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1. Introduction

In the sections that follow, we describe the physics accomplishments of the Belle experi-
ment [1], which ran at the KEKB [2]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. Most of the Belle luminosity was recorded on or near theϒ(4S) resonance, which is the
optimal center of mass (CM) energy for the production ofBB̄ pairs used inB physics analysis.

NeutralB mesons,B0 andB0, can transform or mix into their antiparticles through box di-
agrams. The frequency of the mixing transition (oscillation) is∆md = (0.507±0.004) ps−1 [3],
while the lifetime (τB0) is 1.519±0.007 ps [3].

At a B-factory, pairs of neutralB mesons in a coherent state withC = −1 are produced by
ϒ(4S) → B0B0 decays In a decay in which oneB meson decays tofCP and the otherB 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)
]

}

. (1.1)

Here∆t = tCP− ttag is the difference between the proper decay times offCP and ftag, q = ±1 is
the flavor of ftag (+1 for B0 → ftag). The quantitiesS andA areCP violation parameters that
are dependent on the decay mode. The parameterS describes mixing-inducedCPviolation and is
given byS = −ηCPsin2(φ1−φD), whereηCP is theCP eigenvalue offCP. The other parameter,
A , corresponds to directCP violation (i.e. noCP violation in theB0 ↔ B0 transition rates). It
should be noted that, depending on the weak phase of the decay,CP violation measurements give
information on the various angles of the unitarity triangle. The asymmetry in the rate ofB0 andB0

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 (1.2)

An experimental measurement of time-dependentCP violation at aB-factory includes the
following steps: reconstruct oneB decaying tofCP; determineq using all available information
on theB → ftag decay; reconstruct vertices forfCP and ftag and determine∆t from the distance
between the twoB vertices; obtainS andA by fitting the∆t distribution of reconstructed signal
candidates.

2. Measurement of φ1

At the quark level neutralB meson decays into(cc̄)K0 are induced by ab → cc̄s transition.
Since both leading and sub-leading order diagrams of this process containneitherVub norVtd, there
is no complex phase in the decay amplitude. ThusφD is zero and the mixing-inducedCPviolation
parameterS is directly related to one of theCP-violating angles,φ1. In the SM,S =−ηCP·sin2φ1

andA ≈ 0 are expected.
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2.1 B0 → (cc̄)K0 reconstruction

We reconstructJ/ψK0
S, J/ψK0

L , ψ(2S)K0
S, andχc1K0

S as thefCP in neutralB meson decays to
(cc̄)K0. 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 asJ/ψπ+π− final states.
We reconstructχc1 mesons in theJ/ψγ mode andK0

S mesons in theπ+π− final state.
For B0 → J/ψK0

S, ψ(2S)K0
S, andχc1K0

S candidates, theB signal is identified using two kine-
matic variables calculated in theϒ(4S) CM: the energy difference∆E ≡ E∗

B−E∗
beamand the beam-

energy constrained massMbc ≡
√

(E∗
beam)

2− (p∗B)2, whereE∗
beamis the beam energy in the CM of

theϒ(4S) resonance, andE∗
B andp∗B are the CM energy and momentum of the reconstructedB can-

didate, respectively. In theB0 → J/ψK0
L case, candidateK0

L mesons are selected using information
recorded in the ECL and/or the KLM. Since theK0

L energy cannot be measured, we determine only
its direction. ThusB0 → J/ψK0

L candidates are identified by the value ofp∗B calculated using a
two-body decay kinematic assumption.

TheMbc distribution for signal candidates with a stringent∆E requirement (|∆E|< 40 MeV for
J/ψK0

S, |∆E|< 30 MeV forψ(2S)K0
S, and|∆E|< 25 MeV forχc1K0

S) as well as thep∗B distribution
for J/ψK0

L candidates are shown in Fig. 1. The signal yields and purities are estimated for each
fCP mode and given in Table 1.

