can provide the
first trigger signal for the SVD2 readout latch.

2.5. The ACC subsystem

The ACC consists of 960 counter modules segmented into 60 cells in theφ direction for the barrel part
and 228 modules arranged in 5 concentric layers for the forward end-cap part of the detector. All the
counters are arranged in a semi-projective geometry, pointing to the interaction point (IP). In order
to obtain good pion/kaon separation to cover the entire kinematical range of two-body B decays,
the refractive indices of the aerogel blocks vary between 1.01 and 1.03, depending on their polar
angle region. Five aerogel tiles are stacked in a thin (0.2 mm thick) aluminum box of approximate
dimensions 12 × 12 × 12 cm3. In order to detect Cerenkov light effectively, one or two fine mesh-
type photomultiplier tubes (FM-PMTs), which are operated in a 1.5 T magnetic field, are attached
directly to the aerogel on the sides of the box. We use Hamamatsu Photonics PMTs of three different
diameters: 3, 2.5, and 2 inches, depending on the refractive index of the aerogel block, in order to
obtain a uniform response for relativistic particles.

2.6. The TOF subsystem

The TOF system consists of 128 TOF counters and 64 thin trigger scintillation counters (TSC). Two
trapezoidal shaped TOF counters and one TSC counter, with a 1.5 cm intervening radial gap, form a
single module. In total, 64 TOF/TSC modules located at a radius of 1.2 m from the IP cover a polar
angle range from 34◦ to 120◦. The thicknesses of the scintillators (BC408, Bicron) are 4 cm and
0.5 cm for the TOF and TSC counters, respectively. The fine mesh PMTs operating inside the 1.5 T
magnetic field, with a 2-inch diameter and 24 stages, were attached to both ends of the TOF counter
with an air gap of 0.1 mm. For the TSCs, the tubes were glued to the light guides at the backward
ends of the counters.

2.7. The ECL detector subsystem

A highly segmented array of CsI(Tl) crystals with silicon photodiode readout were selected for the
ECL [6–8]. Each crystal has a tower-like shape and is arranged so that it nearly points to the IP. The
calorimeter covers the full Belle angular region. A small gap between the barrel and end-cap crystals
provides a pathway for the cables and room for supporting members of the inner detectors. The entire
system contains 8736 counters. The size of each crystal is typically 55 mm × 55 mm (front face) and
65 mm × 65 mm (rear face). The 30 cm length (16 radiation lengths) is chosen to avoid deterioration
of the energy resolution for high energy gammas due to fluctuations in the shower leakage out the
rear of the counter. Each counter is read out by an independent pair of silicon PIN photodiodes and
charge sensitive preamplifiers attached at the end of the crystal.
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2.8. The KLM detector

The KLM consists of alternating layers of charged particle detectors and 4.7 cm-thick iron plates,
which are the magnetic flux return in the barrel and endcap regions [9,10]. There are 15 detec-
tor layers and 14 iron layers in the octagonal barrel region and 14 detector layers in each of
the forward and backward end-caps. The iron plates provide a total of 3.9 interaction lengths of
material for a particle traveling normal to the detector planes. The detection of charged particles
is provided by glass-electrode resistive plate counters (RPCs). The resistive plate counters have
two parallel plate electrodes of 2.4 mm-thick commercially available float glass. The bulk resis-
tivity of the glass is 1012–1013� cm at room temperature. To distribute the high voltage on the
glass, the outer surface was coated with carbon ink, which achieves a surface resistivity of 106–
107�/square. The discharge signal can then be obtained from external pickup strips. The readout
of 38K pickup strips is accomplished with the use of custom-made VME-based discriminator/time
multiplexing boards.

2.9. Trigger and data acquisition

The Belle trigger system consists of a Level-1 hardware trigger and a Level-3 software trigger
[11–13]. The latter is implemented in the online computer farm. The Level-1 trigger system con-
sists of a subdetector trigger system and a central trigger system called global decision logic (GDL).
The subdetector trigger systems are based on two categories: track triggers and energy triggers. The
CDC and TOF are used to yield trigger signals for charged particles. The ECL trigger system [14]
provides triggers based on total energy deposit and cluster counting of crystal hits. These two cat-
egories have sufficient redundancy. The KLM trigger gives additional information on muons. The
EFC triggers are used for tagging two-photon events as well as Bhabha events.

The Belle data acquisition system used one type of multi-hit TDC modules for all subsystems
except for the SVD. The signal pulse height is recorded as timing information using a charge to time
conversion chip (Q-to-T chip). Precise timing information in the TOF is recorded by commercial
TDC modules with special time expansion modules. The TDC modules did not have a pipe-line
readout scheme. Therefore, the readout deadtime is large (around 30 µsec). There were several elec-
tronics upgrades in order to reduce deadtime carried out during the latter parts of the experiment. The
TDC modules were gradually replaced with pipe-lined TDCs (2.8 µsec) for most of the subdetectors
in the 2007–2009 running period [15]. It was carefully checked that these electronics upgrades did
not affect the data quality.

Belle turned off the detector high voltage during beam injection, as do other experiments. The
KEKB injection time was slightly longer than at PEP-II (the collider hosting the BaBar experiment)
and the average efficiency was lower. In order to reduce such losses, a continuous injection scheme [1]
was implemented in January 2004. The detector high voltage was kept on and the trigger signals were
vetoed for a 3.5 msec interval just after each beam injection. This scheme leads to 3.5% deadtime
only in the case of a 10 Hz injection rate. After adopting continuous injection, the KEKB machine
became more stable and the peak luminosity improved due to the leveling of the beam currents.

2.10. Detector performance

The charged track reconstruction mainly uses the CDC. Good momentum resolution is obtained by
combining CDC tracks together with SVD hit information, especially for low momentum tracks,
thanks to the limited amount of intervening material. The following expression gives the momentum
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Fig. 2. Kaon identification efficiency and fake rate as a function of momentum.

resolution for a charged track as a function of its transverse momentum:

σpt /pt = 0.0019 pt [GeV/c] ⊕ 0.0030/β (2.1)

The typical mass resolution of D0 mesons is 5 MeV in hadronic events. The z-vertex resolution
is 61 µm in the J/ψ → μ+μ− mode. A similar resolution is also obtained in the r − φ plane. The
energy resolution of the ECL is 1.7% for Bhabha events. A π0 mass resolution of 4.8 MeV is obtained
for low momentum photons in hadronic events.

Pion/kaon/proton separation is obtained by combining ACC, TOF, and CDC d E/dx information.
The kaon efficiency and the fake rate are shown in Fig. 2. The typical electron identification efficiency
is 90% with a small fake rate (0.3%). Muons are also identified with 90% efficiency (2% fake rate)
for charged tracks with momenta larger than 0.8 GeV (Fig. 3). More detailed information is available
in Refs. [16–19].

2.11. Luminosity

Belle started data taking on 1 June 1999. After that, data runs were taken for 6–9 months every
year until the final shutdown on 30 June 2010. The total integrated luminosity reached 1040 fb−1, as
shown in Fig. 4. Belle took most of its data at the energy of the ϒ(4S) resonance in order to study
B-meson decay. Off-resonance data were collected 60 MeV below the resonance peak energy for
10% of the running time about every two months in order to determine the non-B B̄ background.
The first non-ϒ(4S) data were taken at the energy of the ϒ(5S) resonance for just three days in
2005. In the same year, ϒ(3S) resonance data were taken to search for invisible decay modes of the
ϒ(1S) resonance. The last ϒ(4S) resonance data were taken in June 2008. During the last two years
of operation, ϒ(1S), ϒ(2S), and ϒ(5S) resonance data samples were taken as well as energy scans
between the ϒ(4S) and ϒ(6S) resonances. The integrated luminosity collected by Belle for each
CM energy is listed in Table 1 and is calculated using barrel Bhabha events after removing bad runs,
which could not be used in physics analysis due to serious detector problems. The systematic error
in the luminosity measurement is about 1.4%; the statistical error is usually small compared with
the systematic error. Integrated luminosities for ϒ(4S) data are shown separately for the SVD1 and
SVD2 data sets, which were taken with different inner detector hardware configurations as described
in the previous subsection. Other resonance and scan data were taken in the SVD2 configuration.
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Fig. 3. Muon identification efficiency and fake rate as a function of momentum.

Fig. 4. Integrated luminosity taken by Belle.

Table 1. Summary of the luminosity integrated by Belle, broken down by
CM energy.

On-peak Off-peak Number of
Resonance luminosity (fb−1) luminosity (fb−1) resonances

ϒ(1S) 5.7 1.8 102 × 106

ϒ(2S) 24.9 1.7 158 × 106

ϒ(3S) 2.9 0.25 11 × 106

ϒ(4S) SVD1 140.0 15.6 152 × 106 B B̄
ϒ(4S) SVD2 571.0 73.8 620 × 106 B B̄
ϒ(5S) 121.4 1.7 7.1 × 106 Bs B̄s
Scan 27.6
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Fig. 5. The unitarity triangle relevant to B decays. The C P violation parameters are defined as the angles φ1,
φ2, and φ3.
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Fig. 6. Box diagrams that contribute to B0–B0 mixing.

3. CKM angle measurements

3.1. The Kobayashi–Maskawa model and unitarity triangle

The phenomenon of C P violation was one of the major unresolved issues in elementary particle
physics after its discovery in 1964 in neutral kaon decay [20]. In 1973, M. Kobayashi and T. Maskawa
proposed a model in which a quark-mixing matrix among six quark flavors includes a single irre-
ducible complex phase that causes C P violation [21]. Conventionally the quark-mixing matrix is
written as [22]:

⎛
⎜⎝Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞
⎟⎠ =

⎛
⎜⎝ 1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞
⎟⎠+ o(λ4), (3.1)

where the nontrivial complex phases are assigned to Vub and Vtd . Due to the unitarity of this matrix,
the following relation is expected to hold, in particular for the terms involving the b-quark:

Vtd V ∗
tb + Vcd V ∗

cb + Vud V ∗
ub = 0. (3.2)

This expression can be visualized as a closed triangle in the complex plane as shown in Fig. 5. Here
the phase of Vtd plays a fundamental role and induces time-dependent C P asymmetries via inter-
ference with amplitudes containing Vcb and Vub. Measurements of the relevant time-dependent C P
violation parameters are used to determine the C P-violating angles, φ1 and φ2

1, that are described
in Sects. 3.4 and 3.5. In contrast, the angle φ3 is determined by the direct C P asymmetries in
B → DK (∗) decays and is discussed in Sect. 3.6.

1 Another naming convention, β(= φ1), α(= φ2), and γ (= φ3), is also used in the literature.
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3.2. C P violation and B0–B0 mixing

Neutral B mesons, B0 and B0, can transform or mix into their antiparticles through box dia-
grams as shown in Fig. 6. The frequency of the mixing transition (oscillation) is �md = (0.507 ±
0.004) ps−1 [23], while the lifetime (τB0) is 1.519 ± 0.007 ps [23].

A.I. Sanda, A.R. Carter, and I.I. Bigi showed that a sizable C P violation can appear in B-meson
decays if B0–B0 mixing is large [24–26]. In neutral B decays to the C P eigenstate ( fC P ), both B0

and B0 can decay to the same final state. Because of B0–B0 mixing, the decay proceeds through two
paths; one from direct decay, B0 → fC P , and the other through B0–B0 mixing, B0 → B0 → fC P .
These two amplitudes have a phase difference of φmix − 2φD where φmix is the weak phase of B0–B0

mixing, arg(Vtd V ∗
tb/V ∗

td Vtb), and φD is the weak phase of the B0 → fC P decay. In the Wolfenstein
representation, φmix = 2φ1 and the phase difference is given as 2(φ1 − φD). The interference term
for the two amplitudes has opposite signs for B0 and B0 decays and leads to C P violation effects
proportional to sin 2(φ1 − φD).

3.3. Experimental approach at a B-factory

At a B-factory, pairs of neutral B mesons in a coherent state with C = −1 are produced byϒ(4S) →
B0 B0 decays In a decay in which one B meson decays to fC P and the other B meson decays to a
flavor specific final state, ftag, the decay rate is given as

P(�t, q;S,A) = e−|�t |/τB0

4τB0

{
1 + q ·

[
S sin(�md�t)+ A cos(�md�t)

]}
. (3.3)

Here �t = tC P − ttag is the difference between the proper decay times of fC P and ftag, q = ±1
is the flavor of ftag (+1 for B0 → ftag). The quantities S and A are C P violation parameters that
are dependent on the decay mode. The parameter S describes mixing-induced C P violation and is
given by S = −ηC P sin 2(φ1 − φD), where ηC P is the C P eigenvalue of fC P . The other parameter,
A, corresponds to direct C P violation (i.e. no C P violation in the B0 ↔ B0 transition rates). It
should be noted that, depending on the weak phase of the decay, C P violation measurements give
information on the various angles of the unitarity triangle. The asymmetry in the rate of B0 and B0

decays is given by

A(�t) ≡ P(�t,+1;S,A)− P(�t,−1;S,A)
P(�t,+1;S,A)+ P(�t,−1;S,A) = S sin�md�t + A cos�md�t . (3.4)

An experimental measurement of time-dependent C P violation at a B-factory includes the
following steps:

1. Reconstruct one B decaying to fC P .
2. Determine q using all available information on the B → ftag decay.
3. Reconstruct vertices for fC P and ftag and determine �t from the distance between the two B

vertices.
4. Obtain S and A by fitting the �t distribution of reconstructed signal candidates.

Each step is described in more detail below.

9/110

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2012/1/04D

001/1575434 by guest on 25 April 2024



PTEP 2012, 04D001 J. Brodzicka et al.

)2 (GeV/cbcM

5.2       5.22     5.24     5.26      5.28       5.3

2
ev

en
ts

 / 
1 

M
eV

/c

0

1000

2000

3000

+   All combined
Fit result

S

0 Kψ J/→0B

S

0(2S) Kψ→0B

S
0 K

c1
χ→0B

* (GeV/c)
B

p

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

co
u

n
ts

 / 
50

 M
eV

/c

0

1000

2000

3000

4000

5000
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3.4. Measurement of φ1

At the quark level neutral B meson decays into (cc̄)K 0 are induced by a b → cc̄s transition. Since
both leading and sub-leading order diagrams of this process contain neither Vub nor Vtd , there is
no complex phase in the decay amplitude. Thus φD is zero and the mixing-induced C P violation
parameter S is directly related to one of the C P-violating angles, φ1. In the SM,

S = −ηC P · sin 2φ1 and A ≈ 0 (3.5)

are expected.

3.4.1. B0 → (cc̄)K 0 reconstruction. We reconstruct J/ψK 0
S , J/ψK 0

L , ψ(2S)K 0
S , and χc1K 0

S as
the fC P in neutral B meson decays to (cc̄)K 0. J/ψ mesons are reconstructed via their decay into
oppositely charged lepton pairs (e+e− or μ+μ−) while ψ(2S) mesons are reconstructed by lepton
pairs as well as J/ψπ+π− final states. We reconstructχc1 mesons in the J/ψγ mode and K 0

S mesons
in the π+π− final state.

For B0 → J/ψK 0
S , ψ(2S)K 0

S , and χc1K 0
S candidates, the B signal is identified using two kine-

matic variables calculated in the ϒ(4S) CM: the energy difference �E ≡ E∗
B − E∗

beam and the

beam-energy constrained mass Mbc ≡
√
(E∗

beam)
2 − (p∗

B)
2, where E∗

beam is the beam energy in the
CM of theϒ(4S) resonance, and E∗

B and p∗
B are the CM energy and momentum of the reconstructed

B candidate, respectively. In the B0 → J/ψK 0
L case, candidate K 0

L mesons are selected using infor-
mation recorded in the ECL and/or the KLM. Since the K 0

L energy cannot be measured, we determine
only its direction. Thus B0 → J/ψK 0

L candidates are identified by the value of p∗
B calculated using

a two-body decay kinematic assumption.
The Mbc distribution for signal candidates with a stringent �E requirement (|�E | < 40 MeV

for J/ψK 0
S , |�E | < 30 MeV for ψ(2S)K 0

S , and |�E | < 25 MeV for χc1K 0
S) as well as the p∗

B
distribution for J/ψK 0

L candidates are shown in Fig. 7. The signal yields and purities are estimated
for each fC P mode and given in Table 2.

3.4.2. Flavor tagging. For the events in which we reconstructed B0 → fC P candidates, the neu-
tral B flavor is identified from the decay products of the accompanying B meson. The available
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Table 2. Signal yield (Nsig), C P eigenvalue (ηC P ), and purity for each B0 → fC P mode.

B decay mode ηC P Nsig Purity (%)

J/ψK 0
S −1 12 649 ± 114 97

ψ(2S)(�+�−)K 0
S −1 904 ± 31 92

ψ(2S)(J/ψπ+π−)K 0
S −1 1067 ± 33 90

χc1 K 0
S −1 940 ± 33 86

J/ψK 0
L +1 10 040 ± 154 63

information is obtained from leptons, kaons,� baryons, and pions. Leptons directly coming from B
decay and secondary leptons and strange particles in the cascade decays carry the mother b-flavor
information. Low momentum tagging pions may come from D∗± decays. In addition, there are high
momentum pions originating from B0 → D(∗)+π− or D(∗)+ρ− decays. Both types of tagging pions
give some information about b-flavor. The information from all the decay products is handled by a
multi-dimensional likelihood approach with corresponding look-up tables [27].

To calibratew, we select a flavor specific final state of neutral B meson decays such as semileptonic
B0 → D∗+�−ν̄ decays and hadronic B0 → D(∗+)π− and D+∗ρ− decays. We then determine the
wrong tag fraction w by measuring the time evolution of the opposite-sign flavor asymmetry, as it
exhibits a �t dependence proportional to (1 − 2w) cos(�md�t). We also determine �w, which is
the difference inw between q = +1 and −1 events. For B0 → J/ψK 0

S decay, we obtain the effective
tagging efficiency, εeff = ε(1 − 2w)2 = (30.1 ± 0.4)%, where ε is the tagging efficiency.

3.4.3. �t determination and its resolution. In energy-asymmetric e+e− collisions at KEKB, the
ϒ(4S) is produced with a Lorentz boost of βγ = 0.425 nearly along the z-axis, which is defined as
the direction anti-parallel to the e+ beam at Belle. Since B mesons are approximately at rest with
respect to the ϒ(4S), we can measure �t by measuring the displacement between the two B meson
decay vertices in the z direction, �z,

�t 
 �z

βγ c
. (3.6)

The B meson decay vertex is reconstructed by a Lagrange multiplier approach, which minimizes
the χ2 calculated from the decay vertex position and the daughter particle tracks [28]. We call this
procedure a “vertex fit”. The vertex fit is carried out using daughter tracks with a sufficient (minimal)
number of SVD hits and a constraint on the interaction-region profile in the plane perpendicular to
the beam axis.

Because of the negligible flight length of J/ψ or ψ(2S) mesons, the vertex reconstructed from
their daughter lepton tracks can represent the B0 → fC P decay vertex; its resolution is found to be
approximately 75μm. On the other hand, the B0 → ftag vertex is obtained with well-reconstructed
tracks that are not assigned to fC P . Here, high momentum leptons are always retained because they
usually come directly from semileptonic B meson decays. Since ftag may contain long-lived particles
such as D+, D0, K 0

S , and so on, the vertex reconstructed using the daughter tracks coming from
these intermediate particles can deviate from the true B0 → ftag vertex. This effect is minimized
by removing tracks that are identified by a large contribution to the vertex fit χ2. The ftag vertex
position resolution is found to be approximately 165μm.
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In the Belle experiment, the contributions to �t measurement error are divided into three
categories: detector measurement error, the effect of secondary particles in ftag vertex reconstruc-
tion, and the kinematical approximation, �t 
 �z/(βγ c). These three effects are convoluted on
an event-by-event basis to obtain the�t resolution function, which is used in a maximum likelihood
fit to extract S and A as discussed in the next section.

3.4.4. Extracting C P violation parameters. We determine sin 2φ1 and A from a maximum likeli-
hood fit using�t and q information obtained on an event-by-event basis from signal candidates. By
taking the effect of incorrect flavor assignment into account, the probability density function (PDF)
expected for the signal distribution is given by

Psig(�t) = e−|�t |/τB0

4τB0
{1 − q�wl + q(1 − 2wl)

× [(−ηC P) sin 2φ1 sin(�md�t)+ A cos(�md�t)]} . (3.7)

The distribution is convoluted with the �t resolution function Rsig(�t), which takes into account
the finite vertex resolution as described in Sect. 3.4.3. The background PDF Pbkg(�t) is determined
by the events found in a sideband region well away from the signal region in Mbc–�E space as well
as Monte Carlo (MC) events. A small component of broad outliers in the�z distribution, caused by
misreconstruction, is represented by a Gaussian function Pol(�t) with σ ≈ 30 ps. We determine the
following likelihood value for each event indexed by i :

Pi (�ti , qi ; sin 2φ1,A) = (1 − fol) fsig

∫ ∞

−∞
Psig(�t ′)Rsig(�ti −�t ′)d(�t ′)

+ (1 − fol) fbkgPbkg(�ti )+ fol Pol(�ti ), (3.8)

where fol is the outlier fraction, fsig and fbkg are the signal and background probabilities calcu-
lated as functions of �E and Mbc. The C P violation parameters, sin 2φ1 and A, are determined by
maximizing the likelihood function

L(sin 2φ1,A) =
∏

i

Pi (�ti , qi ; sin 2φ1,A), (3.9)

where the product runs over all events. A fit to the candidate events results in the C P violation
parameters [29],

sin 2φ1 = 0.667 ± 0.023(stat) ± 0.012(syst),

A = 0.006 ± 0.016(stat) ± 0.012(syst). (3.10)

The background-subtracted �t distribution for q = +1 and q = −1 events and the asymmetry for
events with good quality tags are shown in Fig. 8. The world average of sin 2φ1 is now 0.68 ± 0.02,
which is a firm SM reference.

3.4.5. Search for new physics using C P violation measurements in b → s penguin modes. B
meson decays involving penguin diagrams are thought to be a sensitive probe for new physics (NP)
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Fig. 8. The background-subtracted�t distribution for q = +1 (red) and q = −1 (blue) events and asymmetry
for events with good quality tags in (cc̄)K 0

S (left) and J/ψK 0
L (right) decays.

beyond the SM because of the one-loop nature of penguins. NP could appear as deviations of C P
violation parameters from the SM expectation. In this section, some highlight results for penguin
modes are reviewed.

In SM b → sq̄q hadronic B decays, the relevant coupling is V ∗
tbVts and the weak phase is the same

as in the b → cc̄s transition, e.g. B0 → (cc̄)K 0 decay. Therefore, the main point is to check whether
the penguin C P violation results deviate from the SM expectation, S = −ηC P sin 2φ1 and A = 0. In
this context, the time-dependent C P-violating parameters are denoted as sin 2φeff

1 and A. The modes
B0 → φK 0, η′K 0, and K 0K 0K 0 that involve only b → ss̄s processes are of special interest, since
the SM theoretical uncertainty for C P violation is small for these decay processes.

In the Belle experiment, attempts to perform measurements of time-dependent C P violation in
b → sq̄q induced decays with B0 → η′K 0

S and φK 0
S modes were made from the earliest stage of data

taking, starting in 2002. In 2003, using a 152 × 106 B B data sample, the value of S in B0 → φK 0
S

flipped sign and exhibited a 3.5σ deviation from the S parameter measured in B0 → (cc̄)K 0

modes [30]. This was very striking and suggestive of an NP effect. In 2006, with a larger statistics
data sample corresponding to 535 × 106 B B, updated measurements were reported. These measure-
ments added B0 → η′K 0

L and φK 0
L decays to the B0 → η′K 0 and φK 0 sample [31]. The results are

summarized in Table 3. In B0 → η′K 0 decay, C P violation is observed with a statistical significance
of 5.6σ . In all these three B decay modes, the large deviation from B0 → (cc̄)K 0 has disappeared.

In spite of the small theoretical uncertainty, experimentally, several contributions overlap in B0 →
φK 0 because of the relatively wide natural widths of the resonances that contribute in the K +K −

final state. In order to resolve these interfering contributions, Belle fits the time-dependent Dalitz dis-
tribution by expressing each contribution at the amplitude level for the B0 → K +K −K 0

S candidate
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Table 3. Measurements of C P violation parameters, sin 2φeff
1 and A, in

B0 → η′K 0, φK 0, and K 0
S K 0

S K 0
S modes with a 535 × 106 B B data sample. The

first and second errors are statistical and systematic errors, respectively.

B decay mode sin 2φeff
1 A

η′K 0 +0.64 ± 0.10 ± 0.04 −0.01 ± 0.07 ± 0.05
φK 0 +0.50 ± 0.21 ± 0.06 +0.07 ± 0.15 ± 0.05
K 0

S K 0
S K 0

S +0.30 ± 0.32 ± 0.08 −0.31 ± 0.20 ± 0.07

Table 4. C P violation parameters in B0 → K +K −K 0
S time-dependent Dalitz analysis,

φeff
1 and A. The first, second, and third errors are statistical, experimental systematic, and

Dalitz model uncertainties, respectively.

B decay mode φeff
1 A

φK 0
S (32.2 ± 9.0 ± 2.6 ± 1.4)◦ +0.04 ± 0.20 ± 0.10 ± 0.02

f0 K 0
S (31.3 ± 9.0 ± 3.4 ± 4.0)◦ −0.30 ± 0.29 ± 0.11 ± 0.09

events. With this technique, the extracted parameter is not sin 2φeff
1 but rather the angle φeff

1 itself and
A. Therefore the result does not have a two-fold ambiguity between φeff

1 and π/2 − φeff
1 . In B0 →

K +K −K 0
S decays, we find four solutions related to resonant amplitude interference. The preferred

one is identified using external information related to f0(980) and fX (assumed to be f0(1500))
branching fractions. The obtained C P violation parameters are summarized in Table 4 [32]. These
are consistent with the C P violation in B0 → cc̄K 0 decays at the 1σ level.

Including other b → s mediated B decays, the precision of sin 2φeff
1 is still statistically limited,

typically 0.1 ∼ 0.2. Obtaining O(10−2) sensitivity requires an integrated luminosity of O(10 ab−1),
and a Super B-factory experiment.

3.5. Measurement of φ2

After the first observation of C P violation in B meson decays, which gave a measurement of φ1, a
precise measurement of φ2 became the next target of C P violation measurements for the validation
of the Kobayashi–Maskawa model. The first Belle measurement of C P asymmetry parameters in
B0 → π+π− decay [33] was reported in March 2002, representing the second decay mode (after
B → cc̄K 0) with a time-dependent C P violation measurement.

The decay modes used for φ2 measurements are those proceeding via b → u transition, such
as B0 → π+π−, B0 → ρ+π−, B0 → ρ+ρ−. The b → u transition is shown in Fig. 9 (left)
and includes the Cabibbo–Kobayashi–Maskawa (CKM) element, Vub; it can be shown that the
time dependent C P asymmetry is then given as S = sin 2φ2 and A 
 0. However, an additional
amplitude, a “penguin diagram” (Fig. 9 (right)), contributes and has a phase that is different
from the tree diagram (Vtd instead of Vub). This causes a deviation of S from sin 2φ2 and a
non-zero A.

The first φ2 measurement was attempted using the B0 → π+π− decay mode. This decay has the
simplest two-body topology and was one of the first well established charmless B decays. The recon-
struction of the decay is straightforward: a pair of oppositely charged pions with an invariant mass
consistent with the B-meson mass (Mbc = m B) is selected; the B meson energy in CM is required
to be consistent with the beam energy (�E = 0). However, the selected sample suffers from a very
large background from the e+e− → qq̄ (q = u, d, s, c) continuum process since the same kinematic
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Fig. 9. Tree (left) and penguin (right) diagrams for B0 → π+π− decay.
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Fig. 10. �E distribution of B0 → π+π− candidates. In order to enhance the signal, requirements are imposed
on the two other variables, Mbc and R.

properties can easily be faked by two oppositely charged pions fragmented from primary quarks
and carrying about half of their momentum. Another significant background is from B0 → K +π−

decay, where the kaon is misidentified as a pion. The branching fraction for the former decay mode
is about four times higher than that of B0 → π+π−. In this case, the reconstructed �E is shifted
by −40 MeV and good K/π separation and good momentum resolution are important to reduce this
background.

The continuum background is suppressed utilizing a difference in the global event topology for the
two classes of events; continuum events have a two-jet like shape while B B̄ events have an isotropic
shape as the two B mesons are produced almost at rest in the CM. To quantify the event shape, we use
a Fisher discriminant [34] combining modified Fox–Wolfram moments [35]. We form a likelihood
Ls (Lb) for signal (continuum background) using the Fisher discriminant and the angle between the
flight direction of the B candidate and the beam direction in the CM, cos θB . The likelihood ratio
R = Ls/(Ls + Lb) is used as the final continuum suppression parameter. In the early analyses [33],
we imposed a tight requirement on R by optimizing S/

√
S + B, where S and B are the expected

number of signal and background events, respectively. In a later analysis [36], we optimized the R
requirement depending on the flavor tagging quality.

The �E distribution of B0 → π+π− candidates is shown in Fig. 10. Background events due to
three-body decays populate the negative �E region but they do not contribute in the B0 → π+π−

signal region (|�E | < 0.064 GeV).
The vertex reconstruction and the flavor tagging are performed in the same way as for the sin 2φ1

measurements. The C P violation parameters are extracted from a fit to the �t distribution for the
events in the signal region in �E and Mbc ([5.271, 5.287] GeV/c2). The PDFs include the sig-
nal, continuum background, and B0 → K +π− background. The first result was reported using
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Fig. 11. �t distribution for B0 and B̄0 tagged B → π+π− events (top) and the C P asymmetry together with
the fit result (bottom).

48 × 106 B B pairs: [33]

Sππ = −1.21+0.38
−0.27(stat)+0.16

−0.13(syst)

Aππ = +0.94+0.25
−0.31(stat)± 0.09(syst). (3.11)

In the latest analysis using 535 × 106 B B pairs [36], a stringent selection on K/π particle identifi-
cation is not imposed and instead the B0 → K +π− decays are included as a component in the fit
to extract the C P violation parameters. This increases the signal detection efficiency by 23% and
improves the measurement errors by 10%. The results are [36]

Sππ = −0.61 ± 0.10(stat)± 0.04(syst)

Aππ = +0.55 ± 0.08(stat)± 0.05(syst). (3.12)

The�t distribution and the asymmetry together with fit results are shown in Fig. 11. A clear non-
zero Aππ , i.e. a clear direct C P violation, is seen (the asymmetry exhibits a significant cosine term).
As shown above, the first measurement already indicated C P violation in decays with a significance
of 2.9σ . The first evidence of direct C P violation in a B decay mode was reported with 3.2σ sig-
nificance in January 2004 using a sample of 152 × 106 B B pairs [37]. Although this claim was not
widely accepted at that time because the result of the BaBar collaboration showed a rather small Aππ

value, the latest world average, Aππ = 0.38 ± 0.06 [38], establishes C P violation in B0 → π+π−

decays with a significance above 5σ .
The large direct C P violation indicates that the contribution of the penguin diagram is sizable

and the deviation of Sππ from sin 2φ2 may be significant. The angle φ2 can be extracted using the
isospin relation among branching fractions and C P asymmetries of B0 → π+π−, B0 → π0π0, and
B+ → π+π0 decays; this was first proposed by M. Gronau and D. London [39]. The result, shown
in Fig. 12, is obtained using the results for Sππ and Aππ given above and the world average values of
branching fractions of the three B → ππ modes and direct C P asymmetry in B0 → π0π0. Using
this method, there are multiple discrete ambiguities for the angle φ2. The solution that is closest to
the global fit result [40] gives φ2 = (97 ± 11)◦.

16/110

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2012/1/04D

001/1575434 by guest on 25 April 2024



PTEP 2012, 04D001 J. Brodzicka et al.

0

0.2

0.4

0.6

0.8

1

0          30        60         90       120       150       180
φ2 (degrees)

1 
- 

C
.L

.
Fig. 12. 1-C.L. for a range of φ2 values as obtained with an isospin analysis of B → ππ decays. The solid
and dashed lines indicate C.L. = 68.3% and 95%, respectively.

The final state in B0 → ρ+π− decay is not a C P eigenstate, but the decay proceeds through the
same quark diagrams as B0 → π+π−. Since B0 and B0 can decay to ρ+π−, time-dependent C P
violation can occur and provide information on φ2. Here the final state is π+π−π0 and the decay
B0 → π+π−π0 contains three intermediate states; B0 → ρ+π−, ρ−π+, and ρ0π0. These three
amplitudes interfere and their magnitudes and relative strong phases can be extracted from a Dalitz
plot amplitude analysis. Knowing the hadronic phases of these amplitudes in the Dalitz plane, a time-
dependent Dalitz plot analysis allows the determination of φ2 [41]. This method provides φ2 without
ambiguities (assuming large signal statistics) except for φ2 → φ2 + π .

The reconstruction and continuum suppression are similar to the B0 → π+π− analysis with an
additionalπ0 reconstructed in theπ0 → γ γ decay mode. C P violation parameters are obtained from
a three-dimensional fit to the distribution of �t and two Dalitz distribution parameters, M2

π+π0 and
M2
π−π0 . Belle performed the analysis using 449 × 106 B B pairs [42,43]. The amplitudes include

ρ(770) and higher mass resonances, ρ(1450) and ρ(1700). The time-dependent Dalitz plot dis-
tribution is parameterized with 27 real parameters describing the components that have different
time- and Dalitz plot behaviors. C P violation parameters for B0 → ρ±π∓, B0 → π0π0 decays
and φ2 are extracted from these parameters. We obtain 68◦ < φ2 < 95◦ at a 68.3% confidence level
(C.L.) interval for the solution consistent with the global fit result. A large region (0◦ < φ2 < 5◦,
23◦ < φ2 < 34◦, and 109◦ < φ2 < 180◦) also remains. With a larger data sample, a more restrictive
constraint without ambiguities is expected from this measurement.

In the B0 → ρ+ρ− mode a pseudoscalar decays into two vector particles and the final state is a
mixture of C P-even and C P-odd amplitudes. In order to extract the fraction of each C P component,
an angular analysis is required. Fortunately, the fraction of the longitudinal polarization turns out to
be close to 100% [44–47], simplifying the measurement. The signal candidates are reconstructed in
ρ± → π±π0 decays. Because of two π0s in the final state, the combinatorial background due to fake
π0 candidates is very large. The results using 535 × 106 B B pairs are [48]:

Aρ+ρ− = +0.16 ± 0.21(stat)± 0.07(syst)

Sρ+ρ− = +0.19 ± 0.30(stat)± 0.07(syst). (3.13)

In this mode, φ2 can be obtained using an isospin relation similar to that in the B0 → π+π− case.
Because the branching fraction for B0 → ρ0ρ0 is much smaller than those of B0 → ρ+ρ− and
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Fig. 13. 1-C.L. as a function of φ2 from the average of the Belle and BaBar results for B0 → π+π−, B0 → ρπ ,
B0 → ρρ.

B+ → ρ+ρ0, the deviation of φ2 from the measured value is small and some ambiguities are degen-
erate. So far only an upper limit on B(B0 → ρ0ρ0) has been obtained; this is used in the isospin
analysis. The isospin analysis gives 62◦ ≤ φ2 ≤ 106◦ at the 68.3% C.L.

All of the above results and results from the BaBar collaboration can be combined to obtain the φ2

constraint shown in Fig. 13 [40]. φ2 = (89.0+4.4
−4.2)

◦ is obtained at a 68.3% C.L.

3.6. Measurement of φ3

The angle φ1 has been now measured with high precision (Sect. 3.4). Measurement of the angle φ2 is
more difficult due to theoretical uncertainties from the contributions of penguin diagrams (Sect. 3.5).
Precise determination of the third angle of the unitarity triangle, φ3, is possible using B± → DK ±

decays. However, it requires much more data than determinations of the other angles. The determina-
tion of φ3 is theoretically clean due to the absence of loop contributions; φ3 can be determined using
tree-level processes only, exploiting the interference between b → cud and b → ucd transitions that
occurs when a process involves a neutral D meson reconstructed in a final state accessible to both
D0 and D

0
decays. Therefore, φ3 provides an SM benchmark, and its precise measurement is crucial

in order to disentangle non-SM contributions to other processes, via global CKM fits.
Several different D decays have been studied in order to maximize the sensitivity to φ3. The

archetype is the use of D decays to C P eigenstates, a method proposed by M. Gronau, D. Lon-
don, and D. Wyler (and called the GLW method) [49,50]. Belle makes use of C P-even modes (D1),
such as K +K −, and C P-odd modes (D2), such as K 0

Sπ
0. To extract φ3 using the GLW method, the

following observables sensitive to C P violation are used: the asymmetries

A1,2 ≡ B(B− → D1,2K −)− B(B+ → D1,2K +)
B(B− → D1,2K −)+ B(B+ → D1,2K +)

= ± 2rB sin δB sinφ3

1 + r2
B ± 2rB cos δB cosφ3

(3.14)

and the ratios

R1,2 ≡ B(B− → D1,2K −)+ B(B+ → D1,2K +)
B(B− → D0K −)+ B(B+ → D0K +)

= 1 + r2
B ± 2rB cos δB cosφ3, (3.15)
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Fig. 14. Feynman diagrams for B− → D0 K − and B− → D
0
K −.

Fig. 15. Signals for B± → D1 K ± decays. The left (right) figure is for B− (B+) decays. The plotted variable,
�E , peaks at zero for signal decays, while background from B± → Dπ± appears as a satellite peak at positive
values.

Table 5. Results of the GLW
analysis for B± → DK ± mode.

R1 1.03 ± 0.07 ± 0.03
R2 1.13 ± 0.09 ± 0.05
A1 +0.29 ± 0.06 ± 0.02
A2 −0.12 ± 0.06 ± 0.01

where rB is the ratio of the magnitudes of the two tree diagrams shown in Fig. 14 and δB is their
strong-phase difference. The value of rB is given by the product of the ratio of the CKM matrix
elements |V ∗

ubVcs |/|V ∗
cbVus | ∼ 0.38 and the color suppression factor, which altogether results in a

value of around 0.1. In the expressions above, mixing and C P violation in the neutral D meson
system are neglected. Among these four observables, R1,2 and A1,2, only three are independent
(since A1R1 = A2R2). Recently, Belle updated their GLW analysis using their final data sample
of 772 × 106 B B pairs (Belle Collaboration, preliminary results presented at Lepton Photon 2011
(BELLE-CONF-1112)). The analysis uses D0 decays to K +K − and π+π− as C P-even modes
(Fig. 15), K 0

Sπ
0 and K 0

Sη as C P-odd modes. From Eqs. 3.14–3.15, the signs of the A1 and A2

asymmetries should be opposite, which is confirmed by experiment (Table 5).
The difficulties in the application of the GLW methods arise primarily due to the small magnitude

of the C P asymmetry of the B± → DC P K ± decay, which may lead to significant systematic uncer-
tainties in the observation of the C P violation. An alternative approach was proposed by D. Atwood,
I. Dunietz, and A. Soni [51]. Instead of using D0 decays to C P eigenstates, the ADS method uses
Cabibbo-favored and doubly Cabibbo-suppressed decays: D

0 → K −π+ and D0 → K −π+. In the
decays B+ → [K −π+]D K + and B− → [K +π−]D K −, the suppressed B decay is followed by a
Cabibbo-allowed D0 decay, and vice versa. Therefore, the interfering amplitudes are of similar mag-
nitude, and one can expect a large C P asymmetry. Unfortunately, the branching ratios of the decays
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Fig. 16. Signal for B± → DK ± decays from Belle ADS analysis. In these �E and N B (continuum
suppression variable) distributions, [K +π−]D K − components are shown by thicker dashed curves (red).

Table 6. Results of the Belle ADS analyses.

Mode RADS AADS

B → DK 0.0163+0.0044+0.0007
−0.0041−0.0013 −0.39+0.26+0.04

−0.28−0.03

B → D�K , D� → Dπ0 0.010+0.008+0.001
−0.007−0.002 +0.4+1.1+0.2

−0.7−0.1

B → D�K , D� → Dγ 0.036+0.014
−0.012 ± 0.002 −0.51+0.33

−0.29 ± 0.08

mentioned above are small. The observable that is measured in the ADS method is the ratio of the
suppressed and allowed branching fractions:

RADS = B(B± → [K ∓π±]D K ±)
B(B± → [K ±π∓]D K ±)

= r2
B + r2

D + 2rBrD cosφ3 cos δ, (3.16)

and

AADS = B(B− → [K +π−]D K −)− B(B+ → [K −π+]D K +)
B(B− → [K +π−]D K −)+ B(B+ → [K −π+]D K +)

(3.17)

= 2rBrD sinφ3 sin δ/RADS, (3.18)

where rD is the ratio of the doubly Cabibbo-suppressed and Cabibbo-allowed D0 decay amplitudes
and δ is the sum of strong phase differences in B and D decays: δ = δB + δD . The ADS analysis [52]
using the fullϒ(4S) data sample was reported by the Belle collaboration (Fig. 16). The analysis uses
B± → DK ± decays with D0 decaying to K +π− and K −π+ (and their charge-conjugated partners).
The signal yield obtained is 56+15

−14 events, which corresponds to the first evidence of an ADS signal
(with a significance of 4.1σ ); the ratio of the suppressed and allowed modes is summarized in Table 6.
Although the analyses with B± → DK ± decays give the most precise results, different B decays
have also been studied. The use of two additional decay modes, D∗ → Dπ0 and D∗ → Dγ , provides
an extra handle on the extraction of φ3 from B± → D∗K ±, which is becoming visible in the most
recent results (Belle Collaboration, preliminary results presented at Lepton Photon 2011 (BELLE-
CONF-1112)).

A Dalitz plot analysis of a three-body D meson final state allows one to obtain all the information
required for determination of φ3 in a single decay mode. Three-body final states such as K 0

Sπ
+π−

have been suggested as promising modes (Ref. [53] and A. Bondar, unpublished work) for the extrac-
tion of φ3. As in the GLW and ADS methods, the two amplitudes interfere if the D0 and D

0
mesons
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Table 7. Results of Belle Dalitz plot analyses.

Mode φ3 (
◦) δB (

◦) rB

B → DK 81+13
−15 ± 5 137+13

−16 ± 4 0.16 ± 0.04 ± 0.01

B → D�K 74+19
−20 ± 4 342+19

−21 ± 3 0.20 ± 0.07 ± 0.01

decay into the same final state K 0
Sπ

+π−. Assuming no C P asymmetry in neutral D decays, the
amplitude for B+ → D[KSπ

+π−]K + decay as a function of Dalitz plot variables m2+ = m2
K 0

Sπ
+

and m2− = m2
K 0

Sπ
− is

fB+ = fD(m
2
+,m2

−)+ rBeiφ3+iδB fD(m
2
−,m2

+), (3.19)

where fD(m2+,m2−) is the amplitude of the D
0 → K 0

Sπ
+π− decay. Similarly, the amplitude for

B− → D[KSπ
+π−]K − decay is

fB− = fD(m
2
−,m2

+)+ rBe−iφ3+iδB fD(m
2
+,m2

−). (3.20)

The D
0 → K 0

Sπ
+π− decay amplitude fD can be determined from a large sample of flavor-tagged

D
0 → K 0

Sπ
+π− decays produced in continuum e+e− annihilation. Once fD is known, a simultane-

ous fit to B+ and B− data allows the contributions of rB , φ3, and δB to be separated. The method has
only two-fold ambiguity: (φ3, δB) and (φ3 + 180◦, δB + 180◦) solutions cannot be distinguished.
To test the consistency of the fit, the same procedure was applied to the B± → D(∗)π± control
samples and the B± → D(∗)K ± signal. A combined unbinned maximum likelihood fit to the B+

and B− samples with free parameters rB , φ3, and δB yields the values given in Table 7. Combin-
ing B± → DK ± and B± → D∗K ±, we obtain [54] the value φ3 = (78+11

−12 ± 4 ± 9)◦, where the
sources of uncertainties are statistical, systematic, and due to imperfect knowledge of the amplitude
model that describes D → K 0

Sπ
+π− decays. The last source of uncertainty can be eliminated by

binning the Dalitz plot (Refs. [53,55,56] and A. Bondar, unpublished work), using information on
the average strong phase difference between D0 and D

0
decays in each bin that can be determined

using quantum correlated ψ(3770) data. Results have been published recently by CLEO-c [57]. The
measured strong phase difference is used to obtain a model-independent result [58]:

φ3 = (77 ± 15 ± 4 ± 4)◦, (3.21)

where the last uncertainty is due to the statistical precision of the CLEO-c results.

4. Measurement of |Vcb| and |Vub|, semileptonic, and leptonic B decays

4.1. Introduction

The Cabibbo–Kobayashi–Maskawa (CKM) matrix elements |Vcb| and |Vub| are determined from
semileptonic B → X�ν (� = e, μ) decays to charmed and charmless final states, respectively
(Fig. 17). These decays are chosen because semileptonic decays proceed via leading-order weak
interactions and thus are free of possible non-Standard Model contributions. Their branching frac-
tions are sizable compared to purely leptonic B → �ν decays, and have hadronic uncertainties that
are well controlled by various theoretical techniques.
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Fig. 17. Illustration of the semileptonic B meson decay B → X�ν.

In this section, we also discuss purely leptonic and semileptonic B decays involving a heavy τ
lepton. At present these decays are not relevant for the determination of |Vcb| and |Vub| but are studied
because of their sensitivity to the charged Higgs boson and other manifestations of new physics.

There are two orthogonal approaches to measuring semileptonic decays and determining |Vcb| and
|Vub|: Analyses can either be exclusive, i.e., these reconstruct only a specific semileptonic final state,
such as D∗�ν, π�ν, . . . . Alternatively, the analysis can be inclusive, which means that it is sensitive
to all semileptonic final states, Xc�ν or Xu�ν, in a given region of phase space, where Xc and Xu

refer to a hadronic system with charm or without charm, respectively.
Exclusive and inclusive analyses are affected by different experimental uncertainties. In addition,

different and largely independent theoretical approaches are used to describe the QCD contributions
in exclusive and inclusive decays. Since both approaches rely on different experimental techniques
and involve different theoretical approximations, they complement each other and provide largely
independent determinations of comparable accuracy for |Vcb| and |Vub|. This in turn provides a
crucial cross check of the methods and our understanding of semileptonic B decays in general.

4.2. |Vcb|
4.2.1. |Vcb| from exclusive semileptonic decays. The determination of |Vcb| from exclusive decays
is based on the B → D∗�ν or B → D�ν decay modes. Experimentally, one has to measure the
differential decay rate as a function of the velocity transfer w, defined as

w = PB · PD(∗)

m Bm D(∗)
= m2

B + m2
D(∗) − q2

2m Bm D(∗)
, (4.1)

where m B and m D(∗) are the masses of the B and the charmed mesons, PB and PD(∗) are their four-
momenta, and q2 = (P� + Pν)2. The point w = 1 is referred to as zero recoil, because there the
charmed meson is at rest in the B meson frame. To determine |Vcb|, the experimental analyses extrap-
olate the decay rate to w = 1, as theory can determine the decay form factors with greater accuracy
at this kinematic point. When neglecting the lepton mass, i.e., considering only electrons and muons,
the differential decay rate of B → D∗�ν as a function of w is given by [59]

d�

dw
= G2

F m3
D∗

48π3

(
m B − m D∗

)2√
w2 − 1χ(w)F2(w)|Vcb|2. (4.2)

Here, G F is Fermi’s constant equal to (1.166 37 ± 0.000 01)× 10−5 GeV−2 and χ(w) is a known
phase space factor,

χ(w) = (w + 1)2
[

1 + 4
w

w + 1

1 − 2wr + r2

(1 − r)2

]
, (4.3)
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where r = m D∗/m B . The dynamics of the decay are contained in the form factorF(w), which can be
parameterized by the normalization F(1), the slope ρ2

D∗ , and the amplitude ratios R1(1) and R2(1)
in the framework of the heavy quark effective theory (HQET) [60].

A similar expression can be derived for the differential rate of the decay B → D�ν,

d�

dw
= G2

F m3
D

48π3 (m B + m D)
2(w2 − 1)3/2G2(w)|Vcb|2. (4.4)

As the D meson is a pseudoscalar, the form factor G(w) of this decay is simpler than F(w) and can
be parameterized by the normalization G(1) and the slope ρ2

D only [60].
In the limit of infinite quark masses, the form factors F(w) and G(w) coincide with the Isgur–

Wise function [61], which is normalized to unity at zero recoil, w = 1. Corrections to the heavy
quark limit have been calculated in the framework of lattice QCD (LQCD). In LQCD, the QCD
action is discretized on a Euclidean spacetime lattice and calculations are performed numerically
on computers using Monte Carlo methods. Physical results are then recovered in the limit of zero
lattice spacing. Because lattice results are obtained from QCD first principles, they can be improved
to arbitrary precision, given sufficient computing resources.

The form factor values at w = 1 are the main theoretical input needed for the determination of
|Vcb| from exclusive decays and also the main source of theoretical uncertainty. The current LQCD
value of F(1), describing the decays B → D∗�ν, is [62]

F(1) = 0.908 ± 0.017. (4.5)

The LQCD B → D�ν form factor at zero recoil is calculated to be [63]

G(1) = 1.074 ± 0.024. (4.6)

The Belle measurement of B0 → D∗−�+ν [64] is based on 772 × 106 B B̄ events, resulting in
about 120 000 reconstructed decays. In this analysis the decay chain D∗− → D̄0π− followed by
D̄0 → K +π− is reconstructed and D∗ candidates are combined with a charged lepton � (� = e, μ)
with momentum between 0.8 GeV and 2.4 GeV. As the analysis makes no requirement on the sec-
ond B meson in the event, the direction of the neutrino is not precisely known. However, using the
cos θBY variable,

cos θBY = 2EB EY − m2
B − m2

Y

2PB PY
, (4.7)

with Y = D∗�, the B momentum vector is constrained to a cone centered on the D∗� direction. By
averaging over the possible B directions one can approximate the neutrino momentum and calculate
the kinematic variables of the decay (w and three decay angles). The parameters of the form factor
F(w) are obtained by fitting these four kinematic distributions. The very large data sample led to
much reduced statistical and systematic uncertainties.

The result of the Belle analysis (after rescaling input parameters to their most recent
values [23]) is

F(1)|Vcb| = (34.7 ± 0.2(stat)± 1.0(syst))× 10−3, (4.8)
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where the dominant systematic uncertainties stem from charged track reconstruction. Assuming the
form factor normalization of Eq. 4.5, we obtain

|Vcb| = (38.2 ± 1.1(exp)± 0.7(th))× 10−3. (4.9)

The experimental uncertainty is at the level of 3.0% while the theoretical uncertainty from lattice
QCD amounts to 1.9%.

In addition, the decay B → D�ν has been studied at Belle using 10.8 × 106 B B̄ events [65]. For
the determination of |Vcb|, the decay B → D∗�ν is preferred over B → D�ν for both theoretical
and experimental reasons: On the theory side, the rate at zero recoil is lower for B → D�ν than for
B → D∗�ν due to the factor (w2 − 1)3/2 in the expression for the width (instead of

√
w2 − 1 in the

D∗ case). Experimentally, due to the presence of the slow pion in the decay D∗ → Dπ , the D∗ signal
is cleaner than the D signal and backgrounds in the analysis of B → D�ν are typically the limiting
factor.

The result of the Belle analysis (after rescaling input parameters to their most recent values
[23]) is

G(1)|Vcb| = (40.8 ± 4.4(stat)± 5.2(syst))× 10−3, (4.10)

with the dominant systematic uncertainties from background estimation. Assuming the G(1) value
from Eq. 4.6, we obtain

|Vcb| = (38.0 ± 6.3(exp)± 0.8(th))× 10−3. (4.11)

This determination of |Vcb| is consistent with the B → D∗�ν value but has a significantly larger
uncertainty.

4.2.2. |Vcb| from inclusive semileptonic decays. The theoretical tool for calculating the inclusive
semileptonic decay width �(B → Xc�ν) of the B meson is the operator product expansion (OPE).
In this framework, a simplified form reads [66,67]

�(B → Xc�ν) = G2
F m5

b

192π3 |Vcb|2
(

1 + c5(μ) 〈O5〉(μ)
m2

b

+ c6(μ) 〈O6〉(μ)
m3

b

+ O
(

1

m4
b

))
, (4.12)

where the expansion parameter is the b-quark mass mb. At leading order in 1/mb, the OPE result
coincides with the parton model, i.e., with the decay width of a (hypothetical) free b-quark. Cor-
rections to the free b-quark decay arise at order 1/m2

b: the term 〈O5〉(μ) denotes the expectation
values of local dimension 5 operators, which depend on the renormalization scale μ. A detailed
analysis shows that only two operators appear at O(1/m2

b): the kinetic operator, related to the kinetic
energy of the b-quark inside the B hadron, and the chromomagnetic operator, related to the B∗–
B hyperfine mass splitting. At O(1/m3

b), new operators appear. These expectation values of local
operators describe basic hadronic properties of the B meson and do not depend on the observable
(here �(B → Xc�ν)) calculated using the OPE. As they contain soft hadronic physics, they cannot
be calculated by perturbative QCD.

These matrix elements are multiplied by the Wilson coefficients c5, c6, . . . , which encode the short-
distance QCD contributions to the process and thus can be calculated in perturbation theory as a series
in powers of αs . Hence, the OPE factorizes the calculable and the non-calculable contributions to the
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semileptonic width. Even more interestingly, the hadronic matrix elements in the non-calculable part
also appear in similar OPE expressions for other inclusive observables in semileptonic B decays. By
measuring these additional observables, one can determine the non-perturbative OPE parameters,
substitute them into the expression of the semileptonic width, and measure |Vcb| with a total precision
of about 1–2%. This is the basic idea underlying the global fit analysis of |Vcb| discussed in this
section.

These other observables are the (truncated) moments of the lepton energy E� (in the B rest
frame) and the hadronic mass squared m2

X spectra in B → X�ν. The quantity m2
X is the invariant

mass squared of the hadronic system Xc accompanying the lepton–neutrino pair. The lepton energy
moments are defined as

〈En
� 〉Ecut = Rn(Ecut)

R0(Ecut)
, (4.13)

where Ecut is the lower lepton energy threshold and

Rn(Ecut) =
∫

E�>Ecut

En
�

d�

d E�
d E�. (4.14)

Here, d�/d E� is the partial semileptonic width as a function of the lepton energy. The hadronic mass
moments are

〈m2n
X 〉Ecut = Sn(Ecut)

S0(Ecut)
, (4.15)

with

Sn(Ecut) =
∫

E�>Ecut

m2n
X

d�

dm2
X

dm2
X . (4.16)

Here the integration over the B → Xc�ν phase space is restricted by the requirement E� > Ecut.
These observables can be expanded in OPEs similar to Eq. 4.12, containing the same non-perturbative
parameters.

In practice, the semileptonic width and moments in B → Xc�ν have been calculated in two theo-
retical frameworks, referred to by the name of the renormalization scheme used for the quark masses
(though this is not the only difference in the calculations): The calculations in the kinetic scheme are
now available at next-to-next-to-leading (NNLO) order in αs [66,68]. At leading order in the OPE,
the non-perturbative parameters are the quark masses mb and mc. At O(1/m2

b) the parameters are
μ2
π and μ2

G , and at O(1/m3
b) the parameters ρ3

D and ρ3
L S appear. Independent expressions have been

obtained in the 1S scheme [67]. Here, the long-distance parameters are mb at leading order, λ1 and
λ2 at O(1/m2

b) and ρ1, τ1−3 at O(1/m3
b). Note that the numerical values of the quark masses in the

two schemes cannot be compared directly due to their different definitions.
Belle has measured moments of inclusive observables in B → Xc�ν decays [69,70]. The lepton

energy E� and hadronic mass squared m2
X spectra in B → Xc�ν are based on 152 × 106 ϒ(4S) →

B B̄ events. These analyses first fully reconstruct the decay of one B meson (Btag) in the event in a
hadronic mode (or a hadronic tag). The tracks and clusters associated with Btag are removed from
the event. The semileptonic decay of the second B meson in the event (Bsig) is then identified by
searching for a charged lepton among the remaining particles in the event. In the lepton energy
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Fig. 18. Global fit of moments in B → Xc�ν decays measured at Belle to theoretical expressions obtained in
the kinetic scheme. The error bars show the experimental uncertainties. The error bands represent the theory
error. Filled circles are data points used in the fit, and open circles are unused measurements.

analysis [69], the electron momentum spectrum p∗
e in the B meson rest frame is measured down to

0.4 GeV/c. In the hadronic mass study [70], all remaining particles in the event, after excluding the
charged lepton (either an electron or muon), are combined to reconstruct the hadronic X system. The
m2

X spectrum is measured for lepton energies above 0.7 GeV in the B meson rest frame.
The observed spectra are distorted by resolution and acceptance effects and cannot be used directly

to obtain the moments. In the Belle analyses, acceptance and finite resolution effects are corrected
by unfolding the observed spectra using the singular value decomposition (SVD) algorithm [71].
Belle measures the lepton energy moments 〈Ek

� 〉 for k = 0, 1, 2, 3, 4 and minimum lepton energies
ranging from 0.4 to 2.0 GeV. Moments of the hadronic mass 〈mk

X 〉 are measured for k = 2, 4 and
minimum lepton energies between 0.7 and 1.9 GeV.

To determine |Vcb|, Belle performs fits [72] to 14 lepton energy moments, 7 hadronic mass
moments, and 4 moments of the photon energy spectrum in B → Xsγ based on OPE expressions
derived in the kinetic [66,68,73] and 1S schemes [67] (Fig. 18). Both theoretical frameworks are
considered independently and yield very consistent results: The fit to the Belle data in the kinetic
scheme yields

|Vcb| = (41.58 ± 0.90)× 10−3, (4.17)

while in the 1S scheme we obtain

|Vcb| = (41.56 ± 0.68)× 10−3 . (4.18)
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While the result in the 1S scheme is more precise (1.6% uncertainty compared to 2.2% in the kinetic
scheme), it should be noted that the assumptions on the dominant theory error are significantly
different.

4.3. |Vub|
4.3.1. |Vub| from exclusive B → Xu�ν decays. The absolute value of Vub, one of the least known
CKM elements, can be determined from rate measurements of exclusive charmless semileptonic
decays, such as B → π�ν, B → ρ�ν and B → ω�ν. Of these, B0 → π−�+ν decay has been
the most extensively studied both theoretically and experimentally. The decay rates and |Vub| are
related as

d�(B0 → π−�+ν)
dq2 = G2

F

24π3 |Vub|2 p3
π | f+(q2)|2, (4.19)

where G F is the Fermi coupling constant, and f+(q2) is the B → π transition form factor, which is
calculated in lattice QCD and by QCD sum rules. Compared to the inclusive measurements, described
below, the exclusive measurements are relatively straightforward experimentally, but suffer from
large theoretical uncertainties in the form factors, which must be determined from non-perturbative
QCD calculations.

The Belle collaboration has measured B → π/ρ/ω�ν decays [74–76]. The most recent measure-
ment of the B0 → π−�+ν decay [76] uses a data sample containing 657 × 106 B B̄ pairs, and
has the best precision for the |Vub| determination. In this analysis, signals are reconstructed by
combining an oppositely charged pion and lepton (either electron or muon), originating from a com-
mon vertex. For the reconstruction of the undetected neutrino, the missing energy and momentum
in the c.m. frame are defined as Emiss ≡ 2Ebeam −�i Ei and �pmiss ≡ −�i �pi , respectively, where
Ebeam is the beam energy in the c.m. frame, and the sums include all charged and neutral parti-
cle candidates in the event. We require Emiss > 0 GeV, and the neutrino 4-momentum is taken to
be pν = (| �pmiss|, �pmiss), since the determination of �pmiss is more accurate than that of the missing
energy. As in the analysis of B0 → D∗−�+ν, using the variable cos θBY [Eq. (4.7)], the B momen-
tum vector is constrained to lie on a cone centered on the π−�+ direction; signals can then be
selected by requiring | cos θBY | < 1. Background from continuum e+e− → qq̄(q = u, d, s, c) jets
are reduced using an event topology requirement based on the second Fox–Wolfram moment. Signals
are extracted, for each of 13 q2 bins ranging from 0 to 26 GeV2/c2, by fitting the two-dimensional

distribution of the beam energy constrained mass Mbc =
√

E2
beam − | �pπ + �p� + �pν |2 and the energy

difference�E = Ebeam − (Eπ + E� + Eν). Figure 19 shows the obtained q2 distribution. The total
branching fraction, integrated over the entire q2 region, is

B(B0 → π−�+ν) = (1.49 ± 0.04(stat)± 0.07(syst))× 10−4. (4.20)

The value of |Vub| can be determined from the measured differential q2 distribution using
Eq. (4.19). Following the procedure proposed by the FNAL/MILC collaboration [77], |Vub| can
be extracted from a simultaneous fit to experimental and lattice QCD results from the FNAL/MILC
collaboration, as shown in Fig. 20. In this approach, q2 is transformed to a dimensionless quantity z,
and both the experimental and lattice QCD distributions are fit to a third-order polynomial with |Vub|
determined as a relative normalization between the lattice QCD and experimental results. We find
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Fig. 20. |Vub| extraction from a simultaneous fit to experimental (closed circles) and FNAL/MILC lattice QCD
results (open circles).

Table 8. Summary of |Vub| results from a recent B0 → π−�ν measurement by Belle.

Theory q2 (GeV2/c4) |Vub| (×10−3)

LCSR [78] <16 3.64 ± 0.11+0.60
−0.40

HPQCD [79] >16 3.55 ± 0.13+0.62
−0.41

FNAL [63] >16 3.78 ± 0.14+0.65
−0.43

FNAL/MILC [77] all regions 3.43 ± 0.33

|Vub| = (3.43 ± 0.33)× 10−3, as shown in Table 8. The table also lists |Vub| values determined using
only a fraction of the overall phase space, leading to less precise but statistically compatible results.
The form factor f+(q2) predictions are based on the light cone sum rule (LCSR) and lattice QCD
(LQCD), which can be applied in the regions q2 < 16 GeV2/c4 and q2 > 16 GeV2/c4, respectively.

4.3.2. |Vub| from inclusive B → Xu�ν decays. For inclusive B → Xu�ν decays, the theoretical
description relies on the operator product expansion (OPE), as in the case of inclusive B → Xc�ν

decays. However, B → Xu�ν decays are about 50 times less abundant than B → Xc�ν decays, and
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Fig. 21. Projections of the m X − q2 fit in bins of m X (left) and q2 (right).

thus the experimental sensitivity to B → Xu�ν and |Vub| is highest in the region of phase space that
is less impacted by the dominant background from B → Xc�ν decays. In this phase space region,
however, non-perturbative corrections are kinematically enhanced, and as a result non-perturbative
dynamics become an O(1) effect. Extracting |Vub| requires the use of theoretical parameterizations
called shape functions (SF) to describe the unmeasured regions of phase space.

A classical method is to measure the lepton momentum spectrum at the end-point of the spectrum
(pcm
� > 2.3GeV/c), where the b → c decay is forbidden. This method allows the measurement of

|Vub| with small data samples, but suffers from a large extrapolation error, because only a limited
portion of the phase space (∼10% of the total) is measured. Belle reported a result using this method
in 2005 [80]. The high luminosity data at Belle enable us to also measure kinematic variables such as
the invariant mass of the Xu hadronic system, m X , and the four-momentum transfer of the B meson
to the Xu system, q. This enables us to control the experimental and theoretical errors by optimizing
the region of phase space for the measurement. Belle reported the first measurement using mx − q2

for the inclusive B → Xu�ν decay [81].
More recently, Belle reported a measurement of the partial branching fraction of B → Xu�ν decays

with a lepton momentum threshold of 1 GeV/c using a multivariate data mining technique, with a
data sample containing 657 × 106 B B̄ pairs [82]. This method allows us to access ∼ 90% of the
B → Xu�ν phase space and minimizes the dependence on an SF. The measurement is made by
fully reconstructing one B meson (Btag) in hadronic decays, and measuring the semileptonic decay
of the other B meson (Bsig) with a high momentum electron or muon. The B → Xu�ν decays are
selected based on a nonlinear multivariate boosted decision tree (BDT), which incorporates a total
of 17 discriminating variables, such as the kinematical quantities of candidate semileptonic decays,
number of kaons in the event, Mbc of Btag, etc. The candidates passing the selection of the BDT
classifier are analyzed in a two-dimensional fit in the (m X , q2) plane. The hadronic invariant mass
m X is calculated from the measured momenta of all charged tracks and neutral clusters that are not
associated to Btag reconstruction or used as a lepton candidate. The momentum transfer is calcu-
lated as q = pϒ(4S) − pBtag − pX . Figure 21 shows the one-dimensional projections of the (m X , q2)

distribution with a lepton momentum requirement of p∗B
� > 1.0GeV/c, fitted with distributions for

the B → Xu�ν signal, B → Xc�ν and other backgrounds mainly from secondary and misidentified
leptons. The partial branching fraction for p∗B

� > 1.0GeV/c is

�B(B → Xu�ν; p∗B
� > 1.0GeV/c) = 1.963 × (1 ± 0.088(stat)± 0.081(syst))× 10−3. (4.21)
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Table 9. |Vub| values obtained using the inclusive B → Xu�nu measurement by Belle and input param-
eters (mb and μ2

π ). The errors quoted on |Vub| correspond to experimental and theoretical uncertainties,
respectively.

Theory mb (GeV) μ2
π (GeV2) |Vub| (×10−3)

BLNP [83] 4.588 ± 0.025 0.189+0.046
−0.057 4.47 ± 0.27+0.19

−0.21

DGE [84] 4.194 ± 0.043 — 4.60 ± 0.27+0.11
−0.13

GGOU [85] 4.560 ± 0.023 0.453 ± 0.036 4.54 ± 0.27+0.10
−0.11

ADFR [86] 4.194 ± 0.043 — 4.48 ± 0.30+0.19
−0.19

b

u

B W

Fig. 22. A Feynman diagram for the SM B− → τ−ν̄τ process.

A |Vub| value is obtained from the partial branching fraction using |Vub|2 = �Bu�ν/(τB�R), where
�R is the predicted B → Xu�ν partial rate in the given phase space region, and τB is the average
B lifetime. Table 9 presents |Vub| results based on different theoretical prescriptions that predict
�R. Here the results were obtained by the Heavy Flavor Averaging Group (HFAG) using the most
recent calculations and input parameters [38]. The results are consistent within their stated theoretical
uncertainties, and have an overall uncertainty of ∼7%.

As described above, there is a tension between the |Vub| values extracted from the exclusive
and inclusive methods, which are subject to further clarification with improved experimental and
theoretical errors in the future.

4.4. Purely leptonic B− → �−ν̄�(� = e, μ, or τ) decays

In the SM, B− → �−ν̄� decays to purely leptonic final states (� = e, μ, or τ ) occur via annihilation
of the two quarks in the initial state, b and ū, to a W − boson (Fig. 22). The branching fraction for a
B− → �−ν̄� decay is given by

B(B− → �−ν̄�) = G2
F m Bm2

�

8π

(
1 − m2

�

m2
B

)2

f 2
B |Vub|2τB, (4.22)

where G F is the weak interaction coupling constant, m� and m B are the lepton and B+ meson masses,
respectively, τB is the B− lifetime, |Vub| is the magnitude of a CKM matrix element, and fB is the B−

meson decay constant. All these input parameters have been directly measured with good precision
except for fB . The value of fB can be obtained using LQCD calculations. Since LQCD calculations
are based on first principles of QCD, it is possible to calculate the SM expectation forB(B− → �−ν̄�)
with high precision. Therefore, measurement of fB via B− → �−ν̄� decays can provide a stringent
test of the LQCD, within the framework of the SM.

On the other hand, particles from physics beyond the SM, for example, a charged Higgs boson in
supersymmetry or a generic two-Higgs doublet model, may take the place of the W − in Fig. 22 and
modify the branching fraction. Moreover, in the minimum flavor violation NP scheme, it is expected
that the relative branching fractions of charged lepton modes will remain the same as those predicted
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Fig. 23. Mbc distributions for the Btag candidate events. The triangles, open circles, and solid circles rep-
resent the distributions obtained by applying the original tagging algorithm [87] to the previous data set,
applying improved hadronic tagging to the previous data set, and applying improved tagging to the latest fully
reprocessed data set, respectively. The solid and dotted curves show the sum and the background component,
respectively, of the fit to the full data sample.

by the SM. Accordingly, measuring the branching fractions of B− → �−ν̄� (� = e, μ, or τ ) modes
and their relative ratios can provide a very sensitive probe for NP beyond the SM.

Due to helicity suppression, the branching fraction [Eq. (4.22)] is proportional to the square of
the charged lepton mass, m2

�. As a result, the SM branching fractions for e−ν̄e and μ−ν̄μ modes are
suppressed in comparison to the τ−ν̄τ mode by factors of ∼107 and ∼200, respectively. At the time
of this report, there exists evidence for B− → τ−ν̄τ from Belle [87,88] and BaBar[89,90], but no
evidence has yet been found for the B− → e−ν̄e and B− → μ−ν̄μ modes.

4.4.1. B− → τ−ν̄τ . While the large mass of the τ lepton significantly enhances the branching
fraction of B− → τ−ν̄τ compared to other modes, the presence of one or more neutrinos from the τ
decay make it difficult to cleanly detect B− → τ−ν̄τ decays. In the process e+e− → ϒ(4S) → B B,
signal sensitivity is greatly improved by completely reconstructing or “tagging” one B meson (Btag);
the signature of the signal is then searched for in the other B meson (Bsig). Experimentally, two
different tagging methods have been applied to measure B(B− → τ−ν̄τ ): reconstructing a full decay
chain of a hadronic final state (“hadronic tagging”) or reconstructing all particles except for a neutrino
in semileptonic Btag → D(∗)�ν decays (“semileptonic tagging”).

4.4.2. Hadronic tagging analysis. The first evidence for B− → τ−ν̄τ decays was obtained in
a hadronic tagging analysis by Belle [87] using 449 × 106 B B events, which obtained B(B− →
τ−ν̄τ ) = (1.79+0.56+0.46

−0.49−0.51)× 10−4. Recently, Belle has updated the hadronic tagging analysis of
B− → τ−ν̄τ , analyzing the full Belle data sample containing 772 × 106 B B events [91].

In the most recent analysis, the data sample is fully reprocessed with much improved track-
ing and slightly improved neutral cluster detection. A new hadronic tagging algorithm using a
Bayesian artificial neural network has been developed and applied to the analysis [92]. As a result
of all these improvements, the statistics of the Btag sample has increased by nearly a factor of
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Fig. 24. Distributions of EECL (top) and M2
miss (bottom) combined for all the τ− decays. The M2

miss distribution
is shown for the signal region EECL < 0.2 GeV. The solid circles with error bars are data. The solid histograms
show the projections of the fits. The dashed and dotted histograms show the signal and background components,
respectively.

three. Figure 23 shows the Mbc distribution of Btag candidate events, in comparison with that
from the previous analysis.

Once the Btag candidates are selected, we search for B− → τ−ν̄τ decays using the particles
not belonging to Btag in these events. The τ− lepton is identified in four decay modes: τ− →
e−ν̄eντ , μ

−ν̄μντ , π−ντ , and π−π0ντ . Signal candidate events are required to have only one track
with charge opposite to Btag. The charged tracks are required to be consistent with being either
an electron, muon, or pion. For the τ− → π−π0ντ mode, with π0 → γ γ , the invariant mass of
the π−π0 system must be within 0.15 GeV/c2 of the nominal ρ− mass. There should be no other
detected particles after removing the particles from the Btag and the charged tracks and π0s from the
Bsig. In particular, events containing extra π0 and K 0

L candidates are rejected.
The signal yield is evaluated by fitting the two-dimensional distribution of EECL and M2

miss, where
EECL is the sum of the energies of neutral clusters that are not associated with either the Btag or
the π0 candidate in the τ− → π−π0ντ decay and M2

miss is the missing mass squared defined by
M2

miss = (ECM − EBtag − EBsig)
2 − | �pBtag + �pBsig |2 with the energies and momenta measured in the

CM frame. To reduce background, we require M2
miss > 0.7 (GeV/c2)2. Figure 24 shows the projec-

tions of the result of the fit on EECL and M2
miss where the four τ decay modes are combined. The

preliminary fitted signal yield is 62 +23
−22 ± 6 events and the branching fraction Bhad (in the hadronic

tagging analysis) is

Bhad(B
− → τ−ν̄τ ) = (0.72 +0.27

−0.25 ± 0.11)× 10−4. (4.23)

The signal significance is 3.0σ including systematic uncertainty. This result is consistent with the
previous measurement considering the overlap of the event samples.
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4.4.3. Semileptonic tagging analysis. In the semileptonic tagging analysis of B− → τ−ν̄τ , Btag

is reconstructed in B+ → D
∗0
�+ν and B+ → D

0
�+ν decays, where � is an electron or muon. Since

semileptonic tagging imposes fewer constraints on the Bsig kinematics, only τ− decays to �−ν̄�ντ
(� = e, μ) and π−ντ are used for Bsig reconstruction. Except for D

0
or D

∗0
, one �+ for Btag, and

one �− or π− for Bsig, we allow no other charged track or neutral particle in the event.
One of the main variables to suppress background events is the cosine of the angle, cos θB,D(∗)�,

between the momentum of Btag and that of D
(∗)0

and �+ system. This variable is defined in the

same way as the variable cos θBY discussed in the previous section, but with Y = D
(∗)0
�+. Correctly

reconstructed Btag candidates populate the physical range −1 ≤ cos θB,D(∗)� ≤ 1. Signal candidates
are selected based on Pcm

� (the lepton momentum of Btag in the CM frame), cos θB,D(∗)�, and Pcm
sig

(the CM-frame momentum of the charged track from Bsig). The selection criteria depend on the τ
decay mode of Bsig. After all selections, the signal yield (ns) is obtained by fitting the EECL distribu-
tion. From a combined fit to the three τ− decay modes, ns = 143 +36

−35 events is obtained. The signal
significance is found to be 3.6σ including the systematic uncertainty. The branching fraction BSL (in
the semileptonic tagging analysis) is

BSL(B
− → τ−ν̄τ ) = (1.54 +0.38+0.29

−0.37−0.31)× 10−4. (4.24)

4.4.4. The combined result. The two results, Bhad and BSL, are combined after taking the corre-
lation in the systematic uncertainties between the two results into account2. The signal significance
for the combined result is 4.0σ and the average branching fraction is

B(B− → τ−ν̄τ ) = (0.96 ± 0.22 ± 0.13)× 10−4. (4.25)

The result is consistent with the SM expectation obtained from other experimental constraints. Using
this result along with the input values found from the most recent world averages[23], we obtain
fB |Vub| = (7.4 ± 0.8 ± 0.5)× 10−4 GeV. This result sets stringent constraints on the parameters
of various models involving charged Higgs bosons.

4.4.5. B− → �−ν̄� (� = e, μ). As discussed above, the B− → e−ν̄e and B− → μ−ν̄μ decays
are suppressed compared to B− → τ−ν̄τ due to helicity suppression. On the other hand, these decays
have a clear experimental signature: the monochromatic energy of the charged lepton in the rest frame
of the signal B. Two methods have been applied to measure these decays: a loose reconstruction
analysis and a hadronic tagging analysis.

In the loose reconstruction analysis, where a data sample containing 277 × 106 B B pairs is
used[93], the signal candidates are selected mainly via a tight requirement on pB

� , which is the
charged lepton momentum (magnitude) in the signal B rest frame. The signal yield is then obtained
by fitting the Mbc distribution, where Mbc is calculated by including all detected particles in the event
except for the signal charged lepton. No significant excess of signal in any mode is found. We set the
following upper limits on the corresponding branching fractions at the 90% C.L.:

B(B− → e−ν̄e) < 0.98 × 10−6, (4.26)

B(B− → μ−ν̄μ) < 1.7 × 10−6. (4.27)

2 The semileptonic tag result, BSL, is rescaled by using the updated branching fraction of a background mode
so that a consistent set of input parameters is used in the combined fit.
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The hadronic tagging analysis is based on a method similar to that described in Sect. 4.4.2 and uses
the full data set of Belle containing 772 × 106 B B pairs. After selecting signal candidates primarily
using the Mbc and �E variables of the Btag and requiring that the Bsig be consistent with B− →
�−ν̄�, including a requirement on EECL, the expected background in the signal region, 2.6 < pB

� <

2.7 GeV/c, is much less than one event. The background estimate is determined by examining data
and MC events in the sideband of pB

� below the signal region.
The signal yield is obtained by counting the events in the pB

� signal region. No events are found in
any mode and we set 90% C.L. upper limits on the branching fractions using the POLE [94] program
taking the uncertainty in signal efficiency and the expected background with its uncertainty into
account. The preliminary upper limits (at 90% C.L.) for the branching fractions Bhad (by hadronic
tagging analysis) are [95]:

Bhad(B
− → e−ν̄e) < 3.5 × 10−6, (4.28)

Bhad(B
− → μ−ν̄μ) < 2.5 × 10−6. (4.29)

Although the constraints are not as stringent as those obtained in the loose reconstruction ana-
lysis, the amount of background is much smaller, nearly zero; hence it is anticipated that the
sensitivity may improve almost linearly with the increase of statistics. Therefore, the hadronic tag-
ging analysis will be very interesting in the next-generation super B-factory experiments such as
Belle II.

4.5. B → D(∗)τν decays

Compared to ordinary semileptonic decays B
0 → D∗+�−ν̄� with � = e or μ, B → D(∗)τ−ν̄τ

decays, occurring through a quark-level b → cτ−ν̄τ process, are suppressed because of the large
τ mass. The predicted branching fractions, based on the SM, are approximately 1.4% and 0.7% for
B → D∗τ−ν̄τ and B → Dτ−ν̄τ decays, respectively [96]. On the other hand, the large τ lepton mass
makes them sensitive to interactions with a charged Higgs, where the H+ may replace the virtual
W , thereby modifying the branching fraction. Therefore, these B → D(∗)τ−ν̄τ modes can be a very
effective probe to search for indirect evidence of charged Higgs or other NP hypotheses beyond the
SM. Moreover, compared with B− → τ−ν̄τ , these decay modes provide more observables to search
for NP, e.g. the polarization of the τ lepton. On the experimental side, however, it is very difficult to
measure these modes because of the multiple neutrinos in the final state, the low lepton momenta,
and the large associated background contamination.

The first observation of B → D(∗)τ−ν̄τ decays was reported by Belle in the B
0 → D∗+τ−ν̄τ

mode using an event sample of 535 × 106 B B̄ pairs [97]. In contrast to the hadronic tagging anal-
ysis (see Sect. 4.4.2), a loose reconstruction of the accompanying B (Btag), where all particles
not belonging to the signal decay chain are included without taking subdecay information into
account, was used and tighter kinematic constraints were applied for improved background sup-
pression. The signal yield was obtained by fitting the distribution of the beam-constrained mass
Mbc of the Btag. A clear signal excess of 60+12

−11 events was observed with a significance of 5.2σ

including systematic uncertainties. The measured branching fraction was B(B0 → D∗+τ−ν̄τ ) =
(2.02+0.40

−0.37 ± 0.37)%.
Belle has also published measurements of other B → D(∗)τ−ν̄τ decay modes. Analyzing a data

sample of 657 × 106 B B pairs, using a similar analysis to that described above, 446+58
−56 events of

the B− → D∗0τ−ν̄τ decay mode are observed with a significance of 8.1σ and 146+42
−41 events of the
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Fig. 25. Feynman diagrams for the quark-level transitions that dominantly contribute to charmless hadronic
B decays: (left) color allowed and (middle) color suppressed b → u tree diagrams, and (right) b → (s, d)g
penguin diagrams.

B− → D0τ−ν̄τ decay mode are obtained, providing the first evidence of this mode with a signif-
icance of 3.5σ [98]. The branching fractions are B(B− → D∗0τ−ν̄τ ) = (2.12+0.28

−0.27 ± 0.29)% and
B(B− → D0τ−ν̄τ ) = (0.77 ± 0.22 ± 0.12)%.

A preliminary branching fraction of the B
0 → D+τ−ν̄τ mode is measured by an analysis that

uses a hadronic tagging method similar to the one described in Sect. 4.4.2: B(B0 → D+τ−ν̄τ ) =
(1.01 +0.46+0.13

−0.41−0.11 ± 0.10)% [99], where the third error comes from the branching fraction uncertainty

of the normalization mode, B
0 → D+�−ν̄�. The branching fractions of the other B → D(∗)τ−ν̄τ

decay modes are also obtained in this analysis; the results are consistent with published results
[97,98].

Recently, BaBar has claimed that the branching fractions of B → D∗τ−ν̄τ and B → Dτ−ν̄τ are
larger than SM expectations at a combined significance of 3.4σ [100]. We note that all the branching
fractions of B → D(∗)τ−ν̄τ modes measured by Belle are also larger than the SM-predicted values
[96]. It will be interesting to see the final Belle results on these modes using improved hadronic
tagging and the full data sample of 772 × 106 B B pairs.

5. Rare B decays

5.1. Charmless hadronic decays

Charmless hadronic B decays give rise to final states with two or more hadrons that do not contain any
charm quark. These decays are suppressed in the SM, mostly proceeding via the CKM-suppressed
b → u tree level transition and b → (s, d)g penguin diagrams, as shown in Fig. 25. Compared to
the CKM-favored b → c transition such as B0 → J/ψK 0, the golden channel for determining the
angle φ1 of the unitarity triangle (Sect. 3), their branching fractions are about two to four orders of
magnitude lower. By virtue of this suppression, charmless decays provide a good window to probe
new physics beyond the SM. For instance, these rare decays have the potential to reveal the contribu-
tion of heavy, non-SM virtual particles in penguin loops. Branching fraction calculations within the
SM—whether they are based on QCD factorization [101–103], SU(3) flavor symmetry [104–108], or
perturbative QCD [109–111]—suffer from large theoretical uncertainties. However, one can examine
physics observables in which theory errors as well as common experimental systematic uncertainties
largely cancel out. Such observables include direct CP asymmetries, ratios of branching fractions,
and longitudinal polarization fractions (in the case in which the decay final states consist of two
vector particles). In this section, we summarize Belle’s results on charmless B decays, which have
resulted in close to 100 journal publications.

5.1.1. Experimental methodology. Before examining various categories of charmless decays, we
wish to describe the important experimental considerations. As these decays are suppressed in the
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SM one needs to be extremely careful in devising selection algorithms to select candidate events and
fitting methods used for extracting the final signal yields. We identify B mesons using two kinemati-

cal variables: the beam-energy constrained mass, Mbc ≡
√

E2
beam − | �pB |2, and the energy difference

�E ≡ EB − Ebeam, where Ebeam is the beam energy, and EB and �pB are the energy and momen-
tum of B candidates in the CM frame, respectively. The dominant background contribution is from
e+e− → qq̄ (q = u, d, s, c) continuum processes. To suppress this background, we use variables
based on the event topology; these selections rely on the fact that B decays are nearly isotropic,
in contrast to jet-like continuum events. In some analyses, additional discrimination is provided by
variables pertaining to the nature of B decay, e.g., the flight-length difference along the beam direc-
tion between the signal and recoil B decay. All this information is combined into either a likelihood
ratio or a neural network to optimize the sensitivity. B decays proceeding via a CKM-favored b → c
transition can have a final state that is either the same as our signal or mis-reconstructed. Since
branching fractions for b → c decays are much larger and the charm mesons involved are quite
narrow, we suppress their contributions by applying a veto on the reconstructed invariant mass of
daughter particles of the charm meson. Backgrounds from other B decays, especially those due to
particle misidentification, pose a special challenge. The �E and charged-hadron identification vari-
ables help in discriminating such backgrounds. The final signal yield is extracted by means of an
unbinned maximum likelihood fit to the discriminating variables, Mbc, �E , and continuum sup-
pression variable (in some analyses we have used an optimized and tight requirement on the latter
using the expected signal significance from Monte Carlo simulations as a figure of merit). For decays
involving narrow or non-zero spin resonances in the final state, we employ the invariant mass and
helicity angle distributions to further enhance the sensitivity of our results.

5.1.2. Results on charmless decays. Charmless hadronic B decays can be roughly divided into
“two-body”, “quasi-two-body (Q2B)”, and “three-body” categories. Although two-body decays are
easily identifiable by the presence of two long-lived final state particles, such as Kπ , the latter two
classes of decays are somewhat intertwined. For instance, when one performs the Dalitz plot analysis
of a three-body final state, one can access information on related Q2B decays along with the three-
body nonresonant decay. The Dalitz plot approach is the most appropriate method when dealing with
broad intermediate resonances, e.g., ρ(770). However, if the intermediate resonances are narrow or
the resonances decaying to the same final state do not interfere, we can use a Q2B approach where the
interference is accounted for as an additional source of systematic error. Since the aforementioned
distinction between the two categories is not “black and white”, we begin the discussion with two-
body decays, then Q2B decays are described together with intermediate resonance final states from
three-body Dalitz analyses, and finally we move on to results on three-body nonresonant and inclusive
final states.

Two-body decays
B meson decays to two stable hadrons are kinematically easy to identify, having average momenta

larger than a typical B decay. The kinematics also provides a good handle on the continuum
background. A formidable challenge is posed by the feed-across background arising due to parti-
cle misidentification (mostly, kaons misidentified as pions). We tackle this issue by performing a
simultaneous fit to the event samples that can cross feed into each other.

Table 10 summarizes the branching fraction and CP asymmetry results for various charm-
less two-body B decays from Belle. The most notable result here has been the observation
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Table 10. Data samples used (NB B), branching fractions (B), 90% confidence-level upper limits on B (UL),
and direct CP asymmetries (ACP ) obtained for various charmless two-body B decays. The two uncertainties
quoted here and elsewhere are statistical and systematic, respectively.

Final state NB B(106) B(10−6) UL (10−6) ACP Ref.

K +K − 772 0.10 ± 0.08 ± 0.04 0.20 [112]

K +K
0

772 1.11 ± 0.19 ± 0.05 +0.014 ± 0.168 ± 0.002 [112]

K 0 K
0

772 1.26 ± 0.19 ± 0.05 [112]
K +π− 772 20.00 ± 0.34 ± 0.60 −0.069 ± 0.014 ± 0.007 [112]
K +π0 772 12.62 ± 0.31 ± 0.56 +0.043 ± 0.024 ± 0.002 [112]
K 0π+ 772 23.97 ± 0.53 ± 0.71 −0.011 ± 0.021 ± 0.006 [112]
K 0π0 772 9.68 ± 0.46 ± 0.50 [112]
π+π− 772 5.04 ± 0.21 ± 0.18 [112]
π+π0 772 5.86 ± 0.26 ± 0.38 +0.025 ± 0.043 ± 0.007 [112]

π0π0 275 2.3+0.4+0.2
−0.5−0.3 +0.44+0.53

−0.52 ± 0.17 [120]

p p 449 0.41 [121]

p� 449 0.49 [121]

�� 449 0.69 [121]

of a non-zero difference of CP violation asymmetry in the B0 → K +π− and B+ → K +π0

decays: �AKπ = ACP(K +π0)− ACP(K +π−) = +0.112 ± 0.027 ± 0.007 [112]. This discrep-
ancy, also called the �AKπ puzzle, may be explained either by a large contribution from the
color-suppressed tree diagram [105,113] or a new physics contribution in the electroweak pen-
guin [114–118]. Before concluding on this issue, we must improve the uncertainties on CP violation
results for the decay B0 → K 0π0. This would allow us to precisely test the prediction of an
isospin sum rule [119] given by ACP(K +π−)+ ACP(K 0π+) �(K

0π+)
�(K +π−) − ACP(K +π0)

2�(K +π0)
�(K +π−) −

ACP(K 0π0)
2�(K 0π0)
�(K +π−) = 0, where � is the partial width. Belle’s latest update [112] reports a sum of

−0.270 ± 0.132 ± 0.060 with 1.9σ significance.

Quasi-two-body (Q2B) decays
Q2B analyses assume that the intermediate resonances decaying to the same final state (such as

ρ(770) and f0(980) decaying toπ+π−) do not interfere. This treatment allows us to compare branch-
ing fraction results with measurements from earlier experiments, in which the effects of interference
were treated as a part of the systematic error. The extent and nature of the background (as most
charmless B decays suffer from a low signal-to-background ratio) and of the nonresonant signal
component strongly influence our analysis strategy. The helicity angle plays an important role in
such Q2B analyses when the intermediate resonances have a non-zero spin; we can use it either
as a simple selection criterion or to extract physics observables, such as the fraction of longitudi-
nal polarization fL , directly from the fit. The helicity angle θH for a resonance is defined as the
angle between the momentum vector of one of its daughter particles and the direction opposite to the
B-meson momentum in the resonance rest frame [122].

In the discussions that follow, the decays have been grouped according to their spin. For each spin
grouping, the results for branching fractions, direct CP asymmetries, and longitudinal polarization
fractions (where applicable) are listed in the accompanying tables. In Table 11 we start with final
states comprising at least an η, or η′ meson that is reconstructed in the two channels η → γ γ and
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Table 11. Data samples used (NB B), branching fractions (B), 90% confidence-level upper limits on B (UL),
and direct CP asymmetries (ACP ) obtained for various charmless Q2B decays with an η or η′ meson in the
final state.

Final state NB B (106) B (10−6) UL (10−6) ACP Ref.

ηK + 772 2.12 ± 0.23 ± 0.11 −0.38 ± 0.11 ± 0.01 [123]

ηK 0 772 1.27+0.33
−0.29 ± 0.08 [123]

ηπ+ 772 4.07 ± 0.26 ± 0.21 −0.19 ± 0.06 ± 0.01 [123]
ηπ0 152 1.2 ± 0.7 ± 0.1 2.5 [124]

ηη 152 0.7+0.7
−0.4 ± 0.1 2.0 [124]

η′K + 386 69.2 ± 2.2 ± 3.7 +0.028 ± 0.028 ± 0.021 [125]

η′K 0 386 58.9+3.6
−3.5 ± 4.3 [125]

η′π+ 386 1.76 ± 0.67+0.62
−0.150.14 +0.20+0.37

−0.36 ± 0.04 [125]

η′π0 386 2.79 ± 1.02+0.96
−0.250.34 [125]

η′η 535 4.5 [126]
η′η′ 535 6.5 [126]

ηK ∗+ 449 19.3+2.0
−1.9 ± 1.5 +0.03 ± 0.10 ± 0.01 [127]

ηK ∗0 449 15.2 ± 1.2 ± 1.0 +0.17 ± 0.08 ± 0.01 [127]

ηρ+ 449 4.1+1.4
−1.3 ± 0.4 6.5 −0.04+0.34

−0.32 ± 0.01 [127]

ηρ0 449 0.84+0.56
−0.51 ± 0.19 1.9 [127]

η′K ∗+ 535 2.9 [126]
η′K ∗0 535 2.6 [126]
η′ρ+ 535 5.8 [126]
η′ρ0 535 1.3 [126]
η′ω 535 2.2 [126]
η′φ 535 0.5 [126]

η → π+π−π0, or η′ → ηπ+π− and η′ → ρ0γ , respectively. Among the highlighted results are the
first observation of B0 → ηK 0, and evidence for direct CP violation in the decays B+ → ηK + and
B+ → ηπ+ with significances of 3.8σ and 3.0σ , respectively [123]. The latter results call for a large
interference between the b → s penguin process and the CKM-suppressed, color-favored b → u tree
transition, both of which contribute to B+ → ηh+ (h = K , π).

The branching fractions and CP asymmetries for other Q2B decays without an η or η′ meson
in the final state are summarized in Table 12. Most of the results are obtained as a by-product
of a three-body Dalitz plot analysis. The systematic uncertainties in the table include the experi-
mental systematic as well as Dalitz-plot model dependence, where applicable. We report the first
evidence of CP violation in the Q2B decay B+ → ρ0K + exceeding the 3σ level. Note that this
was the first evidence for direct CP violation in a charged meson decay, a phenomenon that was
already observed in decays of neutral K [137–139] and B [112,140] mesons, and very recently in D0

decays [141,142].
In Table 13 we present results obtained from the vector–vector final states. One naively

expects B → V V decays to be dominated by longitudinal polarization amplitudes since fL =
1 − 4mV /m B ∼ 0.9 [149,150], where mV (m B) is the mass of the vector (B) meson. Contrary to
this expectation, it is found out that the decays dominated by the b → s penguin transition such as
B → φK ∗ have fL values closer to 0.5. However, decays proceeding via the b → u tree diagram,
notably B → ρρ, follow the expected trend. This so-called polarization puzzle could be explained by
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Table 12. Data samples used (NB B), branching fractions (B), 90% confidence-level upper limits on B (UL),
and direct CP asymmetries (ACP ) obtained for various charmless Q2B decays without an η or η′ meson in the
final state.

Final state NB B (106) B (10−6) UL (10−6) ACP Ref.

f0(980)K 0 388 7.6 ± 1.7+0.9
−1.3 [128]

f0(980)K + 386 8.78 ± 0.82+0.85
−1.76 −0.077 ± 0.065+0.046

−0.026 [129]

f2(1270)K + 386 1.33 ± 0.30+0.23
−0.34 −0.59 ± 0.22 ± 0.04 [129]

f2(1270)K 0 388 2.5 [128]

K ∗
0 (1430)+π− 388 49.7 ± 3.8+6.8

−8.2 [128]

K ∗
0 (1430)0π+ 386 51.6 ± 1.7+7.0

−7.5 +0.076 ± 0.038+0.028
−0.022 [129]

K ∗+π− 388 8.4 ± 1.1+1.0
−0.9 −0.21 ± 0.11 ± 0.07 [128]

K ∗0π+ 386 9.67 ± 0.64+0.81
−0.89 −0.149 ± 0.064 ± 0.022 [129]

K ∗0π0 85 0.4+1.9
−1.7 ± 0.1 3.5 [130]

ωK + 388 8.1 ± 0.6 ± 0.6 +0.05+0.08
−0.07 ± 0.01 [131]

ωK 0 388 4.4+0.8
−0.7 ± 0.4 [131]

ωπ+ 388 6.9 ± 0.6 ± 0.5 −0.02 ± 0.09 ± 0.01 [131]

ωπ0 388 0.5+0.4
−0.3 ± 0.1 2.0 [131]

φK + 152 9.60 ± 0.92+1.05
−0.84 +0.01 ± 0.12 ± 0.05 [132]

φK 0 85 9.0+2.2
−1.8 ± 0.7 [133]

φπ+ 657 0.08+0.09+0.06
−0.08−0.03 0.33 [134]

φπ0 657 −0.07+0.06+0.04
−0.04−0.08 0.15 [134]

φ(1680)K + 152 0.8 [132]

ρ−K + 85 15.1+3.4+2.4
−3.3−2.6 +0.22+0.22+0.06

−0.23−0.02 [130]

ρ0 K + 386 3.89 ± 0.47+0.43
−0.41 +0.30 ± 0.11+0.11

−0.05 [129]

ρ0 K 0 388 6.1 ± 1.0+1.1
−1.2 [128]

ρ+π0 152 13.2 ± 2.3+1.4
−1.9 +0.06 ± 0.17+0.04

−0.05 [135]

ρ0π+ 32 8.0+2.3
−2.0 ± 0.7 [136]

ρ0π0 449 3.0 ± 0.5 ± 0.7 [42]
ρ∓π± 449 22.6 ± 1.1 ± 4.4 [42]

the presence of new particles in the penguin loop [151–156]. However, large SM corrections appear
to be a more plausible explanation.

Three-body decays
As was discussed above, the Dalitz-plot method is the most robust analysis technique for a three-

body decay, especially for B → 3 pseudoscalars. This method has greater complexity but at the same
time provides a better understanding of the underlying physics. A subtle point here is that one needs
a good deal of statistics before carrying out a full-fledged Dalitz plot analysis. As the integrated
luminosity continued to increase at Belle, starting with measurements of inclusive branching frac-
tions and charge asymmetries, various rare decay analyses slowly evolved into a detailed study of
the three-body phase space, e.g., B+ → K +π+π−. At times, study of Q2B final states served as an
intermediate step. The choice of analysis technique is mostly dictated by the luminosity, expected
signal and background, and the understanding of the intermediate resonances involved. Table 14
summarizes results on the branching fraction and CP asymmetry for various decays with three-body
mesonic final states.
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Table 13. Data samples used (NB B), branching fractions (B), 90% confidence-level upper limits on B (UL),
longitudinal polarization fraction ( fL ), and direct CP asymmetries (ACP ) obtained for various charmless Q2B
decays with vector–vector final states.

Final state NB B(106) B(10−6) UL (10−6) fL ACP Ref.

K ∗0 K ∗0 657 0.2 [143]

K ∗0 K
∗0

657 0.26+0.33+0.10
−0.29−0.08 0.8 [143]

K ∗0ρ+ 275 8.9 ± 1.7 ± 1.2 0.43 ± 0.11+0.05
−0.02 [144]

K ∗0ρ0 657 2.1+0.8+0.9
−0.7−0.5 3.4 [145]

ωK ∗0 657 1.8 ± 0.7+0.3
−0.2 0.56 ± 0.29+0.18

−0.08 [146]

φK ∗+ 85, 257 6.7+2.1+0.7
−1.9−1.0 0.52 ± 0.08 ± 0.03 −0.02 ± 0.14 ± 0.03 [133,147]

φK ∗0 85, 257 10.0+1.6+0.7
−1.5−0.8 0.45 ± 0.05 ± 0.02 +0.02 ± 0.09 ± 0.02 [133,147]

ρ+ρ− 275 22.8 ± 3.8+2.3
−2.6 0.94+0.03

−0.04 ± 0.03 [45]

ρ+ρ0 85 31.7 ± 7.1+3.8
−6.7 0.95 ± 0.11 ± 0.02 +0.00 ± 0.22 ± 0.03 [44]

ρ0ρ0 657 0.4 ± 0.4+0.2
−0.3 1.0 [148]

Table 14. Data samples used (NB B), branching fractions (B), 90% confidence-level upper limits on B (UL),
and direct CP asymmetries (ACP ) obtained for various charmless decays with three-body mesonic final states.

Final state NB B (106) B (10−6) UL (10−6) ACP Ref.

K +K +π− 85 2.4 [157]
K +K −K + 152 30.6 ± 1.2 ± 2.3 [132]
K +K −K 0 85 28.3 ± 3.3 ± 4.0 [157]
K +K −π+ 85 9.3 ± 2.3 ± 1.1 13 [157]
K +K 0

S K 0
S 85 13.4 ± 1.9 ± 1.5 [157]

K +π+π− nonres. 386 16.9 ± 1.3+1.7
−1.6 [129]

K +π+π− 386 48.8 ± 1.1 ± 3.6 +0.049 ± 0.026 ± 0.020 [129]

K +π−π0 nonres. 85 5.7+2.7+0.5
−2.5−0.4 9.4 [130]

K +π−π0 85 36.6+4.2
−4.3 ± 3.0 +0.07 ± 0.11 ± 0.01 [130]

K −π+π+ 85 4.5 [157]
K 0 K −π+ 85 18 [157]

K 0π+π− nonres. 388 19.9 ± 2.5+1.7
−2.0 [128]

K 0π+π− 388 47.5 ± 2.4 ± 3.7 [128]

K 0
S K 0

S K 0
S 85 4.2+1.6

−1.3 ± 0.8 [157]

K 0
S K 0

Sπ
+ 85 3.2 [157]

ωK +π− nonres. 657 5.1 ± 0.7 ± 0.7 [146]

φφK + 449 3.2+0.6
−0.5 ± 0.3 +0.01+0.19

−0.16 ± 0.02 [158]

φφK 0 449 2.3+1.0
−0.7 ± 0.2 [158]

ρ0 K +π− 657 2.8 ± 0.5 ± 0.5 [145]

ρ0π+π− 657 5.9+3.5
−3.4 ± 2.7 12 [148]

f0(980)K +π− 657 1.4 ± 0.4+0.3
−0.4 2.1 [145]

f0(980)π+π− 657 0.3+1.9
−1.8 ± 0.9 3.8 [148]

A great deal of effort has also been applied to studying charmless three-body baryonic decays.
Quite often Belle has reported results before its sister experiment, BaBar, in these kind of studies.
In Table 15 we attempt to summarize the results obtained in these baryonic decays. An intriguing
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Table 15. Data samples used (NB B), branching fractions (B), 90% confidence-level upper limits on B (UL),
and direct CP asymmetries (ACP ) obtained for various charmless decays with three-body baryonic final states.

Final state NB B (106) B (10−6) UL (10−6) ACP Ref.

p pπ+ 449 1.57+0.17
−0.15 ± 0.12 −0.17 ± 0.10 ± 0.02 [159]

p pK + 449 5.00+0.24
−0.22 ± 0.32 −0.02 ± 0.05 ± 0.02 [159]

p pK 0 535 2.51+0.35
−0.29 ± 0.21 [160]

p pK ∗+ 535 3.38+0.73
−0.60 ± 0.39 −0.01 ± 0.19 ± 0.02 [160]

p pK ∗0 535 1.18+0.29
−0.25 ± 0.11 −0.08 ± 0.20 ± 0.02 [160]

p�π0 449 3.00+0.61
−0.53 ± 0.33 +0.01 ± 0.17 ± 0.04 [161]

p�π− 449 3.23+0.33
−0.29 ± 0.29 −0.02 ± 0.10 ± 0.03 [161]

p�K − 85 0.82 [162]

p�
0
π− 85 3.97+1.00

−0.80 ± 0.56 [162]

��π+ 152 2.80 [163]

��K + 152 2.91+0.90
−0.70 ± 0.38 [163]

Fig. 26. Feynman diagram for the b → sγ process.

feature of the results is the peaking of baryon–antibaryon pair mass distributions toward threshold.
These enhancements have generated much theoretical interest [164–168].

5.2. Radiative penguin decays

Decay processes of a b quark that emit a photon are not allowed at the tree level in the SM, and
require a so-called radiative “penguin” loop (Fig. 26). The dominant contribution in the SM is from
a loop with a top quark and a weak boson. However, these heavy SM particles may be replaced by
hypothetical particles such as a charged Higgs boson or supersymmetric particles. In such a scenario,
the decay rate or other observables could be drastically modified. Hence, radiative decays have been
extensively studied to search for and to constrain physics beyond the SM.

5.2.1. Inclusive B → Xsγ measurement. At the hadron level, the quark-level b → sγ transition
is represented by a radiative B meson decay into a high energy photon and an inclusive hadronic
final state with a unit strangeness denoted by the symbol Xs . The clean signature of the high energy
photon makes it possible to measure the decay rate without reconstructing the Xs . The SM transition
rate is calculated including next-to-next-to-leading logarithmic corrections to 7% precision [169].

A large and dominant background to B → Xsγ is from the π0s (and to a lesser extent η) in the
e+e− → qq continuum, which subsequently decay into a pair of photons. Although this background
is several orders of magnitude larger than the inclusive photon signal, backgrounds that are not from
a B meson decay can be statistically subtracted by using the off-resonance data sample taken at
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Fig. 27. Photon energy spectrum from B → Xsγ .

60 MeV below the ϒ(4S) resonance. However, since only 10% of integrated luminosity is taken
off-resonance, this continuum background remains the main source of the statistical and systematic
error. The remaining backgrounds are from B meson decays, where the photon backgrounds are
dominantly (in order of their importance) from the π0s, ηs, radiative decays of other hadrons, final
state radiation and electron bremsstrahlung, and mis-reconstructed K 0

Ls and (anti-)neutrons. The
inclusive π0 and η production rate from a B meson is directly measured in data, and used to subtract
the corresponding background contribution, while other sub-dominant contributions are subtracted
using MC expectations after correcting for the measured data-MC differences. The photon energy
spectrum, which is monochromatic if b → sγ is strictly a two-body process, is broadened by QCD
corrections and the Fermi motion of the b quark in the B meson [170,171]. The measured spectrum
in the ϒ(4S) rest frame is further broadened by the small momentum of the B meson and the detec-
tor resolution. The branching fraction has to be integrated over the entire photon energy range. It
becomes more difficult to do so for lower energies as the signal contribution becomes smaller and
the background becomes insurmountably large. It is now customary to compare the extrapolated
branching fraction in the range Eγ > 1.6 GeV to theoretical predictions. Experimental efforts to
lower this bound have been the focus of most past B → Xsγ measurements. Using 657 × 106 B B
events, Belle measured B → Xsγ with Eγ > 1.7 GeV [172]. This should cover (98.5 ± 0.4)% of
the spectrum above 1.6 GeV [171]. The spectrum is shown in Fig. 27 and the branching fraction was
measured to be

B(B → Xsγ ; Eγ > 1.7 GeV) = (3.45 ± 0.15(stat)± 0.40(syst))× 10−4, (5.1)

where the errors are statistical and systematic. Together with BaBar’s measurement, the world aver-
age [38] extrapolated for Eγ > 1.6 GeV is B(B → Xsγ ) = (3.55 ± 0.24(exp)± 0.09(model)×
10−4, where the first error is a combined experimental (statistical and systematic) uncertainty and
the second is the model error in the extrapolation. This can be compared with the theory predic-
tion [169] of B(B → Xsγ ) = (3.15 ± 0.23)× 10−4. The results are consistent, and have been used
to constrain new physics scenarios. For example, the charged Higgs mass is bounded to be above
295 GeV.

5.2.2. Exclusive radiative B decays with b → sγ . Exclusive radiative B meson decay modes,
such as B → K ∗(892)γ [173], have been more precisely measured, since one can fully constrain
and effectively suppress the background of the decay kinematics using the beam-energy constrained
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mass (Mbc) and the energy difference (�E). However, theoretical predictions suffer from large
uncertainties in the exclusive form factors, which cannot be reliably determined [174–176].

The B → K ∗(892)γ constitutes about 15% of the total B → Xsγ branching fraction. Since the
B meson has spin zero and the photon has spin one and is longitudinally polarized, the Xs system
cannot be a single kaon (with spin zero), a resonance, or an S-wave Kπ system. Of the higher kaonic
resonances, only B → K ∗

2 (1430)γ [177] and B → K1(1270)γ [178] have been measured. In par-
ticular, higher kaonic resonances around 1.4 GeV have a complicated structure, and among these the
K1(1270) contribution was found to be dominant [179]. In the multi-body final states, many modes
have been measured: B → Kππγ [177], B → Kηγ [180], B → Kη′γ [181], B → Kργ [177],
B → Kφγ [182], and B → �pγ [183].

One way to reduce the theoretical uncertainty is to take ratios or asymmetries. In particular, the
time-dependent C P asymmetry for a radiative decay into a self-conjugate final state has a unique
feature. In the SM, the final state, e.g. K 0

Sπ
0γ , is not a C P eigenstate since the photon is dominantly

left-handed from B
0

(with a b quark) decay and thus does not mix with the decay from B0 (with a
b quark) with a right-handed photon. The spin flip is suppressed by the quark mass ratio 2ms/mb

and hence the time-dependent C P asymmetry is also suppressed in the SM to a few per cent [184].
Therefore, this asymmetry in the b → sγ process is sensitive to non-SM right-handed currents.

In B → K ∗(892)0γ , the rate to the K 0
S(→ π+π−)π0γ final state is only 1/9 of that for K +π−γ .

The time-dependent asymmetry is measured by extrapolating the K 0
S momentum from the K 0

S decay
vertex to the interaction region. Therefore, the detection efficiency and statistics of the final signal
sample are not large. The coefficient to the sine term is measured with 535 × 106 B B to be [185]

SK ∗0γ = −0.32+0.36
−0.33(stat)± 0.05(syst). (5.2)

This study can be extended to B0 → P0 Q0γ , where P0 and Q0 are any pseudoscalars [186], or to
the P0V 0γ state if the spin parity of the P0V 0 system is determined. Time-dependent asymmetries
have been measured for K 0

Sπ
0γ , K 0

Sρ
0γ , and K 0

Sφγ states, although none of them is yet able to
constrain the right-handed current. This study is one of the promising modes in the search for physics
beyond the SM with the high statistics data samples expected at Belle II.

5.2.3. Radiative B decays with b → dγ . The b → dγ penguin loop is suppressed with respect
to b → sγ by |Vtd/Vts |2, and therefore is sensitive to this ratio. It is particularly interesting
because a more precise determination of |Vtd/Vts | was not available until the Bs mixing rate was
measured [187] and even after that it provided an independent test of this ratio of CKM parameters.

Since the dominant diagram is suppressed, there are more contributions from subleading diagrams.
These could lead to a large direct C P violation or large isospin asymmetry, although they also modify
the determination of |Vtd/Vts |. On the other hand, time-dependent asymmetry is expected to be even
smaller, since the phase from Vtd in mixing and b → dγ transition cancel [184,188]. Contributions
from non-SM physics can therefore be relatively enhanced and may be more clearly visible than in
the b → sγ case.

Because of the similarity of the kinematics, the large b → sγ process is a severe background to the
suppressed b → dγ process. In the reconstruction of an exclusive decay mode, particle identification
devices are crucial to separate the kaon in b → sγ from the pion in b → dγ . Exclusive b → dγ
decay modes such as B → ργ and B → ωγ have been searched for since the start of Belle, and
were finally observed with 386 × 106 B B pairs in a combined measurement [189]. Charged and
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Fig. 28. �E distributions of B0 → ρ0γ (left), B+ → ρ+γ (middle), and B0 → ωγ (right).

neutral modes are combined assuming isospin symmetry B(B+ → ρ+γ ) = 2B(B0 → ρ0γ ) and
B(B0 → ρ0γ ) = B(B0 → ωγ ). The latest result with 657 × 106 B B pairs is shown in Fig. 28 and
the combined branching fraction is measured to be [190]

B(B → (ρ, ω)γ ) = (1.14 ± 0.20(stat)+0.10
−0.12(syst))× 10−6. (5.3)

As B → ργ is suppressed compared to B → K ∗γ by |Vtd/Vts |2, known kinematic corrections,
and less-known form factor ratios and corrections for subleading diagrams, the result is combined
with a corresponding analysis on B → K ∗γ to constrain |Vtd/Vts |. The result is

|Vtd/Vts | = 0.195+0.020
−0.019(exp)± 0.015(theo), (5.4)

where the first error is a combined statistical and systematic uncertainty and the second error is the
theory uncertainty on the ratio.

The B0 → ρ0γ signal is found to be stronger than B+ → ρ+γ . This corresponds to a large isospin
asymmetry, which is defined as �(ργ ) = τB0

2τB+ B(B+ → ρ+γ )/B(B0 → ρ0γ )− 1. The isospin
asymmetry is calculated as

�(ργ ) = −0.48+0.21
−0.19(stat)+0.08

−0.09(syst). (5.5)

BaBar also measures this ratio and finds the same tendency; the combined isospin asymmetry is ∼3σ
away from the SM expectation, which could be at most ∼10%. As the statistical error is still large,
the high statistics expected at Belle II will be necessary to clarify this tension.

5.3. Electroweak penguin decays

The b → s(d)l+l− transitions proceed at lowest order in the SM via Z/γ penguin diagrams or a W
box diagram (Fig. 29). The b → s(d)νlνl transitions also proceed through similar diagrams, except
for the γ penguin diagram. NP mediated by SUSY particles or a possible fourth generation may
contribute to the penguin loop or box diagram and as a result branching fractions and other proper-
ties could be modified [191–193]. Such NP contributions may change the Wilson coefficients that
parameterize the strength of the short distance interactions. This is similar to b → s(d)γ , but has a
richer structure. The decay B → K ∗l+l− is of particular interest since its large branching fraction
facilitates the examination of various observables that are sensitive to NP. For instance, the lepton
forward–backward asymmetry (AF B), the K ∗ polarization (FL ), and the K ∗l+l− isospin asymme-
try (AI ) as functions of dilepton mass squared (q2) differ from the SM expectations in various NP
models [194–197].
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Fig. 29. Feynman diagrams for the b → sl+l− process.

The neutral pure leptonic decays B0 → l+l− and B0 → νlνl proceed mainly through the box and
Z boson mediated annihilation diagrams, which are equivalent to the diagrams for b → dl+l− and
b → dνlνl . In the SM these decays are also helicity suppressed and, compared to the charged purely
leptonic decays (see Sect. 4.3), the branching fractions are about three orders of magnitude smaller
for the corresponding generation [198]. The SM branching fraction of B0 → νlνl is at the level of
10−20 [199]. The lepton-flavor-violating decay B0 → e±μ∓ is not an electroweak penguin decay and
is forbidden in the SM, but can occur in the Pati–Salam model [200] or supersymmetric models [201–
203], and can be searched for simultaneously. A positive signal for any of these decay modes with
the current Belle data sample would demonstrate NP in the loop.

5.3.1. Exclusive b → s(d) l+l− decays. The study of the decay B → K (∗)l+l− started at the
beginning of Belle and was updated several times. We reported the first observations of B → Kl+l−

[204] and B → K ∗l+l− [205] with 31.3 × 106 and 152 × 106 B B pairs, respectively. In 2006, Belle
published the first measurements of the forward–backward asymmetry and the ratios of Wilson coef-
ficients A9/A7 and A10/A7 using 386 × 106 B B pairs [206]. An unbinned maximum likelihood fit to
q2 and cos θl was used to extract the ratios of the Wilson coefficients, where θl is the angle between
the momenta of a negative (positive) lepton and the B (B) meson in the dilepton rest frame.

The latest analysis in 2008 [207] used 657 × 106 B B pairs; more observables were measured. Can-
didate B → K (∗)l+l− decays were reconstructed in 10 channels: K +π−, K 0

Sπ
+, K +π0 for K ∗, K +,

and K 0
S for K , with e+e− and μ+μ− lepton pairs. The dilepton mass of each candidate was required

to be outside of the J/ψ and ψ(2S) mass regions to avoid the large charmonium background, and
above the π0 mass for e+e− pairs to avoid the π0 Dalitz decay, photon conversion, and the pole at
q2 = 0. Two major backgrounds were considered: the continuum and B B events in which both B
mesons decay semileptonically. These backgrounds were suppressed by imposing requirements on
the signal–continuum and signal–B B likelihood ratios.

After requiring the candidate �E to lie in the signal region, the signal yields in each q2 bin were
extracted from an unbinned likelihood fit to Mbc and the Kπ mass (MKπ ) for the K ∗l+l− mode and
Mbc only for the Kl+l− mode. The corresponding branching fractions were thus obtained. The FL

and AF B parameters were extracted from fits to cos θK ∗ and cos θl in the signal region, where θK ∗ is
the angle between the kaon direction and the direction opposite to the B meson in the K ∗ rest frame.
The signal PDFs for the cos θK ∗ and cos θl variables are the product of the following two functions,

[
3
2 FL cos2 θK ∗ + 4

3(1 − FL)(1 − cos2 θK ∗)
]

× ε(cos θK ∗)
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Fig. 30. The q2 dependence of FL (top), AF B (middle), and AI (bottom) in six bins. The results for
B → K ∗l+l− are the filled circles and those for B → Kl+l− are open circles (AI only).

and [
3
4 FL(1 − cos2 θl)+ 3

8(1 − FL)(1 + cos2 θl)+ AF B cos θl

]
× ε(cos θl),

where ε(cos θK ∗) and ε(cos θl) are the reconstruction efficiencies. For the B → Kl+l− modes, FL

is set to 1. Furthermore, this analysis also reported the isospin asymmetry defined as

AI = (τB+/τB0)× B(K (∗)0l+l−)− B(K (∗)±l+l−)
(τB+/τB0)× B(K (∗)0l+l−)+ B(K (∗)±l+l−)

,

where τB+/τB0 is the ratio of B+ to B0 lifetimes. These observables were measured for the first
time in six q2 bins as shown in Fig. 30. Although the uncertainties in the AF B values are still large,
the positive central values in all q2 bins suggested a non-zero AF B(q2). This phenomenon would
have been an undeniable signature of NP, but unfortunately did not persist with larger data samples
at the LHC hadron collider [208]. Two more observables, the direct C P-violating asymmetry and
the lepton flavor ratio of the muon to electron modes, were also measured. The latter is sensitive to
Higgs emission and could be larger than the SM expectation in the two Higgs doublet model at large
tanβ [209].

The observed values are AC P(K ∗l+l−) = −0.10 ± 0.10 ± 0.01 and AC P(Kl+l−) = 0.04 ±
0.10 ± 0.02, consistent with no asymmetry, and RK ∗ = 0.83 ± 0.18 ± 0.08 and RK = 1.03 ±
0.19 ± 0.06, similar to the SM values. The measurements of so many observables demonstrate the
richness and potential of the B → K (∗)l+l− decay.

A search for the exclusive b → dl+l− process, B → πl+l− (π = π+ or π0), was performed
using 657 × 106 B B pairs [210]. No obvious signal was observed and upper limits on the branching
fractions at the 90% C.L. were obtained:B(B+ → π+l+l−) < 4.9 × 10−8 andB(B0 → π0l+l−) <
15.4 × 10−8. These limits are approaching the SM expectations, which are O(10−8).

5.3.2. Inclusive B → Xsl+l− decay. The inclusive measurement of the b → sl+l− process is
experimentally challenging, but can be compared with theoretically clean predictions. The standard
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technique is to analyze B → Xsl+l− events with a semi-inclusive approach, where the Xs is recon-
structed in 18 different combinations of either a K + or K 0

S combined with 0 to 4 pions, of which
up to one π0 is allowed. This set of final states covers around 62% of Xs decay states. The missing
states were taken into account in the signal efficiency obtained from MC simulations.

The first observation of B → Xsl+l− was reported by Belle using 65.4 × 106 B B pairs in 2003
[211]. The latest Belle results in 2009 used 657 × 106 B B pairs [212]. As in the exclusive analy-
sis, signal candidates were selected with �E and then the Mbc distribution is used to extract the
signal yield. The dilepton mass was required to be outside of the J/ψ and ψ(2S) regions and
the low mass region below 0.2 GeV/c2. The signal yields were extracted from an unbinned max-
imum likelihood fit to the Mbc distribution. In addition to the dominant backgrounds from B B
pairs and continuum, an effort was made to investigate the peaking background and include it in
the fit. Two kinds of peaking background were considered: charmonium peaking background and
hadronic peaking background. The former includes the residual of B → J/ψXs, B → ψ(2S)Xs

events after the J/ψ and ψ(2S) vetoes, and a possible contribution from higher ψ resonances, such
as the ψ(3770), ψ(4140), and ψ(4160). The hadronic peaking background contains B → Xshh
and B → Xshlν events in which one or two hadrons are misidentified as leptons. The peaking back-
grounds were estimated directly from data or simulations and the corresponding yields were fixed
in the fit. Finally, the last component considered is the self-cross-feed background, in which the B
daughter particles are not correctly selected. Its probability density function was modeled as a his-
togram with the ratio of the normalization of the self-cross-feed background to signal fixed to the
MC simulation value in the fit. The probability density function for the dominant background was
modeled by an ARGUS function with the parameters floated in the fit. A simultaneous fit to the
Xsl+l− and Xse±μ∓ samples was performed with the same ARGUS parameters for the dominant
background.

The branching fractions of B → Xsl+l− were reported as a function of MXs and q2 separately. Fit
results for the total sample and a subset with MXs > 1.0 GeV/c2 are shown in the top two plots of
Fig. 31, and the differential branching fractions as functions of MXs and q2 are shown in the bottom
two plots. The differential distributions are compared with the SM expectation3, and found to be
in good agreement. The branching fraction of B → Xsl+l− in the entire MXs range was obtained
by summing the branching fraction in each MXs region and correcting for the Xsl+l− fraction in
the J/ψ , ψ(2S), and MXs > 2.0 GeV/c2 regions. The branching fraction with the dilepton mass
above 0.2 GeV/c2 is thus measured to be B(B → Xsl+l−) = (3.33 ± 0.80+0.19

−0.24)× 10−6. We also
reported the branching fractions separately for the electron and muon modes using the same anal-
ysis procedure, B(B → Xse+e−) = (4.56 ± 1.15+0.33

−0.40)× 10−6 and B(B → Xsμ
+μ−) = (1.91 ±

1.02+0.16
−0.18)× 10−6.

5.3.3. Searches for B0 decays to invisible final states. Searches for B0 decays to invisible final
states are rather challenging. The same strategy used in the B+ → τ+ντ analysis was applied to
identify the signal (Sect. 4.4.2). Candidate events were selected by fully reconstructing a B0 meson
and requiring no additional charged, π0, or K 0

L particles in the rest of the event. The signal can

3 The exclusive K (∗)l+l− was modeled according to Refs. [195,213], while nonresonant Xsl+l− with Xs

mass above 1.0 GeV/c2 was based on a model described by Refs. [195,214] and the Fermi motion model [215,
216], followed by JETSET [217] to hadronize the system with a strange quark and a spectator quark.
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Fig. 31. The top two plots show the Mbc distributions with the fit curves superimposed for the entire sample
(left) and for 1.0 GeV/c2 < MXs < 2.0 GeV/c2 (right). Points with error bars are data; the dominant back-
ground, peaking background, and self-cross-feed components are the yellow, green, and blue solid shaded areas,
respectively. The bottom plots show the dB/d MXs (left) and dB/dq2 (right) distributions for data (points) and
the SM expectation (histograms).

be identified by requiring no or very little extra calorimeter energy (EECL) in the event. Further-
more, two variables were used to distinguish the signal and the continuum background: cos θB

and cos θT , where the latter is the cosine of the angle of the Btag thrust axis with respect to the
beam axis in the CM frame. The continuum was suppressed by making requirements on cos θT

and cos θB .
The signal yield was extracted from an unbinned extended likelihood fit to EECL and cos θB .

Candidate events in the fit were categorized as signal, B B, and non-B backgrounds, where the lat-
ter includes the continuum and a small e+e− → τ+τ− background. Using a sample of 657 × 106

B B pairs, the signal yield obtained in the fit was 8.9+6.3
−5.5 events. Since no significant signal was

observed, we provide the branching fraction upper limit including systematics at the 90% C.L. of
B(B0 → invisible) < 1.3 × 10−4 [218]. The expected upper limit from the MC study is 1.1 × 10−4.

5.3.4. Search for B0 → l+l−. The results of searches for the decays B0 → e+e−, μ+μ− and
e±μ∓ (collectively denoted by B0 → l+l−) were reported at the beginning of Belle using only 85 ×
106 B B̄ pairs [219]. Since the background for the two energetic leptons is relatively small, the Belle
analysis was able to suppress the background effectively while maintaining a high reconstruction
efficiency. After all the selection criteria, no events were found in any of the three modes [219].
The upper limits are: B(B0 → e+e−) < 1.9 × 10−7, B(B0 → μ+μ−) < 1.6 × 10−7, and B(B0 →
e±μ∓) < 1.7 × 10−7. Furthermore, a lower bound on the mass of the Pati–Salam leptoquark model
of 46 TeV/c2 was obtained using the upper limit for the eμ mode.
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6. Tau physics

The tau lepton is an extremely convenient probe to search for NP beyond the SM because of the
well-understood mechanisms that govern its production and decay in electroweak interactions. With
its large mass, it is the only lepton that can decay into hadrons, thus providing a clean environment
to study QCD effects in the 1 GeV energy region. Tau physics at Belle is categorized by two themes;
NP searches and SM precision measurements. To probe NP, we search for lepton-flavor violating
(LFV) decays, C PV in the charged lepton sector, and the electric dipole moment (EDM) of the tau
lepton. For SM precision measurements, we measure the τ lepton mass, the branching fractions of
various hadronic decay modes, and their invariant mass distributions. In this section, we summarize
the results obtained from the world’s largest data sample (about 109 τ+τ− pairs) accumulated at the
Belle experiment.

6.1. New physics searches

6.1.1. Tau lepton flavor violation. An observation of LFV would be a clear signature of NP since
LFV in charged leptons has a negligibly small probability in the SM, O(10−54)− O(10−52), even
if neutrino oscillations are taken into account [220–222]. Since the τ is the most massive charged
lepton, it has many possible LFV decay modes. Belle has examined as many decay modes as possible
in the LFV searches, since the specific mechanisms of NP are unknown.

Models including supersymmetry (SUSY), which is the most popular scenario beyond the SM, can
naturally induce LFV at one loop. In many SUSY models, including see-saw extensions and grand
unified theories, τ → μγ is expected to have the largest branching fraction of all the possible τ LFV
decays. In some cases, however, such as the Higgs-mediated scenario, τ decay into μη or μμμ can
become more probable. By measuring the branching fractions for various τ LFV decays, one may be
able to determine the NP model favored by nature. Among the various modes studied in Belle, we
focus here on three possibilities, τ → �γ , ��′�′′, and �P0, where � stands for e or μ and P0 is π0,
η, or η′.

In an LFV analysis, in order to evaluate the signal yield, two independent variables are used: the
reconstructed mass of the signal and the difference between the sum of energies of the signal τ
daughters and the beam energy (�E) in the CM frame. In the τ → μγ case, these variables are
defined as

Mμγ =
√

E2
μγ − P2

μγ , (6.1)

�E = ECM
μγ − ECM

beam, (6.2)

where Eμγ and Pμγ are the sum of the energies and the magnitude of the vector sum of the momenta
for the μ and the γ , respectively. The superscript CM indicates that the variable is defined in the CM
frame, e.g. ECM

beam is the beam energy in the CM frame. For signal, Mμγ and �E should be in the
vicinity of Mμγ ∼ mτ and �E ∼ 0 (GeV), while for the background, Mμγ and �E will smoothly
vary without any special peaking structure. Taking into account the resolution of the detector and
the correlation between Mμγ and �E , we use an elliptical signal region. To avoid bias, we perform
a blind analysis: the data in the signal region are blinded when determining the selection criteria and
the systematic uncertainties. After fixing these quantities, we open the blind and evaluate the number
of signal events in the signal region.
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Fig. 32. Mμγ –�E distributions in the search for (a) τ → μγ and (b) τ → eγ [223]. The black dots and
shaded boxes show the data and signal MC, respectively, and the ellipse is the 2σ signal region.

τ → �γ

We have searched for τ → �γ with a data set corresponding to produced 4.9 × 108 τ+τ−

pairs [223]. The main background (BG) is from τ → �ν�ντ + extra γ events and radiative di-muon
(for μγ ) or Bhabha (for eγ ) events. The observed Mμγ –�E distributions are shown in Figs. 32(a)
and (b) for τ → μγ and τ → eγ , respectively. The signal yield is evaluated from an extended
unbinned maximum-likelihood fit to the Mμγ –�E distribution. We found no excess in the signal
region. We thus obtain an upper limit on the branching fraction for τ → μγ (eγ ) of 4.5 × 10−8

(1.2 × 10−7) at 90% C.L.

τ → ��′�′′

The decays τ → ��′�′′ have been searched for with nearly the entire data sample of 7.2 × 108

τ+τ− pairs obtained by Belle [224]. Figures 33(a) and (b) show the three-lepton invariant mass
versus �E (M���–�E) distributions for the τ− → e−e+e− and τ− → μ−μ+μ− candidates after
selection, respectively. No events in the signal region have been found in any of the six modes; the
90% C.L. upper limits on the branching fractions in units of 10−8 are given in Table 16. The obtained
upper limits are two or three times more restrictive than those obtained previously [225,226].

τ → �P0 (P0 = π0, η, η′)
Early Belle results on the search for the τ decays into a lepton and a neutral pseudoscalar (π0, η, η′),

were based on a data sample of 3.6 × 108 τ+τ− pairs; the resulting upper limits were in the range
(0.8 − 2.4)× 10−7 at 90% C.L. [227]. Recently, we have updated the results with a data set two
times larger. By studying the backgrounds in detail, we obtain on average about 1.5 times higher
efficiency than in our previous study while maintaining a background level in the signal region of
less than one event in all modes. The results are summarized in Table 17. A single event is found in
τ → eη(→ γ γ ) while no events are observed in other modes. The obtained 90% C.L. ULs on the
branching fraction are in the range (2.2 − 4.4)× 10−8.

In total, Belle has completed searches for 46 lepton-flavor-violating τ decay modes using nearly
the entire data sample of 1000 fb−1 except for the ongoing analysis of the �γ modes. No evidence
for LFV decays has been observed in any of the modes studied and we set 90% C.L. ULs on the
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Fig. 33. M���–�E distributions for (a) τ− → e−e+e− and (b) τ− → μ−μ+μ− modes [224]. The black dots
and shaded boxes show the data and signal MC, respectively. The ellipse is the signal region. The region
formed by the two parallel lines, excluding the signal ellipse region, is the side-band region used to evaluate
the expected number of backgrounds in the signal region.

Table 16. Summary of the efficiency (Eff.), the expected number of BG events (N exp
BG ), and the upper limit on

the branching fraction (UL) at 90% C.L. for τ− → �−�′+�′′−.

Mode Eff. (%) N exp
BG UL (10−8) Mode Eff. (%) N exp

BG UL (10−8)

e−e+e− 6.0 0.21 ± 0.15 2.7 e−μ+μ− 6.1 0.10 ± 0.04 2.7
e−e+μ− 9.3 0.04 ± 0.04 1.8 μ−e+μ− 10.1 0.02 ± 0.02 1.7
e−μ+e− 11.5 0.01 ± 0.01 1.5 μ−μ+μ− 7.6 0.13 ± 0.06 2.1

Table 17. Summary of the efficiency (Eff.), the expected number of BG events (N exp
BG ), and the upper limit

on the branching fraction (UL) for τ → �P0, where (comb.) means the combined result from subdecay
modes.

Mode Eff. (%) N exp
BG UL (10−8) Mode Eff. (%) N exp

BG UL (10−8)

μη(→ γ γ ) 8.2 0.63 ± 0.37 3.6 eη(→ γ γ ) 7.0 0.66 ± 0.38 8.2
μη(→ πππ0) 6.9 0.23 ± 0.23 8.6 eη(→ πππ0) 6.3 0.69 ± 0.40 8.1
μη(comb.) 2.3 eη(comb.) 4.4
μη′(→ ππη) 8.1 0.00+0.16

−0.00 10.0 eη′(→ ππη) 7.3 0.63 ± 0.45 9.4
μη′(→ γρ0) 6.2 0.59 ± 0.41 6.6 eη′(→ γρ0) 7.5 0.29 ± 0.29 6.8
μη′(comb.) 3.8 eη′(comb.) 3.6
μπ0 4.2 0.64 ± 0.32 2.7 eπ0 4.7 0.89 ± 0.40 2.2

branching fractions at the O(10−8) level. The current status of τ LFV searches in B-factory experi-
ments and in the CLEO experiment is summarized in Fig. 34. The sensitivity for LFV searches has
been improved by two orders of magnitude in comparison with the CLEO results. This is due to the
effective background rejection as well as the increase in the size of the data sample. In the near future,
SuperKEKB/Belle II at KEK will reach a sensitivity at the O(10−9)–O(10−10) level and explore a
wider region of parameters in various NP scenarios.

6.1.2. C P-violating τ decays. To date C PV has been observed only in the K and B meson
systems. In the SM, all observed C PV effects can be explained by a single irreducible complex
phase in the CKM quark mixing matrix. It is important to look for other C P-violating effects where
SM C PV is not expected in order to find NP. One such system is the τ lepton. In hadronic τ decays, no
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Fig. 34. Current 90% C.L. upper limits for the branching fraction of τ LFV decays obtained in the CLEO,
BaBar, and Belle experiments. Red, blue, and black circles show Belle, BaBar, and CLEO results, respectively.

C P-violating effects from the SM are expected except for cases in which the decay products contain
K 0

S mesons. In other words, the τ decay is an ideal place to look for other C P-violating effects that
could originate from new physics scenarios, such as the minimal supersymmetric model [228,229]
or from multi-Higgs-doublet models [230].

If there is a C P-violating NP amplitude in a τ decay, interference between the SM and NP ampli-
tudes should occur. Even in this case, as was emphasized by J.H. Kühn and E. Mirkes [231], one
cannot observe the C PV effects as a difference of the total decay rates between τ− and τ+, but
instead one needs to measure the difference between the decay-angular distributions of the hadronic
system for τ− and τ+. The analysis of the decay-angular distribution is therefore crucial.

We searched for C P violation in τ± → K 0
Sπ

±ντ using a 699 fb−1 data sample [232]. In order
to search for C P violation in the angular distribution, we define the C P asymmetry observable as
the difference between the mean value of the product of the decay angles cosβ cosφ in the K 0

Sπ
±

system for τ− and τ+:

ACP = 〈cosβ · cosψ〉τ− − 〈cosβ · cosψ〉τ+,

where β (ψ) is the angle between the direction of the K 0
S (τ ) and the direction of the e+e− CM

system measured in the K 0
Sπ

± rest frame.
We obtain 3.2 × 105 τ± → K 0

Sπ
±ντ candidates. The K 0

Sπ
± invariant mass distribution shown

in Fig. 35 clearly indicates that, in addition to the K ∗(890) resonance, other resonant contributions
are also needed to explain the full spectrum (see Sect. 6.2.3 for more details). The measured C P
asymmetry ACP is shown in Fig. 36 as a function of K 0

Sπ
± invariant mass after correcting for known

detector effects. The result indicates that there is no C P asymmetry at the 1% level. Then we obtain
the upper limit for the C P-violating scalar coupling constant ηs [232] to be

|Im(ηs)| < (0.012 − 0.026),

at the 90% C.L. Our study achieved ten times higher sensitivity than the previous CLEO results
shown by the inverted red triangles in Fig. 36.
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Fig. 35. Invariant mass spectrum of the K 0
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± system in τ → K 0
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±ντ candidates [232].
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Fig. 36. Measured C P-violating asymmetry ACP as a function of the K 0
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± invariant mass W after sub-
traction of background (black squares) [232]. The inverted red triangles show the expected asymmetry when
�(ηS) = 0.1. Note that the previous CLEO result [233] corresponds to �(ηS) ≤ 0.19.

6.1.3. Tau electric dipole moment. If an elementary particle has a non-zero electric dipole
moment (EDM), this is a clear indication of violation of the T-reversal symmetry and thus viola-
tion of C P invariance according to the CPT theorem. The current limit for the τ EDM (dτ ) is several
orders of magnitude less restrictive than that for the electron, muon, or neutron. Measurement of dτ
is difficult because of τ ’s short lifetime. However, improvements in sensitivity are interesting both
theoretically and experimentally. As explained below, one can measure the τ EDM by using the
correlation of decay product momenta in the process e+e− → τ+τ−.

The matrix element for the process e+e− → τ+τ−, is given by the sum of the SM term M2
SM, the

EDM term |dτ |2M2
d2 , and the interference between them:

M2 = M2
SM + Re(dτ )M2

Re + Im(dτ )M2
Im + |dτ |2M2

d2,

where Re(dτ ) ( Im(dτ ) ) is the real (imaginary) part of the EDM. These interference terms M2
Re/Im

contain the following combination of spin-momentum correlations:

M2
Re ∝ (S+ × S−) · k̂, (S+ × S−) · p̂,

M2
Im ∝ (S+ − S−) · k̂, (S+ − S−) · p̂,

where S± is a τ± spin vector, and k̂ and p̂ are the unit vectors of the τ− and e− momenta in the CM
system, respectively. These terms are C P-odd since they change sign under a C P transformation.
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Fig. 38. Results on the τ EDM for 8 modes and the weighted mean for the (a) real and (b) imaginary parts.

One could evaluate the value of the matrix elements if the values of S± and k̂ could be measured
on an event-by-event basis from the τ -decay products. Although one cannot know them completely
due to missing neutrinos from τ decays, one can obtain the most probable values of S± and k̂ by
calculating approximate averages from measurements of the momenta of τ decay products. In the
analysis, we employ the method of optimal observables [234]. In this method, the observables ORe

and OIm are

ORe = M2
Re

M2
SM

, OIm = M2
Im

M2
SM

,

evaluated using the most probable values of S± and k̂. The means of ORe, OIm are proportional to
the EDM value and have maximal sensitivity. The relation between the mean values and the EDM
dτ is shown in Fig. 37 for the τ+τ− → (πντ )(ρντ ) mode.

We carried out the EDM analysis with a 29.5 fb−1 data sample collected by the Belle
detector [235]. In order to obtain the maximal sensitivity, we measured the EDM in 8
modes, τ+τ− → (eνeντ )(μνμντ ), (eνeντ )(πντ ), (μνμντ )(πντ ), (eνeντ )(ρντ ), (μνμντ )(ρντ ),
(πντ )(πντ ), (πντ )(ρντ ), and (ρντ )(ρντ ). The values of EDM obtained from the mean values of
the optimal observables are shown in Fig. 38. All results are consistent with zero EDM.
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Fig. 39. Pseudomass distribution Mmin for τ± → 3π±ντ candidates [236].

We obtain mean values for Re(dτ ) and Im(dτ ) by taking the weighted mean of 8 modes to be

Re(dτ ) = (1.15 ± 1.70)× 10−17ecm, Im(dτ ) = (−0.83 ± 0.86)× 10−17ecm.

The 95% C.L. intervals are

−2.2 × 10−17 < Re(dτ ) < 4.5 × 10−17ecm, −2.5 × 10−17 < Im(dτ ) < 0.8 × 10−17ecm.

These limits are ten times more restrictive than previous experiments.

6.2. Precision measurements

6.2.1. Tau lepton mass. A precise measurement of the τ lepton mass is very important to test
electroweak theory and lepton universality, since the decay width is proportional to the τ lepton
mass to the fifth power. For a long time the world average for the tau mass was dominated by a single
precise measurement carried out at the e+e− threshold by the BES experiment in 1996.

Belle measured [236] the τ mass by using a pseudomass method and showed that a precision
similar to that obtained in the threshold region can be obtained with completely different systematic
errors. Figure 39 shows the pseudomass distribution obtained by Belle, where a few hundred thousand
τ± → π±π−π+ντ events are used. The pseudomass is defined by

Mmin =
√

M2
x + 2(Ebeam − Ex )(Ex − Px ),

where Mx , Px , Ex are the mass, absolute momentum, and energy of the 3π system, respectively. We
obtain

mτ = (1776.61 ± 0.13(stat)± 0.35(syst)MeV/c2

for the τ mass and

|mτ+ − mτ−|/mτ < 2.8 × 10−4 at 90% C.L.,

the most stringent limit for the relative mass difference between positive and negative τ leptons.
Measurements with a similar precision were subsequently carried out by BaBar with the pseudo-

mass method [237] and by KEDR with the threshold-scan method [238]. The current status of τ mass
measurements is summarized in Fig. 40.
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Fig. 40. Summary of the τ mass measurements.
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Fig. 41. Unfolded π±π0 mass spectrum for τ± → π±π0ντ . Solid circles are the data and the solid curve is a
fit. The error bars include both statistical and systematic uncertainties [239].

6.2.2. Spectral function in τ± → π±π0ντ decay. Among the decay channels of the τ lepton,
τ± → π±π0ντ has the largest branching fraction. From the conservation of vector current (CVC),
the π−π0 mass spectrum can be related to the cross section for the process e+e− → π+π− and
thus can be used to improve the theoretical error on the anomalous magnetic moment of the muon
aμ = (gμ − 2)/2.

Using a sample of 5 430 000 τ± → π±π0ντ , Belle measures the branching fraction and the ππ0

mass spectrum [239], which are important for obtaining the theoretical value of gμ − 2. After unfold-
ing using the singular-value-decomposition method [71], the ππ0 mass spectrum obtained is shown
in Fig. 41, where the shapes for ρ(770), ρ(1450), and ρ(1700) resonances and their interference
pattern are measured very precisely. Figure 42 is the pion form factor in the ρ(770) region obtained
from the mass spectra in Fig. 41. The measured branching fraction is

B(τ± → π±π0ντ ) = (25.24 ± 0.04(stat)± 0.40(syst))%.
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Fig. 42. Pion form factor |Fπ (s)|2 in the ρ(770) region extracted from the mass spectra in Fig. 41.

It is known that there is a significant difference in the value of a2π
μ obtained from e+e− and

τ data. A lengthy discussion is ongoing about a possible source of this difference [240]. Belle
τ data are in very good agreement with the recent measurement of the e+e− → π+π− cross
section from initial-state radiation (ISR) data by BaBar[241]. In addition, it has been pointed by
F. Jegerlehner [242,243] that γ − ρ interference, which is present only in e+e− and does not con-
tribute in the τ decay, plays an important role. After taking this interference effect into account, the
discrepancy between the e+e− and τ data disappears; i.e. the hadronic term of (gμ − 2) from the
e+e− data is ahad

μ [e] = 690.8(4.7)× 10−10, while including the τ data it becomes ahad
μ [e, τ ] =

691.0(4.7)× 10−10 [242]. Note that without the ρ − γ interference correction, ahad
μ [e, τ ] was

ahad
μ [e, τ ] = 696.6(4.7)× 10−10.
The resulting difference between theory and experiment for aμ is greater than 3σ , which strength-

ens the difference further. Recently there have been efforts to evaluate ahad
μ in lattice QCD [244,245].

The reported values scatter in the range from ahad
μ = 641 × 10−10 to 748 × 10−10 with an error of

(30 − 64)× 10−10. The error is one order of magnitude larger than that obtained so far from e+e−

and/or τ data.

6.2.3. Observation of decays with three kaons. Using a data sample of 401 fb−1 corresponding
to 3.6 × 108 τ+τ− pairs, Belle reported the first observation of decays with three charged kaons in
the final state [246]. We select events in which a K +K − pair comes from the φ meson and, after
taking into account a serious peaking background from τ− → φπ−ντ , report the branching frac-
tion, B(τ− → φK −ντ ) = (4.05 ± 0.25 ± 0.26)× 10−5. In addition, we observe τ− → φπ−ντ and
τ− → φπ−π0ντ decays, which is a serious peaking background for the three kaon process. Later
BaBar confirmed the existence of this decay with a branching fraction consistent with ours [247].

6.2.4. Study of τ− → KSπ
−ντ . A data sample of 351 fb−1 has been used to study the KSπ

−ντ
final state [248]. As a result of the analysis, 53 110 lepton-tagged signal events have been selected.
The measured branching fraction, B(τ− → KSπ

−ντ ) = (0.404 ± 0.002 ± 0.013)%, is the most
precise of all the published measurements. Although the Belle result is consistent with the other
results within errors, the central value is somewhat lower than all of them. An analysis of the
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Fig. 43. The KSπ mass distribution. Points with error bars are data while the histogram shows the fitted result
for the spectrum expected in a model incorporating only K ∗(892). The background is already subtracted.

Table 18. The branching fractions of various decay
modes with an η meson. The upper limits are at the
90% C.L.

Decay mode B
K −ηντ , 10−4 1.58 ± 0.05 ± 0.09
π−π0ηντ , 10−3 1.35 ± 0.03 ± 0.07
K −π0ηντ , 10−5 4.6 ± 1.1 ± 0.4
K 0

Sπ
−ηντ , 10−5 4.4 ± 0.7 ± 0.3

K ∗−ηντ , 10−4 1.34 ± 0.12 ± 0.09
K −K 0

Sηντ , 10−6 <4.5

K 0
Sπ

−π0ηντ , 10−5 <2.5

K −ηηντ , 10−6 <3.0
π−ηηντ , 10−6 <7.4
(K −π0ηντ )nonres, 10−5 <3.5

KSπ
− invariant mass spectrum shown in Fig. 43 reveals the dominant contribution from K ∗(892)−

with additional contributions of higher states at 1400 MeV. A satisfactory fit is obtained only if
the existence of a broad scalar state, K ∗

0 (800), is assumed. For the first time the K ∗(892)− mass
and width have been measured in τ decay: M = (895.47 ± 0.20 ± 0.44 ± 0.59)MeV, � = (46.2 ±
0.6 ± 1.0 ± 0.7)MeV, where the third uncertainty is from the model. The K ∗(892)− mass is signifi-
cantly higher than the world average value based on various hadronic experiments and is much closer
to the world average for the neutral K ∗(892).

6.2.5. Measurement of hadronic τ decays with an η meson. Using a data sample of 490 fb−1 we
have studied hadronic τ decay modes involving an η meson. Candidate η mesons are reconstructed
from their decays into γ γ and π+π−π0 [249]. Table 18 lists the measured branching fractions or
the upper limits. In all cases the number of observed events is significantly higher and the results are
more precise than previous measurements by CLEO [250–252] and ALEPH [253]. For the K −ηηντ
decay mode, our result is the first measurement. For π−π0ηντ , the invariant mass spectrum and the
branching fraction are consistent with a prediction based on the conserved vector current (CVC)
theorem [254].
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Table 19. Comparison of the branching fractions of three hadron decay modes from
Belle and BaBar.

Decay mode BaBar Belle

π−π+π−ντ , % 8.83 ± 0.01 ± 0.13 8.42 ± 0.00+0.26
−0.25

K −π+π−ντ , % 0.273 ± 0.002 ± 0.009 0.330 ± 0.001+0.016
−0.017

K −K +π−ντ , % 0.1346 ± 0.0010 ± 0.0036 0.155 ± 0.001+0.006
−0.005

K −K +K −ντ , 10−5 1.58 ± 0.13 ± 0.12 3.29 ± 0.17+0.19
−0.20

8.5 9 9.5

CLEO3 03 0.46) %±(9.13

BABAR 08 0.13) %±(8.83

This work 0.26) %±(8.42

 decayνπππ→τBranching ratio of 

2 3 4 5 6
-310×

DELPHI 97 -310×0.80)±(4.90

ALEPH 98 -310×0.47)±(2.14

CLEO 99 -310×0.61)±(3.46

OPAL 00 -310×0.95)±(3.60

CLEO3 03 -310×0.40)±(3.84

OPAL 04 -310×0.66)±(4.15

BABAR 08 -310×0.09)±(2.73

This work -310×0.17)±(3.30
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 decayν KKK→τBranching ratio of 

Fig. 44. Summary of the branching fraction measurements for three-prong τ decays.

6.2.6. Decays with three hadrons in the final state. With a data sample of 666 fb−1 Belle has also
studied various decay modes of the τ lepton with three hadrons in the final state [255]. The results of
this analysis for the branching fractions of various three-prong modes are listed in Table 19 together
with recent results from BaBar [247]. Note that, for the π−π+π−ντ and K −π+π−ντ modes, the
branching fractions listed do not include any K 0 contribution, while the result for K −K +K −ντ
includes φK −ντ .

In Fig. 44, our results are compared with the previous measurements. For all modes studied, the
precision of the branching fraction measurements for both BaBar [247] and Belle is significantly
better than previous results. The accuracy of our results is comparable to that of BaBar, but the
central values show striking differences in all channels other than π−π+π−ντ . For this mode, our
result is 1.4σ lower than that of BaBar, while for the other modes the branching fractions obtained
by Belle are higher by 3.0σ , 3.0σ , and 5.4σ than those of BaBar for the K −π+π−ντ , K −K +π−ντ ,
and K −K +K −ντ modes, respectively.
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6.2.7. Summary of precise measurements. These measurements, as well as additional measure-
ments of missing modes, are very important for obtaining separately the inclusive branching fractions
of vector, axial-vector, and strange decay modes and corresponding spectral functions.

For the rare decay modes with branching fractions of less than 10−2, there is a significant
improvement compared to the previous experiments.

7. D0 mixing and C P V

The neutral D meson system is one of the four flavored neutral particle–antiparticle systems that
can exhibit oscillations. Particle–antiparticle mixing causes an initial (at time t = 0) pure D0 meson
state to evolve in time to a linear combination of D0 and D0 states:

|D0(t)〉 =
[
|D0〉 cos h

(
i x + y

2
�t

)
+ q

p
|D̄0〉 sin h

(
i x + y

2
�t

)]
× e−(im−�

2 )t , (7.1)

where the two parameters that describe the D0–D
0

mixing, x and y, are defined as the mass and
width difference of the two mass eigenstates |D1,2〉 = p|D0〉 ± q|D0〉:

x = m1 − m2

�
, y = �1 − �2

2�
,� = �1 + �2

2
, (7.2)

and � is the mean decay width. The coefficients p and q are complex, satisfying the normaliza-
tion condition |p|2 + |q|2 = 1. The time-dependent decay rates for D0 → f (favored) and D0 → f
(suppressed) decays are given by:

�(D0(t) → f ) = |A f |2e−�t

(
1 + |λ f |2

2
cos h(y�t)− Re[λ f ] sin h(y�t)

+1 − |λ f |2
2

cos(x�t)+ Im[λ f ] sin(x�t)

)
, (7.3)

�(D0(t) → f ) = |A f |2
∣∣∣∣qp
∣∣∣∣
2

e−�t

⎛
⎝1 + |λ−1

f
|2

2
cos h(y�t)− Re[λ−1

f
] sin h(y�t)

−
1 − |λ−1

f
|2

2
cos(x�t)− Im[λ−1

f
] sin(x�t)

⎞
⎠ , (7.4)

where λ f = q
p
A f
A f

and λ f ≡ q
p

A f
A f

. The time evolution of neutral D meson decays is exponential with

lifetime τD0 = 1/�, modulated by the mixing parameters x and y (see the expressions above). Time-
dependent measurements of D0 and D0 decays thus enable us to measure the mixing parameters x
and y. Since the dependence on x and y depends on the final state, different decay modes exhibit
different sensitivities to the parameters x and y.

Out of the four flavored neutral meson systems, the neutral D meson system is the only one in
which down-type quarks are involved in the box diagram loop (see Fig. 45). The neutral pion is its
own antiparticle and the top quark decays before it forms a hadron and therefore cannot oscillate.
Hence studies of charm mixing offer a unique probe of NP via flavor changing neutral currents in
the down-type quark sector. In the SM, mixing in the neutral D meson system can proceed through a
double weak boson exchange (short distance contributions) represented by box diagrams, or through
intermediate states that are accessible to both D0 and D0 (long distance effects), as represented in
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Fig. 45. Short distance (left) and long distance (right) contributions to D0–D0 mixing in the Standard Model.

Fig. 45. The potentially large long distance contributions are non-perturbative and therefore difficult
to estimate, so the predictions for the mixing parameters x and y within the SM span several orders
of magnitude between 10−8 and 10−2 [256,257]. Due to large uncertainties in the SM mixing pre-
dictions, it is difficult to identify NP contributions (a clear hint would be if x is found to be much
larger than y); however, measurements can still provide useful and competitive constraints on many
NP models, as will be discussed later.

The study of C P violation in decays of charmed hadrons also holds the potential for uncover-
ing NP. In the SM, direct C P violation can occur in singly Cabibbo suppressed (SCS; c → dud ,
c → sus) decays, but not in Cabibbo favored (CF; c → sud) or doubly Cabibbo suppressed (DCS;
c → dus) decays. This is due to the fact that the final state particles in SCS decays contain at least
one quark–antiquark pair of the same flavor, which makes a contribution from penguin-type or box
amplitudes induced by virtual b-quarks possible in addition to the tree amplitudes. However, the
contribution of these second order amplitudes is strongly suppressed by the small combination of
CKM matrix elements VcbV ∗

ub. Therefore, in processes involving charmed hadrons, mainly the first
two generations of quarks are involved. From the Wolfenstein parameterization of the CKM matrix
[22] one can see that the elements related to the first two generations of the quarks are nearly real.
Of course, by using the unitarity of the matrix one can still parameterize and estimate the imag-
inary part of those elements. For example, examining the phase difference between the decays
D0(D̄0) → K +K −, one finds that it is 2 arg(Vcs V ∗

us), which can be expressed using the unitarity
and the Wolfenstein parameterization as 2A2λ4η ≈ 10−3. Hence the expected C PV asymmetries
in the charm sector are of the order of 10−3, which is small compared to the measured C P asym-
metries in the bottom sector. Recently, with the experimental precision reaching the per mille level,
some authors [258] have argued that the asymmetries could be much larger than naively expected.
Nevertheless, at the current level of experimental sensitivity, the measurements of the C PV in the
charm sector are mainly a search for a significant effect, which would point to so-far unknown NP
processes.

7.1. Experimental techniques of D0–D0 mixing and C P symmetry violation

Often, the flavor of initially produced neutral D mesons needs to be tagged in order to identify D0–
D0 transitions and C P violation. The flavor is tagged by requiring that neutral D mesons originate
from D∗+ → D0π+ decays, where the charge of the pion accompanying D0 tags the flavor of the
neutral D meson at production. Another common property of the measurements described below is
the selection of D meson candidates based on the CM momentum, typically p∗ > 2.5 GeV/c for data
taken at the ϒ(4S) resonance. This requirement completely removes charmed mesons arising from
possibly C P-violating B meson decays that have a displaced production vertex. Hence the Belle
charm samples consist entirely of e+e− → cc̄ continuum data.

61/110

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2012/1/04D

001/1575434 by guest on 25 April 2024



PTEP 2012, 04D001 J. Brodzicka et al.

The most precise constraints on the mixing parameters x and y are obtained using the time depen-
dence of D0 decays. In time-dependent measurements, the D0 decay time is determined according to
t = m D0( �L · �pD0)/| �pD0 |2, where �L is the vector joining the D0’s production and decay vertices, and
�pD0 and m D0 are its momentum and nominal mass. The reconstructed tracks of D0 decay products
are refitted to a common vertex to determine the D0 decay point, and then the D0’s production point
is determined from the kinematic fit of the D0 momentum vector with the beam spot profile. The
decay-time uncertainty σt is evaluated event-by-event from the covariance matrices of the produc-
tion and decay vertices. Typically, for decays with two charged tracks in the final state, 〈σt 〉 ∼ τD0/2.
Candidates with badly reconstructed decay time (with large σt ) are excluded from the analysis.

The mixing parameters are extracted by performing a fit to the decay-time distribution using the
following PDF:

P(t) =
∫ +∞

−∞
�sig(t

′; x, y)Rsig(t − t ′)dt ′ + Pbkg(t), (7.5)

where the signal contribution is a convolution of the (final state dependent) time-dependent decay rate
(�sig) and the detector resolution function (Rsig). To reduce the systematic uncertainties related to the
parameterization of the resolution function, kinematically similar decays (from high statistics control
samples) are usually used to determine the resolution function parameters directly from data. The
background Pbkg(t) is parameterized using an exponential (to describe the background candidates
originating from mis-reconstructed charm decays) and a δ function (to describe random combinations
of final state particles), each convolved with its corresponding resolution function. The parameters
of the background PDF are determined using events populating the sideband region in the invariant
mass of D0 candidates.

Experimental determinations of C PV can be divided into those using the decay time distribution
of certain decays to determine the unknown parameters and those using the decay time-integrated
methods. The unknown C PV parameters often follow from the parameterization below:∣∣∣∣∣

Ā f̄

A f

∣∣∣∣∣
2

≡ 1 + A f
D,

∣∣∣∣qp
∣∣∣∣
2

≡ 1 + AM , �
[

q

p

Ā f

A f

]
≡
∣∣∣∣∣qp Ā f

A f

∣∣∣∣∣ sinφ. (7.6)

A f
D �= 0 is the asymmetry from C PV in decays to a final state f , AM �= 0 is from C PV in the mixing,

and sinφ �= 0 is a manifestation of C PV in the interference between decays without mixing.
While in charged D meson processes only the C PV in decays is present, neutral charmed mesons

may include contributions from all three types of violation.
All measurements are performed blindly, i.e. the selection criteria are determined using samples

of simulated events or data events that are statistically independent from those used to perform the
measurement, in order to avoid possible biases.

7.2. Time-dependent measurements of D0–D0 mixing and C P violation

7.2.1. Decays to C P eigenstates. Belle found the first evidence for D0–D0 mixing [259] in a
data sample of 540 fb−1 using the ratios of lifetimes extracted from a sample of D0 mesons produced
through the process D∗+ → D0π+, which decay to K −π+, K −K +, or π−π+. The time-dependent
decay rates of the CF mode, K −π+, and the SCS modes h−h+ (h = K or π ) are obtained from the
time-dependent decay rates given in the previous section:

�(D0(t) → K −π+, D0(t) → K +π−) ∝ e−t/τD0 (7.7)
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�(D0(t), D0(t) → h+h−) ∝ e−(1+yC P )t/τD0 , (7.8)

where we assume that x, y � 1 and |A f /A f | = 1 (|A f /A f | � 1) for D0 meson decays to h−h+

(K −π+). For D0 → h+h− decays, linear terms in xt and yt are the first terms in the Taylor expansion
of the exponential function above. The lifetime difference between decays to the C P eigenstates
h−h+ and C P-mixed state K −π+, yC P , is defined as

yC P ≡ τK ∓π±

τh+h−
− 1 = y cosφ − 1

2
AM x sinφ. (7.9)

The lifetimes τKπ and τhh are the effective lifetimes extracted from samples of D0 mesons decaying
to the C P mixed final state K −π+, and C P even final states K −K + and π−π+. If |q/p| = 1 and
φ = arg(q/p) = 0(π), C P symmetry in mixing and interference between mixing and decay is con-
served, and hence the parameter yC P corresponds to the mixing parameter y. In these time-dependent
measurements of neutral D mesons decaying to C P eigenstates, indirect C P violation is also probed
by comparing the lifetimes of D0 and D0 mesons decaying to C P eigenstates:

A� = τ D0

h+h− − τ D0

h+h−

τ D0

h+h− + τ D0

h+h−
= 1

2
AM y cosφ − x sinφ. (7.10)

By performing a simultaneous fit to the decay-time distributions of around 0.15 (1.2) million
reconstructed tagged D0 decays with purity above 90% to h−h+ (K −π+), Belle found yC P =
(1.13 ± 0.32 ± 0.25)% and A� = (0.01 ± 0.30 ± 0.15)%. Figure 46 shows the decay-time distri-
butions with fit results superimposed as well as the decay-time dependent ratio of D0 decays to
C P-even eigenstates K −K + and π−π+ to the C P mixed final state K −π+, as measured by Belle
[259]. In case of yC P = 0, this ratio would be constant, which is inconsistent with Belle’s data at
3.2σ . No evidence for indirect C P violation is found.

7.2.2. Decays to hadronic wrong sign decays. Belle also performed a search for neutral D
meson mixing and C P violation in a time-dependent study of DCS D0 → K +π− decays [260]
based on 400 fb−1 of data. These decays (also referred to as wrong sign decays) can proceed
both through mixing followed by a CF decay, D0 → D0 → K +π−, or directly through a DCS
decay such as D0 → K +π−. To distinguish the two processes, an analysis of the decay time dis-
tribution is performed. The most general form (e.g. allowing for direct C P violation in DCS
decays, mixing and interference between mixing and decay) for the time-dependent decay rates
of the two-body wrong sign decays D0 → K +π− or D0 → K −π+ to second order in x and y is
given by:

�

(
D0(t) → K +π−

D0(t) → K −π+

)
∝ e−t/τD0 (RD(1 ± AD) .

+
√

RD(1 ± AD)

[
1 ± AM

1 ∓ AM

]1/4

(y′ cosφ ∓ x ′ sinφ)
t

τD0

+1

4

[
1 ± AM

1 ∓ AM

]1/2

(x ′2 + y′2)
t2

τ 2
D0

)
, (7.11)

where RD is the ratio of DCS to CF decay rates, and the parameters x ′ and y′ are rotated mixing
parameters, which are rotated by an unknown strong phase difference between the DCS and CF
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Fig. 46. Results of the simultaneous fit to decay-time distributions of (a) D0 → K +K −, (b) D0 → K −π+, and
(c) D0 → π+π− decays. The cross-hatched area represents background contributions, the shape of which was
fitted using D0 invariant mass sideband events. (d) Ratio of decay-time distributions between D0 → K +K −,
π+π−, and D0 → K −π+ decays. The solid line is a fit to the data points.

amplitudes, δKπ : x ′ = x cos δKπ + y sin δKπ and y′ = y cos δKπ − x sin δKπ . The three terms in
the time-dependent decay rates of wrong sign decays are due to the DCS amplitude, the interference
between the DCS and CF amplitudes, and the CF amplitude, respectively. In addition to the wrong
sign decays, the Cabibbo favored (or right sign) D0 → K −π+ decays are reconstructed in order to
determine the resolution function parameters, as well as the distribution of wrong sign signal events
in D0 invariant mass and mass difference distributions, which are fitted to extract the number of
correctly reconstructed wrong sign decays.

From a fit to the decay-time distribution of around 4 × 103 signal wrong sign decays (and with
purity around 50%) Belle found x ′2 = (0.18+0.21

−0.23)× 10−3 and y′ = (0.6+0.4
−3.9)× 10−3 assuming no

C P violation (setting AD = AM = φ = 0 in Eq. 7.11). The errors in x ′2 and y′ include both sta-
tistical and systematic uncertainties. A projection of this fit superimposed on the data is shown
in Fig. 47 and the non-mixing point (x ′2 = y′ = 0) is found to be excluded at 95% C.L. In a
second fit, C P-violating parameters are allowed to float and no evidence for either direct or indi-
rect C PV is found. Belle obtains the following 95% C.L. intervals for C P-violating parameters:
AD ∈ (−76, 107)× 10−3 and AM ∈ (−995, 1000)× 10−3.

7.2.3. Self-conjugated three-body decays. Several intermediate resonances can contribute to a
hadronic three-body decay of a neutral D meson. For example, D0 → K 0

Sπ
+π− decays can pro-

ceed via D0 → K ∗−π+ (CF amplitude), D0 → K 0
Sρ

0 (SCS amplitude and C P eigenstate), D0 →
K ∗+π− (DCS amplitude), and others. In the isobar model, the instantaneous amplitudes for D0 and
D0 decays to the three-body final state f are parameterized as a sum of Breit–Wigner resonances
and a constant nonresonant term (in the case of no direct C P violation, e.g., there is no difference
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Fig. 47. (Left) The decay-time distribution for wrong sign (WS) events. Superimposed on the data (points with
error bars) are projections of the decay-time fit when no C PV is assumed. The mixing and interference terms
are shown at the 95% C.L. upper limits. (Right) 95% C.L. regions for (x ′2, y′). The point is the best fit result
assuming C P conservation. The dotted (dashed) curve is the statistical (statistical and systematic) contour for
no C PV . The solid curve is the statistical and systematic contour in the C PV -allowed case.

between amplitudes and phases in D0 and D0 decays):

A f (s+, s−) =
∑

r

ar eiφrAr (s+, s−)+ aNReiφNR, (7.12)

A f (s+, s−) =
∑

r

ar eiφrAr (s−, s+)+ aNReiφNR, (7.13)

where
√

s± is the invariant mass of a pair of final state particles (e.g. K 0
Sπ

±), and the sum runs
over possible intermediate resonances r . The time-dependent decay rate for D0 decays is thus given
by (the corresponding expression for D0 decays is obtained by multiplying the equation below by
|p/q|2):

d�(D0 → f )

ds+ds−dt
∝ |A1(s+, s−)|2e− t

τ
(1+y) + |A2(s+, s−)|2e− t

τ
(1−y)

+ 2Re[A1(s+, s−)A∗
2(s+, s−)] cos

(
x

t

τ

)
e− t

τ

+ 2Im[A1(s+, s−)A∗
2(s+, s−)] sin

(
x

t

τ

)
e− t

τ , (7.14)

whereA1,2(s+, s−) = 1
2

(
A f (s+, s−)± q

pA f (s+, s−)
)

. Different regions in the s+ − s− plane (also
called the Dalitz plot) exhibit different forms of time dependence, as can be seen from the above
decay rate; therefore, the time-dependent Dalitz plot analysis of neutral D meson decays to a self-
conjugated three-body final state enables us to measure the x and y parameters simultaneously. In
the case where the analysis is performed separately for D0 and D0 samples, indirect C P violation
can be probed by measuring the amplitude and phase of q/p. This method of measuring the mixing
parameters x and y was pioneered by CLEO in D0 → K 0

Sπ
+π− decays [261], and was applied by

Belle to D0 → K 0
Sπ

+π− decays [262] using a data sample of 540 fb−1 in which around 530 000
signal events are reconstructed with a purity of around 95%.

The decay amplitude is not a priori known and has to be extracted from the data. This is done
by first performing a time-integrated Dalitz plot analysis in which a model for the decay ampli-
tude (A(s+, s−)) that describes the observed decay kinematics best is obtained. Belle finds that a

65/110

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2012/1/04D

001/1575434 by guest on 25 April 2024



PTEP 2012, 04D001 J. Brodzicka et al.

0

2500

5000

7500

10000

1 2 3
m+

2 (GeV2/c4)

E
ve

n
ts

 /0
.0

2 
G

eV
2 /c

4

0

20000

40000

1 2 3
m-

2 (GeV2/c4)

E
ve

n
ts

 /0
.0

2 
G

eV
2 /c

4

0

5000

10000

0 0.5 1 1.5 2

mππ
2 (GeV2/c4)

E
ve

n
ts

 /0
.0

2 
G

eV
2 /c

4

Fig. 48. Projections of the Dalitz distribution (points with error bars) and the fit result (curve) for
D0 → K 0

Sπ
+π− decays [262]. Here, m2
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±) for D0 decays and to m2(K 0
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∓) for
D0 decays.

good description of the Dalitz plot is obtained when 18 quasi-two-body resonances and a nonreso-
nant term are used (see Fig. 48 for the results of the fit). Once the decay amplitude composition is
determined, a time-dependent Dalitz analysis is performed to determine the mixing parameters. In
a fit with conserved C P symmetry (|q/p| = 1 and φ = 0) the mixing parameters are found to be:
x = (0.80 ± 0.29+0.09

−0.07
+0.10
−0.14)% and y = (0.33 ± 0.24+0.08

−0.12
+0.06
−0.08)%, excluding the non-mixing point

with 95% C.L. The errors quoted are the statistical, systematic error arising from experimental
sources (e.g. modeling of background, resolution function, etc.) and the systematic error arising
from the decay model (determined by using alternative models with different parameterizations,
excluding resonances with small contributions, etc.). In a fit allowing for CPV, the |q/p| and φ
parameters are found to be consistent with no C P violation: |q/p| = 0.86+0.30

−0.29
+0.06
−0.03 ± 0.08 and

φ = (−14+16
−18

+5
−3

+2
−4)

◦.
Large fractions of D0 → K 0

S K +K − decays proceed via D0 → K 0
Sφ (C P-odd) and D0 →

K 0
Sa0(980) (C P-even) decays. Belle took advantage of this fact and performed a measurement of the

yC P mixing parameter integrated over the Dalitz plot using an untagged sample of D0 → K 0
S K +K −

decays [263]. We measure the effective lifetimes of D0 mesons, τON,OFF, in two different regions
of K +K − invariant mass (at the φ peak (ON) and in φ sidebands (OFF)), which are given by
τON,OFF = (1 + (1 − 2 fON,OFF)yC P)τD0 , where fON,OFF is the C P-even fraction in the ON or
OFF region calculated using the decay model obtained by BaBar [264]. The obtained value of
yC P = (0.11 ± 0.61 ± 0.52)% is consistent with yC P obtained in D0 → hh decays.

7.3. World average and constraints on new physics models

Various measurements of D0–D0 mixing performed in different decay modes can be combined to
obtain the world average values of x and y. The Charm subgroup of the Heavy Flavor Averaging
Group has done this by performing a global χ2 fit from measurements of relevant observables [38]
performed by the Belle4, BaBar, CDF, LHCb, CLEO-c, Focus, and FNAL E791 experiments. The
world average values are found to be

x = (0.63 ± +0.19
−0.20)%, (7.15)

4 In the world average fit, HFAG also includes Belle’s time-integrated measurement of the mixing rate
RM = (x2 + y2)/ in D0 → K +�ν� [265], which is not described in detail in this report.
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y = (0.75 ± 0.12)%, (7.16)

and ∣∣∣∣qp
∣∣∣∣ = (0.88 ± +0.18

−0.16), (7.17)

φ = (−10.1 ± +9.5
−8.9)

◦. (7.18)

The non-mixing point, (x, y) = (0, 0), is excluded at the 10.2 standard deviation level while the
|q/p| and φ values are consistent with conservation of C P symmetry in mixing and interference
between mixing and decay.

Golowich et al. [266] studied the implications of existing D0–D0 measurements on many NP mod-
els. In many scenarios they found strong constraints that surpass those from other search techniques
and provide an important test of flavor changing neutral currents in the up-quark sector. One simple
extension to the SM that they studied is the addition of a fourth family of fermions. The obtained
constraint on the CKM mixing parameters Vcb′ V ∗

ub′ (b′ is the down-quark of the fourth generation)
is an order of magnitude more restrictive than those obtained from unitarity considerations of the
CKM matrix.

7.4. Time-integrated measurements of C PV in charm

In the time-integrated measurements one usually determines the asymmetry of the partial decay
widths,

A f
C P ≡ �(D → f )− �(D̄ → f̄ )

�(D → f )+ �(D̄ → f̄ )
. (7.19)

The measured asymmetry

A f
rec = N (D+ → f )− N (D− → f̄ )

N (D+ → f )+ N (D− → f̄ )
, (7.20)

where N denotes the number of detected decays, receives a contribution from several non-C P vio-
lating sources, the detector-induced asymmetries due to a possible asymmetry in the acceptance of
positively and negatively charged pions and kaons, or the different acceptances for neutral kaons and
their antiparticles. In addition, the physical forward–backward asymmetry in the process e+e− → cc̄
affects the measured asymmetry, as we will see in the following. All these effects must be carefully
determined using control data samples in order to achieve an accuracy at the level of O(10−3), the
level of uncertainty of AC P measurements in various final states reached by the Belle experiment.
The existing MC simulation tools cannot be used for corrections at this level of accuracy.

Currently the best sensitivity on AC P at Belle has been achieved in the decays D+ → π+K 0
S . This

decay mode is a mixture of CF (D+ → π+ K̄ 0) and DCS (D+ → π+K 0) decay. If NP processes
with unknown C P-violating phases would contribute, the C PV in the decays may be significantly
different from zero. The measured asymmetry in these decays can be written as

AKSπ
+

rec = AKSπ
+

C P + Aπ
+
ε (pπ+, cos θπ+)+ AF B(cos θ∗), (7.21)

where AKSπ
+

C P is the physical C PV asymmetry, Aπ
+
ε the detector-induced asymmetry between theπ+

and π− reconstruction efficiencies, and AF B the contribution of the forward–backward asymmetry.
The latter is an odd function of the D meson polar angle in the CM cos θ∗ (see e.g. Ref. [23]), while
the first term is independent of any kinematic variables. The detector-induced asymmetry depends
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Table 20. Measured time-integrated C PV asymmetries in the D meson system.

Decay mode L (fb−1) AC P (%) Comment Ref.

D0 → K 0
Sπ

0 791 −0.28 ± 0.19 ± 0.10 [269]
D0 → K 0

Sη +0.54 ± 0.51 ± 0.16
D0 → K 0

Sη
′ +0.98 ± 0.67 ± 0.14

D0 → π+π− 540 +0.43 ± 0.52 ± 0.12 [270]
D0 → K +K − −0.43 ± 0.30 ± 0.11
D0 → π+π−π0 532 +0.43 ± 1.30 [271]
D0 → K +π−π0 281 −0.6 ± 5.3 [272]
D0 → K +π−π+π− −1.8 ± 4.4
D+ → K 0

Sπ
+ 977 −0.363 ± 0.094 ± 0.067 signif. asymmetry due to K 0

S [267]
D+ → φπ+ 955 +0.51 ± 0.28 ± 0.05 universality of AF B in D+

s [273]
and D+ decays to π+φ tested

D+ → ηπ+ 791 +1.74 ± 1.13 ± 0.19 D+ → K +η(′) [274]
D+ → η′π+ 791 −0.12 ± 1.12 ± 0.17 also observed
D+ → K 0

S K + 673 −0.16 ± 0.58 ± 0.25 [275]
D+

s → K 0
Sπ

+ 673 +5.45 ± 2.50 ± 0.33 [275]
D+

s → K 0
S K + +0.12 ± 0.36 ± 0.22 [275]

on the momentum and the polar angle of the charged track in the laboratory frame. In bins of these
variables the measured asymmetry can be corrected for Aπ

+
ε using samples of D0 → K −π+π0 and

D+ → K −π+π+ decays. The measured asymmetries for these decays are

AKππ
rec = AF B + AK −

ε + A
π+

1
ε + A

π+
2
ε

AKππ0

rec = AF B + AK −
ε + A

π+
1
ε , (7.22)

assuming negligible C P violation in the Cabibbo favored D meson decays and the universality of the
forward–backward asymmetry for different types of charmed mesons5. By inspecting Eqs. (7.22) one
finds that in the difference of the measured asymmetries in D0 → K −π+π0 and D+ → K −π+π+

some of the detector-induced asymmetries and the forward–backward contribution cancel and hence
one can determine Aπ

+
ε . In turn, Aπ

+
ε is then used to correct AKSπ

+
rec in bins of the charged pion

momentum and polar angle, and to extract AKSπ
+

C P [267]. However, in the D+ → h+K 0
S decay modes,

one needs additional corrections due to the presence of a neutral kaon in the final state. In such
D+ meson decay modes either a K 0 or K̄ 0 is produced, which interact differently in the detector
material. However, in the final state a K 0

S is reconstructed, and hence this affects the value of the
asymmetry. A separate dedicated study [268] was performed and the appropriate correction factor
applied to the asymmetry. Furthermore, because of the C P violation in the neutral kaon system, the
asymmetry expected in this final state with K 0

S is AKS = (−0.332 ± 0.006)%. The Belle result is
given in Table 20 and is in good agreement with the expectation due to C P violation in the neutral
kaon system.

Belle searched extensively for non-zero time-integrated C P asymmetries in a number of other
decay modes and achieved the best sensitivity in many of these. The results (see Table 20) are
consistent with no C PV at levels varying from O(10−2) to O(10−3).

5 Within the SM only Cabibbo suppressed decays of charmed mesons have two possible amplitudes with
different weak and strong phases—the tree and the penguin amplitude—which is a necessary condition for
non-zero C PV in decays.
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7.5. Conclusions

With the world’s largest sample of recorded charmed hadron decays Belle has experimentally
observed mixing phenomena in the last remaining neutral meson system, D0. The mixing parame-
ters in this system are nowadays becoming a precision measurement, with world average values [38]
of x = (0.63 ± +0.19

−0.20)% and y = (0.75 ± 0.12)%. Further measurements and advances in theoret-
ical predictions are required to determine whether the observed values are consistent with the SM
or receive contributions from NP. Furthermore, an extensive search for C PV in the charm sector
was carried out. The measurement methods that were developed allowed for the observation of a
significant C PV asymmetry in decay modes with a neutral kaon in the final state and sensitivities
to possible time-integrated C P asymmetries at the per mille level in a variety of decay modes. No
significant indirect C P violation has been observed so far.

8. B physics at the ϒ(5S)

The ϒ(10 860) (M = 10 876 ± 11 MeV/c2, � = 55 ± 28 MeV) [23] is generally interpreted as the
ϒ(5S), the fourth excitation of the vector bound state of bb̄, and is just above B∗

s B̄∗
s threshold. The

Belle experiment collected a total of 121.4 fb−1 at theϒ(10 860) peak energy and a total of 27.6 fb−1

at off-peak CM energies nearby, between 10.683 and 11.021 GeV. The on-resonance data sample
corresponds to 37 million resonance events and includes 7.1 million Bs events. These data were
analyzed to pursue investigations of Bs meson properties, hadronization to Bq and Bs events (q is
a u- or d-quark), energy dependence of various types of events, and possible new bottomonia and
bottomonium-like states. Published on-peak results are based on two subsets, 1.86 fb−1 and 23.6 fb−1

(including the 1.86 fb−1), as well as the full set of 121.4 fb−1, which will be referred to as sets 2FB,
24FB, and 121FB, respectively.

The e+e− → ϒ(10 860) is an excellent venue for studying several aspects of Bs decay; given
clean, efficiently triggered events with precisely known CM energy, collected by a well-understood
detector, the Belle experiment has been uniquely positioned to measure absolute branching fractions,
access modes that include photons in the final state, and do comparative studies of B and Bs mesons
with minimal systematic uncertainties.

8.1. B(∗)s masses: method of full reconstruction

At the energy of the ϒ(10 860), three types of Bs events are allowed: Bs B̄s , B∗
s B̄∗

s , and Bs B̄∗
s (and

B̄s B∗
s ) events. Each is an exclusive 2-body decay, so the energy of the daughter B(∗)s in the collision

CM frame is fully constrained. The method of “full reconstruction,” where all decay products are
detected and measured, was used with great success for Bq at theϒ(4S). The reconstruction of Bs in
Bs B̄s events is analogous: each Bs carries energy equal to the beam energy (in the collision CM sys-
tem), so upon reconstructing a candidate, the quantity �E accumulates at �E = 0 GeV and Mbc at
the true Bs mass, m Bs . In the decay B∗

s → Bsγ , the photon carries away essentially all of the released
energy, which is equal to the mass difference, δM ≈ 50 MeV/c2. In a B∗

s B̄s event, the B̄s (B∗
s ) carries

energy ∼Ebeam − δMc2/2 (∼Ebeam + δMc2/2). The daughter Bs from B∗
s → Bsγ carries energy

∼Ebeam − δMc2/2. Thus, for both of these Bss, one can expect reconstructed decays to accumulate
around �E = −δMc2/2 and Mbc = m Bs + δM/2. Carrying the process another step further, both
Bss in B∗

s B̄∗
s events accumulate at �E = −δMc2 and Mbc = m Bs + δM = m B∗

s
. Given the Belle

detector’s momentum resolution, these three event types accumulate in well-separated regions of
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Fig. 49. Illustration of the full reconstruction method, Bs → Dsπ . Distributions in�E and Mbc of candidates,
(left) Monte Carlo simulation, (right) data, 24FB set. Also shown are signal regions for B∗

s B̄∗
s (upper signal

box), B∗
s B̄s (middle box), and Bs B̄s (lower box) events [276].

�E and Mbc, as shown in Fig. 49 for Bs → D−
s π

+ candidates, signal Monte Carlo simulations, and
data [276].

As can be seen from Fig. 49, the B∗
s B̄∗

s events dominate in the data. As explained above,
the Mbc distribution peaks at m Bs (with very minor corrections). The B∗

s − Bs mass difference
is found from the mean �E of the candidates; the Bs candidate mass reconstructed as M ′

bc =√
(E∗

beam + 〈�E〉)2 − (p∗
cand)

2 accumulates at the Bs mass. The modes B̄s → D+
s π

−{Ds → φ(→
K +K −)π−, K ∗0(→ K +K −)K −, KS(→ π+π−)K −} were reconstructed for this measurement.
B∗

s B̄∗
s candidates are selected by requiring −0.08 < �E < −0.02 GeV. From the 24FB data set we

measure [276]

m B∗
s

= 5416.4 ± 0.4 ± 0.5 MeV/c2

m Bs = 5364.4 ± 1.3 ± 0.7 MeV/c2.

8.2. Event composition at the ϒ(10 860) peak

To study production and decay rates of Bs , their abundance and properties in ϒ(10 860) events are
needed. This evaluation proceeds in three steps. First, we measure the hadronic bb̄ cross section [277].
We then find the fraction of bb̄ events containing Bs [277]. Finally, we measure the relative rates to
the three possible event types [276].

8.2.1. σ(e+e− → bb̄). As is the case at the ϒ(4S), bb̄ events at the ϒ(10 860) (where “bb̄”
includes both resonance and bb̄ continuum events, which are indistinguishable) are readily dis-
tinguished statistically from the continuum of lighter quarks e+e− → qq̄ (q = u, d, s, c) via their
distribution in R2, the ratio of the second and zeroth Fox–Wolfram moments [35], a measure of
“jettiness” that tends to be lower for the more isotropic bb̄ events. The R2 distribution for the
2FB data and a scaled continuum sample are shown in Fig. 50. We found σe+e−→bb̄ = (3.01 ±
0.02 ± 0.16)× 102 pb [277], which constitutes ≈10% of the total hadronic cross section. This
value was averaged with the corresponding result from CLEO [278] to obtain the PDG average of
σb = (3.02 ± 0.14)× 102 pb [23].

8.2.2. σ(e+e− → Bs B̄s)/σ (e+e− → bb̄). The fraction ( fs) of bb̄ events that hadronize to Bs

(B(∗)s B̄(∗)s ) may be determined through measurement of the inclusive rate B(ϒ(10 860) → Ds X) ≡
Bϒ . The Bs decays predominantly via the spectator mechanism, as do the lighter B mesons, and as
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Fig. 50. Distribution in R2, (histogram) data set 2FB, at the ϒ(10 860) and (points) continuum below ϒ(4S),
scaled.

such we can assume a direct correspondence between B → DX and Bs → Ds X for a large frac-
tion of the decays. Based on our understanding of the mechanisms of B decay and the measured
branching fractions B(B → DX) and B(B → Ds X), a reasonable estimate may be made [279]:
B(Bs → Ds X) = (92 ± 11)%. The inclusive rate of ϒ(5S) → Ds X is an average over Bs , Bd , and
Bu , weighted by abundance:

B(ϒ(5S) → Ds X)

2
= fs · B(Bs → Ds X)+ (1 − fs)

B(ϒ(4S) → Ds X)

2
(8.1)

where fs is the fraction of Bs and we assume that Bd and Bu are produced equally and that non-B

production is negligible. The distributions of Ds in normalized momentum x ≡ pDs/

√
E2

beam − m2
Ds

for ϒ(5S) and scaled continuum data are shown in Fig. 51. The measured value, B(ϒ(5S) →
Ds X)/2 = (22.6 ± 1.2 ± 2.8)% for the 2FB data set, is fed into Eq. (8.1) and solved to obtain [277]
fs = (16.4 ± 1.4 ± 4.1)%, which corresponds to (4.95 ± 1.31)× 104 Bs events/fb−1. The same
analysis may be performed for D0 to obtain an independent value of fs , albeit with larger uncer-
tainties; B(Bs → D0 X) � B(Bq → D0 X). The results are combined to obtain [277] fs = (18.0 ±
1.3 ± 3.2)%. The Belle result is averaged with the corresponding CLEO result [278] to obtain the
PDG average [23]

fs = (19.5+3.0
−2.3)%.

The same method applied to the 121FB set yields

fs = (17.1 ± 3.0)%.

8.2.3. B∗
s B̄∗

s : B∗
s B̄s : Bs Bs . As described in Sect. 8.1, reconstructed Bs signals from the three

event types are well separated in �E and Mbc. These three modes account for 100% of Bs events,
so the fraction comprised by each is derived from a simultaneous fit to �E and Mbc that yields
all three signals. For this measurement we use Bs → D−

s π
+, the mode with the greatest statisti-

cal significance. To date, statistically significant signals have been observed in the B∗
s B̄∗

s and B∗
s
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Fig. 51. Distribution of Ds in x ≡ pDs/
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, (points) ϒ(10 860) and (histogram) scaled contin-

uum [277].

B̄s + Bs B̄∗
s channels in the 24FB data set, from which we obtain [276]

fB∗
s B∗

s
≡ σ(e+e− → B∗

s B̄∗
s )

σ (e+e− → B(∗)s B̄(∗)s )
= (90.1+3.8

−4.0 ± 0.2)%

fB∗
s Bs ≡ σ(e+e− → B∗

s B̄s + Bs B̄∗
s )

σ (e+e− → B(∗)s B̄(∗)s )
= (7.3+3.3

−3.0 ± 0.1)%.

The value fB∗
s B∗

s
= (87.0 ± 1.7)% from the 121FB data set (unpublished)6 is used in evaluating

branching fractions from the 121FB set.

8.2.4. B(∗) B̄(∗)(π)(π). The well-tuned methods of B reconstruction at the ϒ(4S) (Sect. 4.4.2)
have been applied to study the more complicated assortment of B events at the ϒ(10 860) [280].
The following final states that include non-strange B mesons are energetically allowed: B(∗)q B̄(∗)q ,
Bq B̄(∗)q π , Bq B̄qππ . The relative rates can improve our understanding of hadronization dynam-
ics. Neutral and charged Bs are reconstructed in the following modes and submodes: B+ →
J/ψK +, D̄0π+; B0 → J/ψK ∗0, D−π+; J/ψ → e+e−, μ+μ−; K ∗0 → K +π−; D̄0 →
K +π−, K +π+π−π−; D− → K +π−π−. As with the fully reconstructed Bs , the signal events
populate the (�E,Mbc) plane in clusters depending on the type of event. Figure 52(a) shows the
projections in Mbc of the distributions for the various event types. The distribution of candidates in
data, after background subtraction, are shown in Fig. 52(b). While the distributions for events con-
taining additional pions overlap each other, it is clear from the data that their contribution is relatively
small and that the majority of the rate is due to two-body events, B(∗) B̄(∗). It is also noted that there
is an accumulation of events in the region of high Mbc, where B B̄ππ events would accumulate,
according to the MC simulation. The fractions of bb̄ events fragmenting to B B̄, B∗ B̄, and B∗ B̄∗ are
measured to be (5.5+1.0

−0.9 ± 0.4)%, (13.7 ± 1.3 ± 1.1)%, and (37.5+2.1
−1.9 ± 3.0)%, respectively. The

events where Mbc is above the two-body limit are grouped together as “large Mbc” and found to
comprise (17.5+1.8

−1.6 ± 1.3)%.

6 This result is obtained by Belle using 121.4 fb−1 of data and the method described in Ref. [276].
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Fig. 52. (a) Distributions in Mbc for reconstructed B0 → D−π+, for B B̄, B B̄∗ + B∗ B̄, B∗ B̄∗, and B B̄ ππ
channels (cross-hatched histograms, left to right) and for the three-body channels B B̄∗ π + B∗ B̄ π (plain his-
togram), B B̄ π (dotted), and B∗ B̄∗ π (dashed). The distributions are normalized to unity. (b) Mbc distribution
in data after background subtraction. The sum of the five studied B decays (points with error bars) and results
of the fit (histogram) used to extract the two-body channel fractions are shown.
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Fig. 53. (a) The�Emiss + Mbc,miss − m B distribution normalized per reconstructed B meson for MC simulated
B+ → J/ψK + decays in the (peaks from left to right) B B̄ π+, B B̄∗ π+ + B∗ B̄ π+, B∗ B̄∗ π+, and B B̄ ππ
channels. (b) The �Emiss + Mbc,miss − m B data distribution for right-sign B−/0 π+ combinations for all five
studied B modes. The curve shows the result of the fit [280].

Events containing one or more additional pions may be identified by pairing reconstructed Bs
with additional charged pions in the event and examining the residual, or missing, event energy
and momentum, Emiss and �Pmiss, which by inference are carried by the opposing B(∗) and up to
one additional pion. From these we reconstruct �Emiss and Mbc,miss. Projections onto �Emiss +
Mbc,miss − m B for various simulated event types are shown in Fig. 53(a). The corresponding distri-
bution in data, with the fit result, is shown in Fig. 53(b). The fractions of bb̄ events hadronizing to
three-body modes B B̄π , B B̄∗π , and B∗ B̄∗π are found to be (0.0 ± 1.2 ± 0.3)%, (7.3 +2.3

−2.1 ± 0.8)%,
and (1.0 +1.4

−1.3 ± 0.4)%, respectively. Paradoxically, no evidence for B B̄ππ was observed, so this
channel does not account for the remaining (9.2 +3.0

−2.8 ± 1.0)% of the “large Mbc” contribution
observed in ϒ(10 860) → B X . The residual is quantitatively consistent with initial state radiation,
e+e− → e+e−γ, e+e− → bb̄, where about half the bb̄ form the ϒ(4S) resonance [280].

8.3. Bs decays

To a large degree, the general properties of the Bs meson parallel those of the non-strange B mesons.
Like its lighter cousins, the Bs is expected to decay predominantly by a spectator process, where the
lighter valence quark has no role in the weak interaction, and its spectator-dominated properties
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Table 21. Branching fractions with statistical and systematic uncertainties.
A third uncertainty, due to fs , is quoted where it is separated from other
systematics. The data set analyzed is identified in the rightmost column.

Mode B(10−4) Data set

Single-Ds modes
D−

s π
+ 36.7+3.5

−3.3
+4.3
−4.2 ± 4.9 24FB

D∗−
s π+ 24+5

−4 ± 3 ± 4 24FB

D−
s ρ

+ 85+13
−12 ± 11 ± 13 24FB

D∗−
s ρ+ 118+22

−20 ± 17 ± 18 24FB

cc̄ss̄ modes
J/ψη 5.10 ± 0.50 ± 0.25+1.14

−0.79 121FB

J/ψη′ 3.71 ± 0.61 ± 0.18+0.83
−0.57 121FB

J/ψ f0(980) 1.16+0.31
−0.19

+0.15
−0.17

+0.26
−0.18 121FB

J/ψ f0(1370) 0.34+0.11
−0.14

+0.03
−0.02

+0.08
−0.05 121FB

D∗+
s D∗−

s 200 ± 30 ± 50 121FB
D∗+

s D−
s + c.c. 180 ± 20 ± 40 121FB

D+
s D−

s 58+11
−9 ± 13 121FB

D(∗)+
s D(∗)−

s sum 430 ± 40 +60
−50 ± 90 121FB

hh̄ modes
K +K − 0.38+0.10

−0.09 ± 0.05 ± 0.05 24FB

K 0 K̄ 0 <0.66(90% C.L.) 24FB
K −π+ + c.c. <0.26(90% C.L.) 24FB
π+π− <0.12(90% C.L.) 24FB

φγ 0.57+0.18
−0.15

+0.12
−0.11 24FB

γ γ <870(90% C.L.) 24FB

such as lifetime are expected to be similar. This is serendipitous at the B-factory, allowing many
of the techniques developed for analysis of Bs at the ϒ(4S) to be applied to Bs at the ϒ(5S). Fur-
thermore, close correspondences between the hadronic final states in spectator decays of Bs and Bd

allow for sensitive tests of quark–hadron duality and of hadronic models that may reduce theoretical
uncertainties limiting precision CKM tests in B physics.

Being electrically neutral, the Bs experiences mixing and may thus address questions of interest
regarding C P violation and roles for physics beyond the Standard Model. Notably, Bs experiences
a much higher rate of mixing than Bd , and very little C P violation in the SM.

All branching fractions described in this section are listed in Table 21. The branching fractions mea-
sured in the 24FB set are evaluated using fB∗

s B∗
s

= (90.1+3.8
−4.0)%, fs = (19.5+3.0

−2.3)%, and σe+e−→bb̄ =
0.302 ± 0.014 nb (a weighted average from Refs. [277,278]). The results based on the 121FB set have
used N

B(∗)s B̄(∗)s
= (7.1 ± 1.3)× 106 = L × σe+e−→bb̄ × fs and fB∗

s B∗
s

= (87.1 ± 3.0)%.

8.3.1. Modes with single Ds . The decays Bs → D(∗)−
s h+, where h is a light non-strange meson,

proceed dominantly via a CKM-favored spectator process. The Ds are reconstructed in the modes
φ(→ K +K −)π−, K ∗0(→ K +K −)K −, and KS(→ π+π−)K − and ρ± in π±π0. As described in
Sect. 8.1, the signal is extracted by fitting the distributions in �E and Mbc (and decay angles, for
Bs → D∗−

s ρ+). Shown in Fig. 54 (left) is the projection into Mbc for Bs → D−
s π

+ candidates in
the 24FB set. The branching fraction for modes other than D−

s π
+ are obtained using only the B∗

s B̄∗
s

sample and the value of fB∗
s B∗

s
measured with D−

s π
+ [276,281].
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Fig. 54. (Left) Mbc distribution of Bs → D−
s π

+ candidates with �E in the B∗
s B̄∗

s signal region
[−80,−17] MeV, 24FB data set [276]. The different fitted components are shown with dashed curves for the
signal, dotted curves for the Bs → D∗−

s π+ background, and dash-dotted curves for the continuum. (Right)
Fitted distribution of the cosine of the angle between the Bs momentum and the beam axis in the CM frame
for the ϒ(5S) → B∗

s B̄∗
s signal.

The distribution of the angle between the Bs momentum and the beam axis in the CM frame, θ∗
Bs

,
is of theoretical interest [282] and is presented in Fig. 54 (right) for the signal events in the B∗

s B̄∗
s

region. A fit of the distribution to 1 + a cos2 θ∗
Bs

returns χ2/n.d.f. = 8.74/8 with a = −0.59+0.18
−0.16.

We naively expect a = −0.27 by summing over all the possible polarization states.
For Bs → D∗−

s ρ+, a pseudoscalar decay to two vectors, the distributions in the helicity angles θD∗−
s

and θρ+ depend on the relative contribution from the different helicity states, which depends on the
detailed hadronization mechanism for the decay; for example, the factorization hypothesis predicts
that longitudinal polarization dominates: fL ≈ 88% [283]. A four-dimensional fit yields 77.7+14.6

−13.3
(7.4σ ) signal events and fL = 1.05+0.08

−0.10
+0.03
−0.04 [281].

8.3.2. Flavor-neutral channels. An interesting characteristic of Bs stems from the fact that it
experiences an appreciable rate to the flavor-neutral combination cc̄ss̄, via a tree-level CKM-
favored process. The massiveness of the participating quarks and proximity to mass thresh-
old argue for the applicability of predictions at the limit m(b,c) → ∞ with (mb − 2mc) → 0
and Nc(number of colors) → ∞, where the cc̄ss̄ final states are C P-even and the D∗±

s D∓
s and

D∗+
s D∗−

s modes (along with D+
s D−

s ) saturate the width difference ��C P
s between the two C P-

eigenstates [284]. This parameter equals ��s/ cosφs , where ��s is the decay width difference
between the mass eigenstates, and φs is the C P-violating phase in Bs–Bs mixing7. Thus the summed
branching fraction B(B0

s → D(∗)+
s D(∗)−

s ) gives a constraint in the ��s–φs parameter space. Both
parameters can receive contributions from NP; see, e.g., Refs. [287–289]. Assuming negligible C P
violation (φs ≈ 0), the branching fraction is related to ��s via

��s/�s = 2B/(1 − B). (8.2)

The quantity of interest, the summed branching fraction B = B(Bs → D(∗)+
s D(∗)−

s , is more easily
measured in e+e− → ϒ(5S) than at a hadron machine because the decay D∗

s → Dsγ can be fully
reconstructed.

The final Belle result is based on the 121FB set [290]. It includes the first measurement of the
fraction of longitudinal polarization ( fL ) of B0

s → D∗+
s D∗−

s . The final states reconstructed con-
sist of D+

s D−
s , D∗+

s D−
s +D∗−

s D+
s (≡ D∗±

s D∓
s ), and D∗+

s D∗−
s , where D∗+

s → D+
s γ , D+

s → φπ+,

7 Specifically, φs = arg(−M12/�12), where M12 and �12 are the off-diagonal elements of the Bs–Bs mass
and decay matrices; see Refs. [285,286].
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Fig. 55. Mbc projections and fit results, (left) B0
s → D+

s D−
s , (center) B0

s → D∗±
s D∓

s , (right) B0
s → D∗+

s D∗−
s .

The red dashed curves show CR+WC signal; the blue and purple solid curves show CF; the gray solid curves
show background; and the black solid curves show the total.

K 0
S K +, K

∗0
K +, φρ+, K 0

S K ∗+, and K
∗0

K ∗+, K 0
S → π+π−, K ∗0 → K +π−, K ∗+ → K 0

Sπ
+,

φ → K +K −, ρ+ → π+π0, and π0 → γ γ .8

Events containing candidates satisfying 5.25 GeV/c2 < Mbc < 5.45 GeV/c2 and −0.15 GeV <

�E < 0.10 GeV are selected. Approximately half the selected events have multiple B0
s →

D(∗)+
s D(∗)−

s candidates. These typically arise from photons produced via π0 → γ γ that are wrongly
assigned as D∗

s daughters. For these events we select the candidate that minimizes a χ2 constructed
from the reconstructed D+

s and (if present) D∗+
s masses.

Signal yields are measured by performing a two-dimensional unbinned maximum-likelihood fit
to the Mbc–�E distributions. The combinatorial effects of analyzing multiple multi-body decays
present a particular challenge in this analysis. The signal PDFs have three components: correctly
reconstructed (CR) decays; “wrong combination” (WC) decays in which a non-signal track or γ is
included in place of a true daughter track or γ ; and “cross-feed” (CF) decays in which a D∗±

s D∓
s

(D∗+
s D∗−

s ) is reconstructed as a D+
s D−

s (D+
s D−

s or D∗±
s D∓

s ), or a D+
s D−

s (D∗±
s D∓

s ) is reconstructed
as a D∗±

s D∓
s or D∗+

s D∗−
s (D∗+

s D∗−
s ). In the former case, the γ from D∗+

s → D+
s γ is lost and �E

is shifted down by 100–150 MeV; this is called “CF-down.” In the latter case, an extraneous γ is
included and�E is shifted up by a similar amount; this is called “CF-up.” In both cases Mbc remains
almost unchanged. The small contributions from Bs Bs and Bs B∗

s events are fixed relative to B∗
s B∗

s

according to our measurement on B0
s → D−

s π
+ decays (see footnote to Sect. 8.2.3). The fitted signal

yields from B∗
s B ∗

s only are used to determine the branching fractions.
The projections of the fit are shown in Fig. 55. The branching fraction for channel i is calculated

as Bi = Yi/(ε
i
MC · NBs Bs

· fB∗
s B∗

s
· 2), where Yi is the fitted CR yield, and εi

MC is the MC signal effi-
ciency with intermediate branching fractions [23] included. The statistical significance is calculated
as
√−2 ln(L0/Lmax), where L0 and Lmax are the values of the likelihood function when the signal

yield Yi is fixed to zero and when it is floated, respectively. We include systematic uncertainties (dis-
cussed below) in the significance by smearing the likelihood function by a Gaussian having a width
equal to the total systematic error related to the signal yield.

Inserting the total B from Table 21 into Eq. 8.2 gives

��s/�s = 0.090 ± 0.009 ± 0.023, (8.3)

8 Charge-conjugate modes are implicitly included.
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Fig. 56. Projections in Mbc, based on the 121FB data set at ϒ(10 860): (left) Bs → J/ψη(γ γ ), (right)
Bs → J/ψη(π+π−π0). Solid curves show projections of fit results. Backgrounds are represented by the
blue dotted curves. Two small bumps around 5.37 and 5.39 GeV/c2 are contributions from B0

s B̄0
s and B∗

s B̄0
s

production channels, due to the overlap of the �E signal regions.

where the first error is statistical and the second is systematic. This result has precision similar to
that of other recent measurements [291,292]. The central value is consistent with, but lower than,
the theoretical prediction [287]; the difference may be due to the unknown C P-odd component in
B0

s → D∗+
s D∗−

s , and contributions from three-body final states. With more data these unknowns can
be measured. The former is estimated to be only 6% for analogous B0 → D∗+D∗−

s decays [293], but
the latter can be significant: Ref. [294] calculates ��(Bs → D(∗)

s D(∗)K (∗))/�s = 0.064 ± 0.047.
This calculation predicts ��s/�s from D(∗)+

s D(∗)−
s alone to be 0.102 ± 0.030, which agrees well

with our result.
To measure fL , we perform an unbinned ML fit to the helicity angles θ1 and θ2, which are the

angles between the daughter γ momentum and the opposite of the Bs momentum in the D∗+
s and D∗−

s

rest frames, respectively. The angular distribution is
(|A+|2 + |A−|2) (cos2 θ1 + 1

) (
cos2 θ2 + 1

)+
|A0|24 sin2 θ1 sin2 θ2, where A+, A−, and A0 are the three polarization amplitudes in the helicity
basis. The fraction fL = |A0|2/(|A0|2 + |A+|2 + |A−|2). We obtain [290]

fL = 0.06 +0.18
−0.17 ± 0.03, (8.4)

where the first error is statistical and the second is systematic. Reconstruction of Bs decays to well-
defined C P final states are of interest for studies of C P violation. In the SM, mixing-mediated C P
violation occurs in neutral mesons due to the complex argument of the product of CKM matrix
elements participating in the mixing “box diagram.” For Bs the relevant product is V ∗2

tb V 2
ts , which

is real, so no significant asymmetry is expected. Searches for C P asymmetry in decays of Bs thus
present an opportunity to reveal NP. Such measurements will require the reconstruction of a sizable
sample of C P-defined final states.

The decays Bs → J/ψη(′) (C P = +1) proceed by the same process as B → J/ψK 0, so the
branching fractions may be estimated based on the measured branching fractions [23], B(B0

d →
J/ψK 0) = 8.71 × 10−4: B(Bs → J/ψη) ≈ 3.5 × 10−4, and B(Bs → J/ψη′) ≈ 4.9 × 10−4. The
decays are reconstructed in the following modes: J/ψ → e+e−, μ+μ−; η → γ γ, π+π−π0; η′ →
ηπ+π−, ρ0γ . The signals are extracted via a 2-dimensional fit in �E and Mbc. Projections in Mbc

are shown in Fig. 56.
The same b → cc̄s process can also produce the decay B0

s → J/ψ f0(980), another promising
channel for C P studies, with the clear advantage of being an all-charged final state with no angular
analysis required because of the J P = 0+ quantum numbers of the f0(980). The mode was recon-
structed as Bs → J/ψπ+π−, {J/ψ → μ+μ−, e+e−}, analyzing the 121FB set. The fit to data
include the f0(980) and another resonance in the ππ mass spectrum at ∼ 1.4 GeV2, fX (Fig. 57).
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Fig. 57. Pion pair mass distribution for Bs → J/ψπ+π− candidates in the 121FB set, for
−79.7 MeV < �E < −19.7 MeV. The solid line represents the total PDF. The dash-dotted curve represents
the total background, the dashed curve shows other J/ψ background, and the dotted curve the nonresonant
component.

Fig. 58. Diagram describing the dominant processes for Bs → γ γ .

The fX mass, measured at 1.405 ± 0.015+0.001
−0.007 GeV/c2, is consistent with that of the f0(1370). The

nonresonant yield is consistent with zero.
We have also searched for the 2-body C P-eigenstate modes Bs → K +K −, K 0 K̄ 0, and π−π+, as

well as the flavored mode Bs → K −π+, in the 24FB data set [295]. The findings for K +K − and
K 0 K̄ 0 were the first absolute branching fraction and first reported limit, respectively.

8.3.3. Radiative decays. Radiative penguin decays, which produce a photon via a one-loop Feyn-
man diagram, are a promising venue to search for physics beyond the SM because particles at
mass scales not yet directly accessible at accelerators can contribute to such loop effects. The
Bs → φγ mode is a radiative process described within the SM by a b̄ → s̄γ penguin diagram;
it is the counterpart of the B → K ∗(892)γ decay. In the SM, the Bs → φγ branching fraction
has been computed with ∼30% uncertainty to be about 40 × 10−6 [296,297]. This channel was
first observed at Belle, with φ reconstructed in the mode K +K − [298]. For photon selection,
major sources of background in the signal region included π0 → γ γ and η → γ γ as well as
calorimeter hits that were out of time with the beam crossing. Based on the 24FB set, we reported
B(Bs → φγ ) = (57+18

−15(stat)+12
−11(syst))× 10−6, which is in agreement with both the SM predictions

and with extrapolations from measured B+ → K ∗(892)+γ and B0 → K ∗(892)0γ decay branching
fractions [298].

8.3.4. Modes suppressed in the Standard Model. The Bs → γ γ mode is described in the SM by
a penguin annihilation diagram (Fig. 58), and its branching fraction has been calculated to be in the
range (0.5–1.0)× 10−6 [299–301]. Belle has searched for this mode in the 24FB data set [298]. No
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Fig. 59. Mbc projection and fit for the Bs → γ γ search 24FB data set.
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Fig. 60. Distributions in Mmiss of tagged B0π candidates for (left) simulated B B̄π , B B̄∗π , and B∗ B̄∗π events
and 121.4 fb−1 of data, (center) B0π+ and (right) B0π−.

significant signal was observed (Fig. 59), and a 90% C.L. upper limit of B(Bs → γ γ ) < 8.7 × 10−6

was obtained. This limit significantly improves on the previously reported one and is only an order
of magnitude larger than the SM prediction, providing the possibility of observing this decay at a
future Super B-factory [302,303].

8.4. Measurement of sin 2φ1

The method of full B reconstruction, used to study the assortment of B events at the ϒ(5S) [280],
has been applied to a novel tag to measure sin 2φ1 [304]. Three-body final states B(∗)0{→
B0(γ )}B(∗)−π+ (+c.c.) are identified through full reconstruction of a neutral B in a C P-eigenstate
and a charged pion. The event residue, consisting of a charged B and up to two photons, is
characterized through “missing mass,” calculated through energy and momentum conservation:

Emiss = Ebeam − EB0π ; �pmiss = − �pB0π ; M M(B0π) = Mmiss =
√

E2
miss − �p2

miss.

The missing mass distributions are well separated for B B̄ππ , B B̄π , B B̄∗π , and B∗ B̄∗π events, as
can be seen in Fig. 60 (left). The sign of the charged pion tags the initial flavor of the neutral B and
enables a time-independent measurement of C P asymmetry, which is related to sin 2φ1 as:

AB Bπ ≡ NB Bπ− − NB Bπ+

NB Bπ− + NB Bπ+
= Sx + A

1 + x2

where S = −ηC Psin2φ1 (ηC P is the C P-eigenvalue of the B0 mode), x = �m/�, and A, a measure
of direct C P violation, is zero in the SM.
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Fig. 61. Left: The KS K ±π∓ mass distribution from B → K KS K ±π∓ decays [307]. The large peak on the left
is the ηc; the smaller peaks on the right are the J/psi (around 3.1 GeV) and ηc(2S) signals. Right: The J/ψ
recoil mass spectrum in inclusive e+e− → J/ψ X processes [308]. A fit with ηc, χc0, and ηc(2S) contributions
is shown as a solid curve. The dashed curve in the figure corresponds to the case where the contributions of
the J/ψ , χc1, χc2, and ψ(2S) are set at their 90% C.L. upper limit values. The dotted curve is the background
function.

Neutral Bs are reconstructed in the following modes and submodes: B0 → J/ψKS; J/ψ →
e+e−, μ+μ−. Figure 60 shows the distributions in Mmiss for (center) B0π+ and (right) B0π− com-
binations, respectively, where the fits yield a total of 21.5 ± 6.8 events. The asymmetry is found to
be AB Bπ = 0.28 ± 0.28, corresponding to sin 2φ1 = 0.57 ± 0.58 ± 0.06. This result establishes a
new time-independent method of measuring sin 2φ1. The value is consistent with measurements in
ϒ(4S) data.

9. New resonances

9.1. Charmonium physics

In e+e− collisions at CM energies near
√

s 
 10.58 GeV, there are a number of ways to produce
final states that contain a cc̄ quark pair. These include: i) B-meson decays, in which b → cc̄s is a
favored transition; ii) γ γ fusion, which is proportional to the square of the quark charge and, thus,
favors production of cc̄ and uū pairs over ss̄ and dd̄ pairs; iii) near-threshold s-channel cc̄ production
via initial-state radiation; and iv) cc̄ associated production with J/ψ mesons in e+e− annihilation,
which Belle found to be the dominant mechanism for J/ψ productions in e+e− annihilation near√

s = 10 GeV. Belle exploited all four of these processes to make a series of interesting discoveries
related to the spectroscopy and interactions of cc̄ charmonium mesons.

9.1.1. First observation of the ηc(2S). Prior to 2002, the only “positive” observation of the
ηc(2S), the first radial excitation of the charmonium ground state meson, ηc, was a peak in the γ
energy spectrum from exclusiveψ(2S) → γ X decays reported by the Crystal Ball Experiment [305].
However, this result was somewhat suspicious since the hyperfine ψ(2S)–ηc(2S) mass splitting
inferred from the measured mass value, �Mhfs(2S) = 92 ± 5 MeV, is substantially higher than the
theoretical expectation of�M theory

hfs (2S) 
 58 ± 8 MeV; see, e.g., Ref. [306]. In 2002, Belle reported
the observation of a higher-mass ηc(2S) candidate in the ηc(2S) → KS K ±π∓ mass distribution
produced via the B → Kηc(2S), ηc(2S) → KS K ±π∓ decay chain (see Fig. 61 (left)) [307]. Belle
subsequently observed a signal at the same mass in the J/ψ recoil mass spectrum for inclusive
e+e− → J/ψX processes [308], shown in the right-hand panel of Fig. 61.
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Fig. 62. Left: �M = M(π+π−�+�−)− M(�+�−) distributions for B → Kπ+π− J/ψ , J/ψ → �+�−

decays for a) data and b) inclusive B → JψX MC [310]. The peak near �M 
 0.6 GeV is due to
ψ ′ → π+π− J/ψ decays; the peak at �M 
 0.75 GeV in the data, which does not show up in the MC, is due
to X (3872) → π+π− J/ψ . Right: M(γ J/ψ) distributions for a) B+ → K +γ J/ψ and b) B0 → K 0γ J/ψ
decays [314].

The original Belle ηc(2S) signal has since been confirmed by a number of reports, including a
higher statistics Belle study of B → K KS K ±π∓ decays [309]. The current PDG world-average
hyperfine splitting value, �MPDG

hfs (2S) = 49 ± 4 MeV [23], is close to theoretical expectations and
inconsistent with the Crystal Ball result, which is now generally thought to have been incorrect.

9.1.2. The X(3872). The X (3872)was first observed by Belle [310] as a small narrow peak in the
π+π− J/ψ invariant mass spectrum from B → Kπ+π− J/ψ decays shown in the leftmost panel
of Fig. 62. It was subsequently confirmed by CDF, D0, and BaBar [311–313]. Other X (3872) decay
modes that have been identified include the radiative decay, X (3872) → γ J/ψ [314,315], which
establishes its charge conjugation parity as C = +1, subthreshold decays to ωJψ [316,317], and the
decay to open charm, X (3872) → D∗0 D̄0 [318–320]. The Belle signals for X (3872) → γ J/ψ are
shown in the right panel of Fig. 62. Angular correlation studies by CDF [321] and Belle [322] indicate
a preferred quantum number assignment of J PC = 1++, although 2−+ cannot be ruled out. The only
available 1++ cc̄ charmonium assignment for the X (3872) is the χ ′

c1. However, the 3872 MeV mass
value is significantly lower than the expected χ ′

c1 mass of 3905 MeV, a value that is pegged to the
measured 3929 ± 6 MeV mass of its J = 2 multiplet partner, the χ ′

c2, which was discovered by Belle
in 2006 (see below). A χ ′

c1 mass of 3872 MeV would imply that the mass splitting for the radially
excited χcJ (2P)multiplet is larger than that for the χcJ (1P)multiplet, contrary to expectations from
potential models and lattice QCD (C. Davies, private communication). There are similar problems
for the J PC = 2−+ assignment, for which the only available cc̄ level is the ηc2, the 1 D2 state. In
this case, the 3872 MeV mass value is too high compared to the expected value of 3837 MeV, an
expectation that is tightly constrained by the measured mass of its 3 D1 multiplet partner, the well
established ψ(3770).

The lack of a natural charmonium assignment and the close proximity of the X (3872) mass,
3871.68 ± 0.17 MeV [23], to the D∗0 D̄0 mass threshold, 3871.94 ± 0.35 MeV [23], has led to spec-
ulations that the X (3872) is a loosely bound D∗0 D̄0 molecule-like structure; see, e.g., Ref. [323],
although other interpretations have been proposed; see, e.g., Refs. [324,325].

9.1.3. The Y(3940). The Y (3940) was first observed by Belle as the near-threshold peak in the
ωJ/ψ invariant mass distribution in B → KωJ/ψ decays [326], as shown in the left panel of
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Fig. 63. Left: The points with error bars show the M(ωJ/ψ) distribution for B → KωJ/ψ decays. The
curve in a) shows results of a fit to a phase-space-like threshold function. The curve in b) shows the results
of a fit with a Breit–Wigner resonance function included [326]. Right: The ωJ/ψ invariant mass distributions
for the two-photon fusion process γ γ → ωJ/ψ [328]. The bold solid curve shows results of a fit including
a resonance (thinner solid curve) and the dot-dashed curve shows a fit to a phase-space-only distribution; the
histogram shows J/ψ sideband data.

Fig. 63. This observation was subsequently confirmed by BaBar [327]. The Belle experiment reported
a similar peak in the near-threshold ωJ/ψ mass distribution produced in the two-photon process
γ γ → ωJ/ψ [328] (see Fig. 63 (right)). Although the mass of the Y (3940) is well above the open-
charm threshold, decays to DD̄ [329,330] and D∗ D̄ [318] have not been seen; in the latter case,
a 90% C.L. upper limit of B(Y (3940) → D∗ D̄) < 1.4B(Y (3940) → ωJ/ψ) has been established.
This limit and the rate of production in two-photon processes, implies that the partial width to ωJ/ψ
is large, namely �(Y (3940) → ωJ/ψ) > 1 MeV, which is very large for charmonium.

Belle’s γ γ → Y (3940) → ωJ/ψ observation was confirmed by BaBar, which also included
results of an angular analysis that favors a J PC = 0++ quantum number assignment [331]. The
only available 0++ cc̄ assignment is the χ ′

c0, for which the mass value is somewhat high, but, per-
haps, acceptable. The χ ′

c0 → D∗ D̄ decay mode is forbidden by parity, but χ ′
c0 → DD̄ is allowed

and expected to be a strongly favored mode [332], so the lack of any prominent signal for it is a
mystery [329,330].

9.1.4. The Z(3930) candidate for the χ ′
c2 charmonium state. The left panel of Fig. 64 shows the

DD̄ invariant mass distribution for the process γ γ → DD̄ measured by Belle [333], where a strong
peak near 3930 MeV is evident. The right panel shows the | cos θ∗| distribution for events in the
±20 MeV mass interval centered at 3930 MeV, where θ∗ is the CM angle between the D meson
direction and the beamline. Small values of | cos θ∗| are favored, which is consistent with expectations
for a J = 2 resonance (shown in the figure as a solid curve). The mass, angular distribution, and the
strong decay to DD̄ are all consistent with expectations for the χ ′

c2, i.e., the radially excited 23 P2

charmonium state.

9.1.5. The X (3940). Belle discovered a third meson state with mass near 3940 MeV, the X (3940),
produced in association with a J/ψ in e+e− annihilation. The left panel of Fig. 65 shows the dis-
tribution of masses recoiling from the J/ψ in inclusive e+e− → J/ψ X reactions [334]. With a
partial reconstruction technique, Belle was able to isolate samples of exclusive e+e− → J/ψDD̄
and J/ψD∗ D̄ events. The DD̄ and D∗ D̄ invariant mass distributions for these samples are shown in
the right panels of Fig. 65. There is no sign of the X (3940) in the DD̄ events, but there is a distinct
signal for X (3940) → D∗ D̄.
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Fig. 64. Left: Invariant mass distributions for DD̄ pairs produced via the γ γ → DD̄ two-photon process.
The curves show fits to the data with (solid) and without a resonance term (dashed) [333]. Right: The yield of
events with 3.91 < M(DD̄) < 3.95 GeV versus | cos θ∗|. The curves are expectations for J = 2 (solid) and
J = 0 (dashed); the histogram shows the M(DD̄) sideband yield [333].
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Fig. 65. Left: The distribution of masses recoiling from the J/ψ in inclusive e+e− → J/ψ X reactions [334].
The solid curve shows the result of a fit that includes ηc, χc0, ηc(2S), and X (3940) resonance terms as well
as a smooth background function that has a step at the DD̄ threshold (dotted curve). Right: The a) DD̄ and
b) D∗ D̄ invariant mass distributions from exclusive e+e− → J/ψD(∗) D̄ annihilation [334]. The curves are
fits that include possible resonance terms and the histograms are backgrounds determined from the D-meson
sidebands. The dashed curves show: a) the 90% C.L. upper limit on the signal; b) the background function.

To address the question of whether or not the X (3940) is the same state as the Y (3940), a
search [334] was made for e+e− → J/ψωJ/ψ . No signal for X (3940) → ωJ/ψ was seen and
a 90% C.L. lower limit B(X (3940) → D∗ D̄) > 1.7B(X (3940) → ωJ/ψ) was established, which
is inconsistent with the corresponding upper limit for the Y (3940) discussed above. This implies that
the Y (3940), produced in B decays and decaying to ωJ/ψ , and the X (3940), produced in associa-
tion with a J/ψ and decaying to DD̄∗, are distinct states. The only cc̄ assignment available for the
X (3940) is the ηc(3S), for which decays to D∗ D̄ are expected to be dominant and decays to DD̄
are forbidden by parity. However, the 3S1 triplet partner state of the ηc(3S) is the well established
ψ(4040), with a mass of 4040 ± 4 MeV [23]. Assigning the X (3940) as the ηc(3S) would mean
�Mh f s(3S) = 98 ± 8 MeV, i.e., twice as large as�Mh f s(2S) (see above) and in strong disagreement
with theoretical expectations.

9.1.6. Anomalous J PC = 1−− states seen in initial-state-radiation processes. In 2005, BaBar
reported the discovery of a striking π+π− J/ψ peak near 4260 MeV in the initial-state-radiation pro-
cess e+e− → γisrπ

+π− J/ψ [335]. This observation was subsequently confirmed by CLEO [336]
and Belle [337]. The cross section for e+e− → π+π− J/ψ from the Belle paper is shown in the left
panel of Fig. 66, where a prominent signal for the Y (4260) with a peak cross section of ∼ 70 pb is
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Fig. 66. The cross sections for left: e+e− → π+π− J/ψ [337] and right: e+e− → π+π−ψ(2S) [341].

evident. Curiously, the total cross section for e+e− annihilation into open charmed mesons shows
no sign of a peak at 4260 MeV; the total cross section for open charm at the Y (4260) peak is about
3 pb [338], which, taken together with the measured natural width �tot[Y (4260)] = 95 ± 14 MeV,
implies a 90% C.L. lower limit on the partial width �(Y (4260) → π+π− J/ψ) > 1.6 MeV [339].
This is much larger than values that are typical for 1−− charmonium states (e.g., �(ψ(3770) →
π+π− J/ψ) = 53 ± 8 keV).

BaBar also reported a similar peak in the π+π−ψ(2S) cross section at 4325 MeV [340]. With
higher statistics, Belle confirmed this (now called the Y (4360)), and found a second, higher mass
peak, the Y (4660) [341] (see the right panel of Fig. 66). Here too, there are no evident accompanying
structures in the open charm cross sections near these masses. Another peculiar feature is that, with
the currently available statistics, there are no signs of the Y (4260) in the π+π−ψ(2S) channel or of
the Y (4360) or Y (4660) in the π+π− J/ψ channel.

9.1.7. The electrically charged Z− charmonium-like meson candidates. In 2008, Belle reported
peaks in the ψ ′π− and χc1π

− invariant mass distributions in B → ψ ′π−K (Fig. 67 (left) [342,343]
and B → χc1π

−K (Fig. 67 (right) [344], respectively. If these peaks are meson resonances, they
would necessarily have a minimal quark content of cc̄dū and be unmistakably exotic. Although in
both cases the peaks have greater than 5σ statistical significance, the experimental situation remains
uncertain since none of these peaks have yet been confirmed by other experiments. Analyses by
BaBar of the same channels neither confirm nor contradict the Belle claims [345,346].

9.1.8. Studies of open charmed hadron pair-production via initial-state-radiation. The observa-
tion of the Y (4260)motivated a Belle program of measurements of exclusive e+e− cross sections for
charmed hadron pairs near threshold. Belle presented the first measurements of exclusive cross sec-
tions for the production of charmed-hadron pairs in electron–positron annihilation in the vicinity of
the threshold for open-charm production performed at CM energies near theϒ(4S) resonance using
the initial-state-radiation process. The continuous energy spectrum of this radiation allows investi-
gating the production of charmonium with quantum numbers J PC = 1−− over the whole energy
range. The electromagnetic suppression of hard photon radiation is compensated by an enormous
integrated luminosity collected at the B-factories, and selection criteria specific for the ISR processes
provide high efficiency at considerable suppression of the background. Taken together, these factors
resulted in measurements that are competitive in precision with the CLEOc [336] and BESII [347]
experimental data in which charmed-hadron cross sections were measured using e+e− energy scans
without electromagnetic suppression.
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Fig. 67. Left: The M2
ψ ′π− projection of the Dalitz plot with the K ∗ bands removed is shown as data points [343].

The histograms show the corresponding projections of the Dalitz-plot fits with (red solid) and without (blue
dotted) a Z− → ψ ′π− resonance term. The dashed histogram is the background. Right: The data points show
the Mχc1π− projection of the Dalitz plot with the K ∗ bands removed. The histograms show the corresponding
projections of the fits with (red solid) and without (blue dotted) two Z− → χc1π

− resonance terms, the dotted
histograms represent the contribution of the two χc1π

− resonances.
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Fig. 68. Exclusive cross sections for charmed-hadron pair production measured in Belle [348–352]. Left: DD̄,
D = D0 or D+ (upper); D+ D∗− (middle); D∗+ D∗− (lower). Right: D0 D−π+ (upper); D0 D∗−π+ (middle);
�+

c �
−
c (lower). The vertical dashed lines indicate the mass values of the established 1−− charmonium states:

ψ(4040), ψ(4160), and ψ(4415).

The exclusive e+e− cross sections to DD (D = D0 or D+), D+D∗−, D∗+D∗−, D0 D−π+, and
D0 D∗−π+ final state using ISR [348–351], shown in Fig. 68, have no evident peaks that can be
associated with any of the above-mentioned Y states, contrary to expectations for conventional
J PC = 1−− charmonium states with such large masses and total widths.

In 2008, the Belle collaboration reported the observation of a significant near-threshold peak, called
the X (4630), in the e+e− → �+

c �
−
c exclusive cross section shown in the lower right-hand panel of

Fig. 68 [352]. It remains unclear whether or not this observed peak is a resonance. In particular, peaks
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near the baryon–antibaryon pair mass threshold are observed in many processes, including three-
body baryon decays of B-mesons [162]. The mass and width of the X (4630) peak determined under
the assumption that the X (4630) is due to a resonance are M = (4634 ± 10)MeV/c2 and � = (92 ±
40)MeV. These values agree within errors with the mass and the full width of the Y (4660) peak seen
in the Y (4660) → π+π−ψ ′ decay channel [341] as mentioned above. Such a coincidence (including
quantum numbers) may not be accidental, although the possibility that the X (4630) and Y (4660)
peaks have different origins cannot be ruled out. Among possible conventional interpretations, it has
been suggested that the X (4630) is the ψ(5S) or ψ(6S) 1−− charmonium state [353], or a threshold
effect caused by the presence of the ψ(3D) state with mass slightly below the �+

c �
−
c threshold.

9.1.9. Summary. This section has highlighted only a fraction of the charmonium and
charmonium-related results from Belle. In addition to the observations described above, Belle
reported a number of other observations related to charmonium. A near-threshold peak was found in
the D∗ D̄∗ e+e− → J/ψD∗ D̄∗ annihilation process [354]. A Belle search for the Y (4140)—a φ J/ψ
resonance reported by CDF [355]—in the φ J/ψ mass distribution produced via the γ γ → φ J/ψ
two-photon process found no evidence for the Y (4140) but, instead, uncovered a 3.2σ signifi-
cant peak at higher mass that was dubbed the X (4350) [356]. Belle cross section measurements
of exclusive processes of the type e+e− → J/ψηc [308] and e+e− → J/ψD(∗) D̄(∗) [357] found
order-of-magnitude disagreements with NRQCD predictions [358–360] and have had a profound
impact on subsequent developments in the theory; see, e.g., Ref. [361]. A recent study of the γχc1

mass distribution in the B-meson decay process B → Kγχc1 found strong evidence for the long-
sought-for ψc2, the 3 D2 charmonium state (V. Bhardwaj et al. (Belle Collaboration), manuscript in
preparation).

In the original physics program planned for Belle outlined in the Belle Letter of Intent (M.T. Cheng
et al. (Belle Collaboration), KEK-Report 94-2 (1994), unpublished), no mention was made of
charmonium physics or searches for non-conventional, multi-quark meson states. Somewhat unex-
pectedly, thanks in part to the huge data samples provided by the KEKB collider, Belle turned out to
be a powerful instrument for both conventional charmonium physics, and for uncovering a new class
of charmonium-like states that have yet to be understood [362].

9.2. Bottomonium(-like) states

As described in the previous section, most of the new charmonium states discovered in recent years
at the B-factories do not seem to have a simple cc̄ structure. Although the masses of these states are
above the corresponding thresholds for decay into a pair of open charm mesons, they decay readily
into J/ψ or ψ(2S) and pions, which is unusual for cc̄ states. In addition, their masses and decay
modes are not in agreement with the predictions of potential models, which, in general, describe cc̄
states very well. For these reasons, some of these charmonium-like states are probably more complex
than simple quark–antiquark states and are candidates for exotic objects such as hybrid, molecular,
or tetraquark states. Recently, Belle has made a series of exciting discoveries of new states in the
bottomonium sector using its unique data sample taken around the ϒ(5S) resonance.

Bottomonium refers to bound states of bb̄ quarks and is considered an excellent laboratory to study
QCD at low energy. The spin-singlet states hb(n P) and ηb(nS) alone provide information concerning
the spin–spin (or hyperfine) interaction in bottomonium. Measurements of the hb(n P)masses would
provide unique access to the P-wave hyperfine splitting,�Mh f s(n P) ≡< M(n3 PJ ) > −M(n1 P1),
the difference between the spin-weighted average mass of the P-wave triplet states (χbJ (n P) or
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Fig. 69. The inclusive Mmiss spectrum with the combinatorial background subtracted (points with error bars)
and the signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries
of the fit regions. The expected high-statistics reference signals, ϒ(5S) → ϒ(nS)π+π− where n = 1, 2, 3, as
well as the newly observed hb(1P) and hb(2P) states are seen.

n3 PJ ) and that of corresponding hb(n P), or n1 P1. These splittings are predicted to be close to
zero. Recently, CLEO observed the process e+e− → hc(1P)π+π− at a rate comparable to that
for e+e− → J/ψπ+π− in data taken at the ψ(4160) resonance. Such a large rate was unexpected
because the production of hc(1P) requires a c-quark spin-flip, while production of J/ψ does not.
Belle previously reported anomalously high rates for e+e− → ϒ(nS)π+π− (n = 1, 2, 3) at ener-
gies near the ϒ(5S) mass [363]. If the ϒ(nS) signals are attributed entirely to ϒ(5S) decays, the
measured partial decay widths �[ϒ(5S) → ϒ(nS)π+π−] ∼ 0.5 MeV are about two orders of mag-
nitude larger than typical widths for di-pion transitions among the four lower ϒ(nS) states. Using
the large data sample collected at energies near theϒ(5S) resonance and motivated by the suggestive
CLEO result, Belle decided to investigate the missing hb(m P) singlet bottomonium states [364].

We do not expect the hb(m P) states to have a large dominant exclusive decay mode, which
would allow their reconstruction with high efficiency. Instead, they are reconstructed inclusively
using the missing mass (recoil mass) of the π+π− pair. The π+π− missing mass is defined as
M2

miss ≡ (Pϒ(5S) − Pπ+π−)2, where Pϒ(5S) is the 4-momentum of the ϒ(5S) determined from the
beam momenta and Pπ+π− is the 4-momentum of the π+π− system. The π+π− transitions between
ϒ(nS) states provide high-statistics reference signals as shown in Fig. 69. The hb(n P) states are also
very clearly, and for the first time, observed here. The measured masses of the hb(1P) and hb(2P),
M = (9898.3 ± 1.1+1.0

−1.1)MeV/c2 and M = (10259.8 ± 0.6+1.4
−1.0)MeV/c2 respectively, correspond to

hyperfine splittings that are consistent with zero. The processes ϒ(5S) → hb(m P)π+π−, which
require a heavy-quark spin flip, are then found to have rates that are comparable to those for the
heavy-quark spin conserving transitions ϒ(5S) → ϒ(nS)π+π−. These observations differ from
a priori theoretical expectations and strongly suggest that exotic mechanisms contribute to ϒ(5S)
decays.

To understand the ϒ(nS) and hb(m P) production mechanism at the ϒ(5S) resonance, it is
necessary to study in detail the resonant structure of the ϒ(5S) → ϒ(nS)π+π− and ϒ(5S) →
hb(m P)π+π− transitions [365]. In the case of ϒ(5S) → ϒ(nS)π+π−, the ϒ(nS) is reconstructed
in the μ+μ− channel and one examines the π±ϒ(nS)mass spectra. This is illustrated for theϒ(2S)
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Fig. 70. Comparison of fit results (open histograms) with experimental data (points with error bars) for events
in theϒ(2S) signal regions. M(ϒ(2S)π)max is the maximum invariant mass of the twoϒ(2S)π combinations.
The hatched histogram shows the background component.

Table 22. Comparison of results on Zb(10 610) and Zb(10 650) parameters (mass and width in MeV,
relative normalization and phase in degrees) obtained from ϒ(5S) → ϒ(nS)π+π− (n = 1, 2, 3) and
ϒ(5S) → hb(m P)π+π− (m = 1, 2) analyses.

Final state ϒ(1S)π+π− ϒ(2S)π+π− ϒ(3S)π+π− hb(1P)π+π− hb(2P)π+π−

M[Zb(10 610)] 10 611 ± 4 ± 3 10 609 ± 2 ± 3 10 608 ± 2 ± 3 10 605 ± 2+3
−1 10 599+6

−3
+5
−4

�[Zb(10 610)] 22.3 ± 7.7+3.0
−4.0 24.2 ± 3.1+2.0

−3.0 17.6 ± 3.0 ± 3.0 11.4+4.5
−3.9

+2.1
−1.2 13+10

−8
+9
−7

M[Zb(10 650)] 10 657 ± 6 ± 3 10 651 ± 2 ± 3 10 652 ± 1 ± 2 10 654 ± 3+1
−2 10 654+2

−3
+3
−2

�[Zb(10 650)] 16.3 ± 9.8+6.0
−2.0 13.3 ± 3.3+4.0

−3.0 8.4 ± 2.0 ± 2.0 20.9+5.4
−4.7

+2.1
−5.7 19 ± 7+11

−7

Rel. norm. 0.57 ± 0.21+0.19
−0.04 0.86 ± 0.11+0.04

−0.10 0.96 ± 0.14+0.08
−0.05 1.39 ± 0.37+0.05

−0.15 1.6+0.6
−0.4

+0.4
−0.6

Rel. phase 58 ± 43+4
−9 −13 ± 13+17

−8 − 9 ± 19+11
−26 187+44

−57
+3
−12 181+65

−105
+74
−109
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Fig. 71. Comparison of fit results for events in the hb(1P) signal region. The Zb(10 610) and Zb(10 650) are
clearly observed in both cases; the result of the fit is represented by the histogram.

case in Fig. 70. Two charged bottomonium-like resonances, the Zb(10 610) and Zb(10 650), are
observed (Table 22). A similar structure is found (Fig. 71) for the hb(m P)π+π− decay, where
this time the appropriate observable is Mmiss(π

∓), the missing mass of the opposite sign pion
as the decays are reconstructed inclusively using the missing mass of the π+π− pair. Production
of the Zbs saturates the ϒ(5S) → hb(m P)π+π− transitions and accounts for the high inclu-
sive hb(mS) production rate. All channels yield consistent results and weighted averages over
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all five channels give M = 10 607.2 ± 2.0 MeV/c2, � = 18.4 ± 2.4 MeV for the Zb(10 610) and
M = 10 652.2 ± 1.5 MeV/c2,� = 11.5 ± 2.2 MeV for the Zb(10 650), where statistical and system-
atic errors are added in quadrature. The Zb(10 610) production rate is similar to that of the Zb(10 650)
for each of the five decay channels. Analyses of charged pion angular distributions favor the J P = 1+

spin-parity assignment for both the Zb(10 610) and Zb(10 650).
These states defy a standard bottomonium assignment. In principle, a bottomonium particle’s elec-

tric charge is zero; therefore, the minimal quark content of the Zb(10 610) and Zb(10 650) is a
four-quark combination. Theoretical interpretations of these hidden-bottom meson resonances were
proposed immediately after their observation. The proximity (within a few MeV/c2) of the mea-
sured masses of these unexpected new states to the open beauty thresholds, B B̄∗ (10 604.6 MeV/c2)
and B∗ B̄∗ (10 650.2 MeV/c2), suggests a “molecular” nature of these new states, which can in turn
explain most of their observed properties. In the case of a molecule, it would be natural to expect
that Z0

b(10 610) and Z0
b(10 650) states to decay respectively to B B̄∗ and B∗ B̄∗ final states at sub-

stantial rates. Recently, Belle reported preliminary results on the analysis of three-body ϒ(5S) →
B B∗π (B+ B̄∗0π−, B−B∗0π+, B0 B∗−π+ and B̄0 B∗+π−) and ϒ(5S) → B∗B∗π (B∗+ B̄∗0π−

and B∗−B∗0π+) including an observation of the ϒ(5S) → Z±
b (10 610)π∓ → [B B̄∗]±π∓ and

ϒ(5S) → Z±
b (10 650)π∓ → [B∗ B̄∗]±π∓ decays as intermediate channels. Evidence (with a sig-

nificance of 4.9σ ) for a neutral Z0
b(10 610) decaying toϒ(2S)π0 has been also obtained by Belle in a

Dalitz plot analysis ofϒ(5S) → ϒ(2S)π0π0 using their fullϒ(5S) data sample [366]. Its measured
mass, M(Z0

b(10 610)) = 10 609+8
−6 ± 6 MeV/c2, is consistent with the mass of the corresponding

charged state, the Z±
b (10 610).

The Zb states have also been interpreted as cusps at the B∗ B̄ and B∗ B̄∗ thresholds and as tetraquark
states.

After observing that the decay ϒ(5S) → hb(n P)π+π− proceeds via the Zb intermediate reso-
nances, Belle [367] exploited this information to look for the ηb(1, 2S) resonances in the processes
e+e− → hb(n P)π+π−, hb(n P) → ηb(mS)γ . Here only the π+, π−, and γ are reconstructed and
the requirement 10.59 GeV/c2 < Mmiss(π

±) < 10.67 GeV/c2 helps to reduce the background sig-
nificantly. The Mmiss(π

+π−) spectra are fitted for different M (n)
miss(π

+π−γ ) bins to measure the

hb(n P) yield. The hb(n P) yield peaks at M (n)
miss(π

+π−γ ) values corresponding to mηb(mS) due to
the hb(n P) → ηb(mS)γ transitions (Fig. 72).

The hb(1P) → ηb(1S)γ and hb(2P) → ηb(1S)γ transitions are observed for the first time and
first evidence for the ηb(2S) is obtained using the hb(2P) → ηb(2S)γ transition. The mass and width
parameters of the ηb(1S) and ηb(2S) are measured to be mηb(1S) = (9402.4 ± 1.5 ± 1.8)MeV/c2,
mηb(2S) = (9999.0 ± 3.5+2.8

−1.9)MeV/c2, and �ηb(1S) = (10.8+4.0
−3.7

+4.5
−2.0)MeV. Our value of the ηb(1S)

mass is about 11 MeV higher than the previous world average and the hyperfine splittings are
57.9 ± 2.3 MeV and 24.3+4.0

−4.5 MeV for the 1S and 2S states, respectively, consistent with theoretical
predictions.

9.3. Others

In addition to cc̄ and bb̄ states, Belle has also studied charmed mesons and baryons. They are copi-
ously produced at KEKB either directly in e+e− collisions or as products of B meson decays. At
the 10.53 GeV CM energy, the cross section for prompt cc̄ pair production exceeds that of bb̄, assur-
ing large samples of ground and excited charmed states hadronizing from the produced cc̄ quarks.
Charm hadrons are usually studied inclusively; however, such an approach often suffers from large
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Fig. 72. The hb(1P) yield versus M (1)
miss(π

+π−γ ) (a), and hb(2P) yield versus M (2)
miss(π

+π−γ ) in the ηb(1S)
region (b) and in the ηb(2S) region (c). The solid (dashed) histogram presents the fit result (background
component of the fit function).

background. Charm production in B decays is governed by the Cabibbo-favored b → c transition.
The restricted kinematics of ϒ(4S) → B B̄ production enables selection of clean B samples. The
fixed spin of the parent B constrains the possible quantum numbers of daughter particles, simpli-
fying spin-parity determinations. However, charmed states with high spin and highly excited charm
states are suppressed in B decays.

9.3.1. Charmed mesons. The spectra of quark–antiquark systems are predicted using potential
models, which attempt to model QCD features by describing the interquark potential [368,369].
Charmed mesons, having cū, cd̄, or cs̄ quark content, are heavy-light systems for which the models
employ heavy quark symmetry (HQS). In the limit of an infinitely heavy-quark mass, heavy-light
mesons become similar to a hydrogen atom, which gives many theoretical simplifications. However,
since the c quark mass is finite, HQS is only an approximate symmetry. An important consequence
of its breaking is the D(s) − D∗

(s) splitting. The orbitally excited P-wave multiplet (L = 1), denoted
D∗∗
(s), is expected to consist of a broad J P = (0+, 1+) doublet having total light-quark angular

momentum jq = 1
2 and a narrow (1+, 2+) doublet with jq = 3

2 .
Before the advent of the B-factories, in addition to the ground state D(s) and D∗

(s) mesons, only
the narrow D∗∗

(s) doublets were established: (D1(2420), D∗
2(2460)) and (Ds1(2536), D∗

s2(2573)); the
broad ones remained missing. The discovery of two narrow and unexpected states, the D∗

s0(2317)+
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Fig. 73. Distributions of �M(Dsπ
0) (left), �M(D∗

s π
0) (middle), and �M(Dsγ ) (right). Histograms show

data from the Ds and/or π0 sideband regions.

Table 23. Parameters of D∗
s0(2317) and Ds1(2460), compared with PDG

parameters of jq = 3
2 states.

J P( jq) D∗∗
s Decay modes Mass (MeV/c2) Width (MeV/c2)

0+( 1
2 ) D∗

s0(2317) Dsπ 2317.2 ± 0.5 ± 0.9 <4.6

1+( 1
2 ) Ds1(2460) D∗

s π, Dsγ 2456.5 ± 1.3 ± 1.3 <5.5

1+( 3
2 ) Ds1(2536) D∗K 2535.3 ± 0.2 <2.3

2+( 3
2 ) D∗

s2(2573) DK 2572.6 ± 0.9 20 ± 5

and Ds1(2460)+, began a renaissance in charm spectroscopy [370–372]. They were found in the
D+

s π
0 and D∗+

s π0 final states, respectively, and were produced inclusively in the cc̄ continuum. Spec-
tra of the �M(D(∗)

s π0) ≡ M(D(∗)
s π0)− M(D(∗)

s ) mass difference measured by Belle are shown in
Fig. 73; prominent peaks at �M(Dsπ

0) ≈ 350 MeV/c2 and �M(D∗
s π

0) ≈ 350 MeV/c2 are the
D∗

s0(2317) and Ds1(2460), respectively. Their masses and upper limits on their widths, measured
from fits to the �M(D(∗)

s π0), are summarized in Table 23.
Observation of radiative Dsγ (Fig. 73) and di-pion Dsπ

+π− decays of the Ds1(2460) ruled out a
J P = 0± assignment. For the D∗

s0(2317) no decay channel was found apart from the discovery mode.
Such a decay pattern was consistent with spin-parity assignments of 0+ and 1+ for the D∗

s0(2317) and
Ds1(2460) respectively, as expected for the P-wave cs̄ doublet with jq = 1

2 . However, the measured
masses were much lower than predicted by potential models and, thus, decays to D(∗)K , expected to
be dominant, were not permitted kinematically. Instead, the dominant decays into isospin-violating
modes resulted in very small widths. All this triggered exotic interpretations of these mesons as
DK molecules, multiquark states, mixtures of a P-wave cs̄ meson with a cs̄qq̄ tetraquark, or chiral
partners of D(∗)

s [373–375].
To clarify the nature of these states, Belle searched for them in exclusive B → D̄Ds J decays,

where Ds J denotes any excited charmed-strange meson [376]. These reactions proceed via b̄ →
c̄W + → c̄cs̄, which is the dominant cs̄ production mechanism in B decays; here D∗∗

s with jq = 1
2

are expected to be more readily produced than jq = 3
2 states. Thus, one expected to observe the

D∗
s0(2317) and Ds1(2460) in B → D̄Ds J , if they were the missing cs̄ doublet. The Ds J final states

studied were D(∗)
s π0, D(∗)

s γ , and D(∗)
s π+π−. Figure 74 shows the distributions of Ds J invariant

mass for B candidates satisfying the �E and Mbc signal region requirements, and for the channels
with significant signals found: D∗

s0(2317) → Dsπ
0, Ds1(2460) → D∗

s π
0, and Ds1(2460) → Dsγ .

The Ds1(2460) helicity angle distribution for the Ds1(2460) → Dsγ mode (Fig. 74) showed that the
data were consistent with the J = 1 hypothesis. Study of the Ds J production rates in B → D̄Ds J

decays seems to support the interpretation of the D∗
s0(2317) and Ds1(2460) as the orbitally excited
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Fig. 74. Left: M(Ds J ) distributions for Ds J final states: Dsπ
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0 (middle), Dsγ (bottom). Hatched

histograms show the �E sidebands. Right: the Ds1(2460) → Dsγ helicity distribution. Data points are
compared with MC predictions for J = 1 (solid line) and J = 2 (dashed) assignments.
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Fig. 75. Dalitz distributions for B− → D+π−π− (first from the left) and B− → D∗+π−π− (third) signal
region candidates. The corresponding M(D+π−)min and M(D∗+π−)min projections, with background sub-
tracted, are shown as the second and fourth plots, respectively. Hatched histograms show the fitted resonance
contributions. The open histogram is the coherent sum of all contributions.

cs̄ jq = 1
2 doublet. Although some of the models managed to reproduce the low masses of these

states [377], our understanding of cs̄ spectroscopy still seems to be incomplete.
On the other hand, the corresponding jq = 1

2 doublet in the cū spectrum, discovered by Belle about
the same time as the narrow D∗∗

s states, has properties that perfectly match potential model predic-
tions. The D∗∗ mesons, expected to decay dominantly into D(∗)π final states, were studied at Belle
in a full Dalitz plot analysis of B+ → D(∗)−π+π+ decays [378]. To distinguish between the two
identical final-state pions, D(∗)−π+ combinations having minimal and maximal mass values were
used as the Dalitz plot variables. The M2(D(∗)π)min versus M2(D(∗)π)max plots for B candidates
within the �E–Mbc signal region are shown in Fig. 75. Non-uniformly distributed events indicate
intermediate resonances emerging in the M2(Dπ)min spectrum. The fitted resonance contributions to
the M(D(∗)−π+)min projection are shown in Fig. 75. The Dπ system was found to be composed of a
tensor D∗0

2 and broad scalar state D∗0
0 , while the D∗π system consists of a narrow axial D1, a tensor

D∗
2 , as well as a broad axial D′

1. The two broad states, observed for the first time, were consistent
with the jq = 1

2 P-wave cū doublet. The measured parameters of the D∗∗0 states are summarized in
Table 24; the differences between the D∗∗ and D∗∗

s properties are striking. Belle also performed a
similar analysis for the D∗∗+s produced in B0 → D̄(∗)0π+π− [379].

92/110

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2012/1/04D

001/1575434 by guest on 25 April 2024



PTEP 2012, 04D001 J. Brodzicka et al.

Table 24. Parameters of the D∗∗ mesons.

J P( jq) D∗∗ Decay modes Mass (MeV/c2) Width (MeV/c2)

0+( 1
2 ) D∗

0(2400) Dπ 2308 ± 17 ± 15 ± 28 276 ± 21 ± 18 ± 60

1+( 1
2 ) D′

1(2420) D∗π 2427 ± 26 ± 20 ± 15 384+107
−75 ± 24 ± 70

1+( 3
2 ) D1(2420) D∗π 2421.4 ± 1.5 ± 0.4 ± 0.8 23.7 ± 2.7 ± 0.2 ± 4.0

2+( 3
2 ) D∗

2(2460) D(∗)π 2461.6 ± 2.1 ± 0.5 ± 3.3 45.6 ± 4.4 ± 6.5 ± 1.6
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Fig. 76. Left: Background-subtracted M(D0 K +) distribution for B+ → D̄0 D0 K + with a contribution from
D∗

s1(2700)+ (blue histogram), reflections from ψ(3770) (green) and ψ(4160) (yellow) decaying to D̄0 D0,
nonresonant contributions (brown and red). Right: D∗

s1(2700) helicity distribution compared to predictions for
J = 0 (green), 1 (red), and 2 (blue) spin assignments.

Studies performed by Belle allowed one to investigate the important implications of HQS breaking.
Theory predicts that the two 1+ mesons, with jq = 1

2 and jq = 3
2 , decay into D∗π in an S and a

D wave, respectively. Due to the finite c-quark mass, the observed (physical) 1+ states can be a
mixture of such pure states and, thus, the resulting D′

1 and D1 amplitudes are superpositions of
S- and D-wave amplitudes. The corresponding mixing angle was measured to be non-zero [378].
Similarly, mixing between the two cs̄ axial states can be expected. An angular analysis performed
for the Ds1(2536)+ → D∗+K 0

S mode showed that, contrary to the HQS prediction of a pure D-wave
decay, the S-wave decay dominates [380].

Potential models also predict multiplets of higher orbital and radial excitations of charmed
mesons. The first example of such a cs̄ meson, the D∗

s1(2700)+, was observed in the D0K + final
state produced in doubly-charmed B+ → D̄0 D0K + decays [329]. Its mass was measured to be
2708 ± 9+11

−10 MeV/c2, while its width is 108 ± 23+36
−31 MeV/c2. The D∗

s1(2700)+’s spin-parity of
1− was established from a study of its helicity angle. The M(D0K +) spectrum together with the
measured intermediate resonance contributions, as well as the D∗

s1(2700) helicity distribution, are
shown in Fig. 76. Observation of the D∗

s1(2700) → D∗K decay with a rate comparable to that for
DK , suggests that the D∗

s1(2700) is a D∗
s radial excitation [381].

9.3.2. Charmed baryons. Charmed baryons provide a laboratory for the study of the dynamics
of a light diquark in the environment of a heavy quark and allow one to test many theoretical predic-
tions [382,383]. For the charmed baryons with cud, cdd, or cuu quark content, the only states known
before the start of the B-factories were the �+

c and �c(2455)0,+,++ ground states with J P = 1
2
+

,

the 3
2
+

spin excitation�c(2520), as well as four�c excitations observed by CLEO in the�cππ final
state. Two states, the�c(2595) and the�c(2625), were identified as orbitally excited states, while the
interpretation of �c(2765) and �c(2880) remained unknown. Except for the �c, quantum numbers
of charmed baryons were not measured but, instead, either assigned based on model predictions or
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+π−) distribution with �+
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± within �c(2455)0,++ signal (black) and sideband (red)
regions. Middle: Helicity distribution of �c(2880) → �c(2455)π with fit results for the J = 1

2 (dotted), 3
2

(dashed), and 5
2 (solid) hypotheses. Right: �c(2880) yield as a function of M(�+

c π
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Fig. 78. M(�cπ)− M(�c) distributions for the �+
c signal window (points) and scaled sidebands (red his-

togram). Insets show background subtracted distributions for the �c(2800). The peaks at 0.43 GeV/c2 are
cross-feeds from �c(2880) → �c(2455)π where the pion from the �c(2455) decay is missing.

unknown. Since the predicted spectra are rich and dense, J P assignment for a given state is difficult
and requires experimental determination.

The first such measurement, performed for the �c(2880), is an excellent example of a compre-
hensive study of baryon properties [384]. Figure 77 shows the �+

c π
+π− invariant mass, with the

�+
c → pK −π+ mode reconstructed. In addition to the �c(2880) signal, there are also peaks asso-

ciated with the �c(2765), as well as the �c(2940) found by BaBar in the D0 p final state [385].
The parameters of the narrow baryons, obtained from a fit to the M(�cπ

+π−) distribution,
are: M�c(2880) = 2881.2 ± 0.2 ± 0.4 MeV/c2, ��c(2880) = 5.8 ± 0.7 ± 1.1 MeV/c2, M�c(2940) =
2938.0 ± 1.3+2.0

−1.4 MeV/c2, ��c(2940) = 13+8 +27
−5 −7 MeV/c2. The measured �c(2880) helicity distri-

bution (see Fig. 77) is consistent with the spin 5
2 hypothesis. The quark model predicts the lowest

5
2
−

and 5
2
+
�c spin excitations at about 2900 MeV/c2, in agreement with the �c(2880) mass.

The distribution of the �c(2880) yield as a function of the M(�+
c π

±), shown in Fig. 77, indi-
cates contributions from the �c(2455) and �c(2520). The measured �c(2880) partial width ratio,
�(�c(2520)π)
�(�c(2455)π) = 0.22 ± 0.06 ± 0.02, is consistent with the prediction for the 5

2
+

state [386].
Belle also studied excited charmed baryons decaying to �cπ final states. Figure 78 shows distri-

butions of the�M(�cπ) ≡ M(�cπ)− M(�c)mass differences for the�+
c π

−,�+
c π

0, and�+
c π

+

combinations [387]. Peaks near 0.51 GeV/c2 were attributed to new baryons forming an isotriplet
denoted as�c(2800)0,+,++. The measured�c(2800)mass splittings relative to the�c and�c(2800)
widths are summarized in Table 25. These new states could be members of the �c2 triplet with
J P = 3

2
−

with total angular momentum of the light diquark equal to two, and are expected to have
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Table 25. Parameters of charmed baryons discovered by Belle. The �c(2800) masses were
measured with respect to the �c mass of 2286.46 ± 0.14 MeV/c2.

Name Quark content Decay mode Mass (MeV/c2) Width (MeV/c2)

�c(2800)0 cdd �+
c π

− 515.4+3.2+2.1
−3.1−6.0 + M�c 61+18+22

−13−13

�c(2800)+ cud �+
c π

0 505.4+5.8+12.4
−4.6−12.0 + M�c 62+37+52

−23−38

�c(2800)++ cuu �+
c π

+ 514.5+3.4+2.8
−3.1−4.9 + M�c 75+18+12

−13−11

�c(2980)+ csu �+
c K −π+ 2978.5 ± 2.1 ± 2.0 43.5 ± 7.5 ± 7.0

�c(2980)0 csd �+
c K 0

Sπ
+ 2977.1 ± 8.8 ± 3.5 43.5 (fixed)

�c(3077)+ csu �+
c K −π+ 3076.7 ± 0.9 ± 0.5 6.2 ± 1.2 ± 0.8

�c(3077)0 csd �+
c K 0

Sπ
+ 3082.8 ± 1.8 ± 1.5 5.2 ± 3.1 ± 1.8

Fig. 79. Distributions of M(�+
c K −π+) (left) and M(�+

c K 0
s π

−) (right) with the fit curves overlaid.

�M(�cπ) ≈ 0.5 GeV/c2 and a width of 15 MeV/c2. Mixing of the �c2 with other states predicted
to lie nearby could be a reason for the wider observed state.

For charmed-strange baryons formed from csd or csu quarks, in addition to the ground states
�
(′)0,+
c and the 3

2
+

spin excitation �c(2645)0,+, there were also two candidates for P-wave excita-
tions, the �c(2790) and �c(2815), observed in the �′

cπ and �c(2645)π final states, respectively.
Belle studied �c states decaying into �c Kπ [388], which requires the c and s quarks in the initial
states to be carried away by different daughter particles. Two peaks in the M(�+

c K −π+) spectrum,
shown in Fig. 79, were attributed to the new excited baryons denoted �cx(2980)+ and �cx (3077)+.
Their neutral isospin partners were found in �+

c K 0
s π

−. The �cx (2980) and �cx (3077) parame-
ters, obtained from a fit to the M(�c Kπ) distribution, are summarized in Table 25. The spin parity
assignments for these baryons remain unknown.

10. Two-photon physics

An e+e− collider is also a γ γ collider. Through measurements of two-photon collision processes, we
can study hadron spectroscopy. Two-photon physics at Belle includes searches for new resonances,
tests of perturbative QCD, and measurements of photon–meson couplings and form factors. In this
section, we report our investigations of scalar resonances and QCD tests in meson-pair production
processes from two-photon collisions in the energy range between 1 GeV and 3 GeV. New resonances
produced in two-photon processes are discussed in Sect. 9.

10.1. Hadron physics and QCD

The Feynman diagram for the two-photon process γ γ → X at an e+e− collider is shown in Fig. 80,
where the reaction is regarded as a collision of two photons, each of which is emitted from one of the
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X

Fig. 80. A two-photon collision diagram for the process e+e− → e+e− X .

initial e+e− beams, i.e. e+e− → e+e−γ γ → e+e−X . The CM energy of the two-photon collision
system covers a wide range, and hence γ γ reactions can be measured over a continuous and broad
energy range. Usually, two-photon measurements are performed by exclusively reconstructing the
final-state particle system X in order to determine the collision energy of the two photons (W = MX )
for each event.

Meson resonance formation processes are explored in measurements in the low energy region
(W � 3 GeV). Since two or more overlapping resonances are often produced we extract each com-
ponent from a partial-wave analysis, which takes into account interference. It is known that some
light-quark scalar mesons, such as the f0(980) and a0(980), cannot easily be explained in a qq̄ con-
stituent model. The two-photon decay width �γγ of these light quark mesons, which is measured
by two-photon processes, is the most important parameter that provides information on the internal
structure of such mesons.

In the higher energy region (W � 3 GeV), we study the properties of charmonia and search for
new hadronic states with even charge-conjugation C . Since the contributions from resonances are
relatively small in this region, we can test QCD by measuring the differential cross section of meson-
pair production processes, γ γ → M M ′, which is calculated theoretically in a model with quark-
pair production γ γ → qq̄ followed by quark hadronization. The hadronization part is described by
several different models based on perturbative and non-perturbative QCD. The Belle data sample has
been used to perform such QCD tests with by far the highest statistics to date.

10.2. Principles of a two-photon process measurement at an e+e− collider

In a two-photon process at an e+e− collider, photons emitted from the beam particles are always
virtual, and the four-momentum squared (q2, which is the same as the invariant mass squared
of the photon) is always negative. The virtuality of the photon Q2(= −q2) is well approximated
as Q2 = 4Eb E ′ sin2 θ

2 , where Eb is the CM beam energy, and E ′ and θ are the recoil energy
and the scattering angle of the beam particle, respectively, when θ is not very close to zero.
However, the emission angle of the photon has a strong peak near θ ∼ 0 (Q2 ∼ 0). When the
θ angles of both photons are small and the recoil e− and e+ are not detected, the reaction is
regarded to a good approximation as a collision of two real photons (we call this case a “zero-tag
event”).

In a zero-tag event, the transverse momentum component (pt ) of the final-state system X tends to
be balanced, that is, close to zero. Requiring pt balance and a much smaller detected energy compared
with that for the e+e− beams, we can easily separate the two-photon signal process from background
e+e− annihilation processes. However, if W is greater than about 0.5

√
s for the e+e− beams, mea-

surement of two-photon processes becomes difficult due to the large background from annihilation
processes and/or the small statistics of the signal. In the B-factory energy range, measurements up
to W � 4.5 GeV are feasible.
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The measured cross section σ(e+e− → e+e−X) can be translated into a two-photon collision cross
section using the relation:

σ(e+e− → e+e−X) =
∫
σ(γ γ → X; W )

d Lγ γ
dW

dW,

where d Lγ γ /dW is the two-photon luminosity function calculated in QED as a probability density
distribution for the CM energy of the two-photon systems, which are emitted from the incident e+e−.
The two-photon cross section depends very weakly (logarithmically) on the e+e− beam energy.

10.3. Single meson formation process

If only one meson is produced in a collision of two real photons, the quantum numbers of the meson,
C , and spin-parity (J PC ) are restricted to be (even)±+ or (odd, J �= 1)++. The production of J = 1
mesons is forbidden. Thus, two-photon production is complementary to e+e− annihilation processes
where only 1−− mesons are produced directly.

In these processes, the production cross section of a meson is proportional to its two-photon decay
width �γγ via the relation:

σ(W ) = 8π(2J + 1)
�γγ (R)�RB(R → final state)

(W 2 − M2
R)

2 + M2
R�

2
R

,

where MR and �R are the mass and total width of the meson, and B is the branching fraction.
In the zero-tag mode, we measure only the final-state particles from the decay of a produced meson.

This significantly reduces backgrounds compared to the case of γ γ inclusive meson production. The
two-photon decay width of neutral mesons is a direct and sensitive probe of their internal structure,
as mentioned above. In addition, detailed analyses of final states are useful to study the branching
fractions and decay structures.

10.4. Production of light-quark mesons

Meson production through two-photon processes had been studied in the past at PEP, PETRA, TRIS-
TAN, and LEP (see, e.g., the compilation in Ref. [389]). However, the more than three orders of
magnitude larger statistics available at a B-factory compared to past experiments have qualitatively
improved the analyses, allowing detailed studies of resonances that were impossible in the past.

Figure 81 shows an example of the large Belle two-photon data statistics; here we give the inte-
grated cross section (| cos θ∗| < 0.6) for γ γ → π+π− as a function of W , where θ∗ is the angle of
the produced particle relative to one of the incident photons in the CM system of the two photons and
W is the total CM energy [390,391]. This analysis used an early Belle data sample with an integrated
luminosity of only 85 fb−1 (∼ 9% of the full data). The Belle data have negligibly small error bars
and a structure due to the f0(980) is clearly visible near W 
 1 GeV, as shown in the inset.

10.5. Measurements of pseudoscalar-meson-pair production at Belle

Belle has performed a study of γ γ → P1 P2, where P1 P2 are π+π− [390–392], K +K − and
K 0

S K 0
S [392–394], π0π0 [395,396], ηπ0 [397], and ηη [398]. The angular coverage for charged-

particle-pair production is restricted to the range | cos θ∗| < 0.6 due to the limitations of the charged
track triggers. On the other hand, for π0π0, π0η, and ηη, we can extend the angular range to
| cos θ∗| < 0.8 or even to | cos θ∗| < 1.0 (full angular coverage) owing to the wider coverage of
the calorimeter trigger for multi-photon final-state events. It should be noted that a wider angular
coverage plays an essential role in separating partial waves.
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Fig. 81. Integrated cross section (| cos θ∗| < 0.6) of γ γ → π+π−. The inset shows an enlarged view of the
Belle data near the f0(980) peak. A fit with a resonance parameterization is superimposed.

A study of resonance production in two-photon collisions gives several resonance (R) parameters:
its mass, its total width, and �γγB(R → P1 P2). The latter is difficult to obtain otherwise.

10.6. Differential cross sections and partial wave amplitudes

Partial waves with even angular momenta contribute to the cross section of γ γ → P1 P2. Up to G
waves may be considered at low energy (W � 2 GeV)9. The differential cross section can then be
written as

dσ

d�
(γ γ → P1 P2) =

∣∣∣SY 0
0 + D0Y 0

2 + G0Y 0
4

∣∣∣2 +
∣∣∣D2Y 2

2 + G2Y 2
4

∣∣∣2 , (10.1)

where S is the J = 0 partial wave, D0 and G0 (D2 and G2) are the helicity-zero (-two) components of
partial waves for J = 2 and 4, respectively, and Y m

J s are spherical harmonics; partial waves determine
the energy (W ) dependence, while spherical harmonics govern the angular dependence. Because
spherical harmonics are not independent of each other, the partial waves cannot be determined by
only fitting the differential cross section.

If we write
dσ

4πd| cos θ∗|(γ γ → P1 P2) = Ŝ2|Y 0
0 |2 + D̂2

0|Y 0
2 |2 + D̂2

2|Y 2
2 |2 + Ĝ2

0|Y 0
4 |2 + Ĝ2

2|Y 2
4 |2, (10.2)

we can determine the “hat amplitudes” Ŝ2, D̂2
0 , D̂2

2 , Ĝ2
0, and Ĝ2

2 by fitting differential cross sections
in each W -bin, because the |Y m

J |2s are independent of each other. Spectra of hat amplitudes can give
useful information on partial waves even though they contain terms arising from the interference of
partial waves (S, D0, D2, G0, and G2) [395].

In order to obtain information on possible resonances, we have to parameterize the partial waves
and then fit differential cross sections according to Eq. (10.1). Such analyses allow measurement of
the two-photon widths of some mesons, including the f0(980) and a0(980).

The existence of the low-lying scalar nonet ( f0(500) (or σ ), K ∗(800) (or κ), f0(980), and a0(980))
is a long-standing puzzle, yet these scalar mesons are thought to play the role of a “Higgs boson in
QCD”, by spontaneously breaking the chiral symmetry of the QCD vacuum [399–402].

9 We denote individual partial waves by roman letters and parameterized waves by italic.
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Table 26. Two-photon width (×B).
Meson �γγ (×B) (eV) Ref.

f0(980) �γγ = 286 ± 17+211
−70 [395]

a0(980) �γγB(ηπ0) = 128+3+502
−2−40 [397]

f2(1270) �γγ = 3030 ± 350 [23]
a2(1320) �γγ = 1000 ± 60 [23]

The measured two-photon widths of f0(980) and a0(980) are small (although the results have large
systematic errors) compared to those of the f2(1270) and a2(1320), as listed in Table 26. This pattern
of widths supports a picture in which the low-lying scalar mesons are made of color-triplet diquark
pair [399–402].

A more satisfactory way to derive information on partial waves is to do partial wave analyses
utilizing hadron data of the past and fully taking into account theoretical constraints [403]; we eagerly
await such analyses using the high-statistics data from Belle.

10.7. QCD in the higher energy region

In the higher energy region (W � 3 GeV) where resonance contributions are small, QCD can be
studied by measuring exclusive two-body hadron production. It is believed that QCD gives reliable
predictions at sufficiently high energy but the applicable energy is not known. Belle can measure
two-photon processes up to W of 4.5 GeV. S.J. Brodsky and G.R. Farrar predicted

dσ

dt
= s2−nc f (θ∗) (10.3)

for hadron-pair production in a two-photon process at sufficiently high energy, using the Mandel-
stam variables s(= W 2) and t [404]. nc is the total number of elementary particles involved in
the initial and final states, eight for baryon-pair production (∴ σ ∼ W −10) and six for meson-pair
production (∴ σ ∼ W −6). S.J. Brodsky and G.P. Lepage (BL) also calculated the differential cross
section for meson-pair production [405]. Their calculation was based on perturbative QCD where the
perturbatively calculable γ γ → qq̄ part is convoluted with the quark distribution amplitude. They
obtained

dσ

d| cos θ∗| = 16πα2 |FM(s)|2
s

{
(e1 − e2)

4

sin4 θ∗ + 2(e1e2)(e1 − e2)
2

sin2 θ∗ g(θ∗)+ 2(e1e2)
2g2(θ∗)

}
,

(10.4)

where FM(s) is the electromagnetic form factor for a meson M , ei is the charge of a constituent quark,
and g is a function that depends on the quark distribution function. For charged meson-pair pro-
cesses this calculation predicts dσ/d cos θ∗ ∼ sin−4 θ∗, and dσ(π+π−)/dσ(K +K −) = ( fK / fπ)4.
The first term in Eq. (10.4), which is dominant for charged meson pair processes, does not depend
on g because the dependence on the quark distribution function is absorbed into FM . This pre-
diction was improved by taking into account the effect of the s quark and modifying distribution
functions [406,407]. Predictions for neutral meson-pair processes are not straightforward, since the
terms that include g are dominant.

On the other hand, a non-perturbative calculation in the handbag model [408,409] (DKV) factorizes
the non-perturbative hadronization part and gives the differential cross section

dσ

d| cos θ∗| = 8πα2

s

1

sin4 θ∗ |RM M(s)|2. (10.5)
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Table 27. Comparison between measured angular distribution and perturbative QCD
prediction of sin−4 θ∗.

Mode sin−4 θ∗ W (GeV) | cos θ∗| Ref.

π+π− Well matched 3.0–4.1 <0.6 [392]
K +K − Well matched 3.0–4.1 <0.6 [392]
K 0

S K 0
S Matched 2.4–3.3 <0.6 [394]

π0π0 Better agreement with sin−4 θ∗ + b cos θ∗ 2.4–4.1 < 0.8 [395]
Approaches sin−4 θ∗ above 3.1 GeV

ηπ0 Good agreement above 2.7 GeV 3.1–4.1 <0.8 [397]
ηη Poor agreement 2.4–3.3 <0.9 [398]

Close to sin−6 θ∗ above 3.0 GeV

Table 28. Energy dependence of the measured cross section. (n value in σ0 ∝ W −n) and ratios of σ0 between
different processes. σ0 is the cross section integrated over the sensitive angular region. An SU(3) octet (mixture
of octet and singlet with mixing angle −18◦) is assumed for the η meson. R f is the ratio of decay constants
squared, f 2

η / f 2
π0 .

Process n or σ0 ratio W (GeV) | cos θ∗| BL [405] BC [406,407] DKV [408,409]

π+π− 7.9 ± 0.4 ± 1.5 3.0–4.1 <0.6 6 6
K +K − 7.3 ± 0.3 ± 1.5 3.0–4.1 <0.6 6 6
K 0

S K 0
S 10.5 ± 0.6 ± 0.5 2.4–4.0 <0.6 6 10

π0π0 8.0 ± 0.5 ± 0.4 3.1–4.1 <0.8 6 10
ηπ0 10.5 ± 1.2 ± 0.5 3.1–4.1 <0.8 6 10
ηη 7.8 ± 0.6 ± 0.4 2.4–3.3 <0.8 6 10

p p̄ 12.4+2.4
−2.3 3.2–4.0 <0.6 10

K +K −/π+π− 0.89 ± 0.04 ± 0.15 3.0–4.1 <0.6 2.3 1.06
K 0

S K 0
S/K +K − ∼0.13 to ∼0.01 2.4–4.0 <0.6 0.005 0.08

π0π0/π+π− 0.32 ± 0.03 ± 0.06 3.1–4.1 <0.6 0.04–0.07 0.5
ηπ0/π0π0 0.48 ± 0.05 ± 0.04 3.1–4.0 <0.8 0.24R f (0.46R f )

ηη/π0π0 0.37 ± 0.02 ± 0.03 2.4–3.3 <0.8 0.36R2
f (0.62R2

f )

Although this model cannot predict absolute values for the cross sections, it gives a relation between
annihilation form factors RM M̄(s) in different processes.

The Belle experiment has measured cross sections for π+π− [392], π0π0 [396], ηπ0 [397],
ηη [398], K +K − [392], K 0

S K 0
S [394], and p p̄ [410] production in two-photon production. Before

the Belle experiment no data were available to test these models due to limited statistics and poor
particle identification capabilities.

The angular distribution measurements are summarized in Table 27. The W −n dependence of the
cross section and ratios of cross sections are listed in Table 28. The measured angular dependences
agree with sin−4 θ∗ except for the ηη process. We obtained larger n values than the BL prediction of
six, and in the neutral meson-pair process the value is close to the BC prediction of ten, which may
be due to a significant higher order contribution in this energy region [406,407].

The ratios of cross sections asymptotically approach a constant as energy increases, but no model
can systematically reproduce all the measured values.

For baryon-pair processes, the measured n value is larger than the perturbative QCD prediction of
ten, but decreases as W increases [410]. The angular distribution above 2.5 GeV agrees qualitatively
with the perturbative QCD prediction but has a steeper rise.
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10.8. Summary and outlook

Two-photon processes can be a background when studying C P violation, the main theme at a
B-factory, as well as for other physics topics. However, a detailed study of two-photon data can
contribute much to the understanding of hadron physics in its own right as described above. The top-
ics that can be addressed are divided into four categories: the search for and study of new or exotic
particles, the production and decay structure of charmonia, the nature of light-quark resonances, and
tests of perturbative QCD. The overwhelming statistics available at a B-factory has opened a new
era in two-photon physics.

Our study so far has mostly been limited to collisions of two real photons; a vast unstudied region
remains open for future investigation, in which one or both of the photons are virtual, i.e. the study
of single and double tagged two-photon physics.

11. Summary

The Belle experiment at KEKB is described in Sect. 2. Belle accomplished its main mission, which
was the verification of Kobayashi and Maskawa’s bold proposal that a single irreducible complex
phase can explain all matter–antimatter asymmetries (C P-violating phenomena).

As discussed in detail in Sect. 3, Belle’s observation of large time-dependent C P asymmetries
in modes such as B → J/ψKS (together with similar results from BaBar) in 2001 demonstrated
that the KM proposal was correct and laid the foundation for their 2008 Nobel Prize in Physics. In
addition, the results provided a theoretically clean measurement of one of the interior angles of the
unitarity triangle, φ1 (or β). After the accumulation of the one ab−1 data set, the measurements of
C P asymmetries involving φ1 became precision results and important calibrations for new physics
studies.

To check the consistency of the SM of particle physics, it is also necessary to measure the other
two interior angles of the unitarity triangle, φ2 (or α) and φ3 (or γ ). Although theoretical plans for
the determination of these angles were proposed at the start of the B-factories, the final and most
precise results were obtained by new methods that were not originally anticipated; e.g. for φ3, the
best sensitivity was obtained from Dalitz analysis of B → DK , D → KSπ

+π− decays.
The development of the methods for determination of the length of the sides of the unitarity triangle

also followed a somewhat unexpected path that was determined by the convergence of high statistics
B-factory data and theoretical insight. The results and methods used for |Vcb| and |Vub| determination
are described in Sect. 4.

The results for the sides and interior angles of the unitarity triangle are consistent. However,
reasonably large new physics contributions, of order 10% the size of the SM amplitude, are still
allowed. In parallel with the work on fixing the weak interaction parameters of the unitarity tri-
angle, Belle also completed a decade of studies and publications on rare decays, as described in
Sect. 5.

In rare decays for which the SM amplitude contribution is highly suppressed, the effects of NP
could be clear and dramatic. Belle established the existence of a number of highly suppressed pro-
cesses including b → dγ and b → s�+�−. In addition, as the data sample has increased, there have
been a number of intriguing hints of NP in various channels, e.g. exclusive hadronic b → s C P-
violating modes, B → τν, and B → K ∗�+�−, but so far there is no compelling evidence of NP at
the current level of sensitivity in Belle. Exploration of NP will require the luminosity of SuperKEKB
and Belle II.
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A B-factory is also a high energy tau-charm factory and has the largest samples of τ leptons
and reconstructed charm. The results on τ lepton physics are described in Sect. 6. Searches for
lepton-flavor-violating (LFV) decays and C P violation in the τ sector have reached an interesting
sensitivity at Belle but so far no NP signals have been found. The foundation for Belle II explorations
of this sector has been established. The results on charm are discussed in Sect. 7. The highlights
include two classes of unexpected and unanticipated results: the discovery of D–D̄ mixing and the
existence of a large number of new charmonium-like resonances (Sect. 9). The latter was completely
unexpected by the theoretical community and was guided by Belle data.

Belle is also the world’s leading two-photon facility. The results in this domain of physics are dis-
cussed in Sect. 10. Finally, KEKB’s capabilities to operate in a range of center of mass energies
allowed Belle to record a number of unique large data sets at the ϒ(1S), ϒ(2S), and ϒ(5S) reso-
nances. The ϒ(5S) data were used, as expected, to study some properties and decays of Bs mesons
(Sect. 8). However, theorists did not anticipate that these data could be used to discover a series
of peculiar bottomonium-like resonances or find the missing bottomonia states such as the ηb(2S),
hb(1P), and hb(2P). These discoveries in hadron spectroscopy are described in Sect. 9.

In addition to establishing the KM model, measuring weak interaction parameters, and observing
suppressed SM processes, the analysis of Belle data was marked by a series of unexpected discoveries
driven by data. At the next stage in Belle II at SuperKEKB, the focus will shift to NP exploration.
However, it is likely that the large increase in luminosity will also lead to unanticipated results and
discoveries.
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