)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
un

ts
 / 

50
 M

eV
/c

0

1000

2000

3000

4000

5000

Figure 1: Mbc distribution within the∆E signal region forB0 → J/ψK0
S (black), ψ(2S)K0

S (blue), and
χc1K0

S (magenta); the superimposed curve (red) shows the fit resultfor all modes combined (left) and the
p∗B distribution for B0 → J/ψK0

L candidates with the results of the fit separately shown as signal (open
histogram), background with a realJ/ψ and a realK0

L (yellow), background with a realJ/ψ but without a
realK0

L (green), and background without a realJ/ψ (blue) (right).

2.2 Flavor tagging

For the events in which we reconstructedB0 → fCP candidates, the neutralB flavor is identified
from the decay products of the accompanyingB meson. The available information is obtained from
leptons, kaons,Λ baryons, and pions. Leptons directly coming fromB decay and secondary leptons
and strange particles in the cascade decays carry the motherb-flavor information. Low momentum

3
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Table 1: Signal yield (Nsig), CPeigenvalue (ηCP), and purity for eachB0 → fCP mode.

B decay mode ηCP Nsig Purity (%)

J/ψK0
S −1 12649±114 97

ψ(2S)(ℓ+ℓ−)K0
S −1 904±31 92

ψ(2S)(J/ψπ+π−)K0
S −1 1067±33 90

χc1K0
S −1 940±33 86

J/ψK0
L +1 10040±154 63

tagging pions may come fromD∗± 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.

To calibratew, we select a flavor specific final state of neutralB meson decays such as semilep-
tonic B0 → D∗+ℓ−ν̄ decays and hadronicB0 → D(∗+)π− andD+∗ρ− decays. We then determine
the wrong tag fractionw 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 betweenq= +1 and−1 events. ForB0 → J/ψK0

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

2.3 ∆t determination and its resolution

In energy-asymmetrice+e− collisions at KEKB, theϒ(4S) is produced with a Lorentz boost
of βγ = 0.425 nearly along thez-axis, which is defined as the direction anti-parallel to thee+ beam
at Belle. SinceB mesons are approximately at rest with respect to theϒ(4S), we can measure
∆t by measuring the displacement between the twoB meson decay vertices in thez direction,∆z,
∆t ≃ ∆z

βγc.

The B meson decay vertex is reconstructed by a Lagrange multiplier approach, which mini-
mizes theχ2 calculated from the decay vertex position and the daughter particle tracks.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 inthe plane per-
pendicular to the beam axis.

Because of the negligible flight length ofJ/ψ or ψ(2S) mesons, the vertex reconstructed from
their daughter lepton tracks can represent theB0 → fCP decay vertex; its resolution is found to be
approximately 75µm. On the other hand, theB0 → ftag vertex is obtained with well-reconstructed
tracks that are not assigned tofCP. Here, high momentum leptons are always retained because they
usually come directly from semileptonicB meson decays. Sinceftag may contain long-lived parti-
cles such asD+, D0, K0

S, and so on, the vertex reconstructed using the daughter tracks coming from
these intermediate particles can deviate from the trueB0 → ftag vertex. This effect is minimized
by removing tracks that are identified by a large contribution to the vertex fitχ2. The ftag vertex
position resolution is found to be approximately 165µm.

4
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In the Belle experiment, the contributions to∆t measurement error are divided into three cat-
egories: detector measurement error, the effect of secondary particles in ftag vertex reconstruction,
and the kinematical approximation,∆t ≃ ∆z/(βγc). 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
extractS andA as discussed in the next section.

2.4 Extracting CP violation parameters

We determine sin2φ1 andA from a maximum likelihood fit using∆t andq information ob-
tained on an event-by-event basis from signal candidates. By taking theeffect 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 )×
[

(−ηCP)sin2φ1sin(∆md∆t)+A cos(∆md∆t)
]

}

.

(2.1)
The distribution is convoluted with the∆t resolution functionRsig(∆t), which takes into account
the finite vertex resolution as described in Sect. 2.3. The background PDFPbkg(∆t) is determined
by the events found in a sideband region well away from the signal regionin Mbc–∆E space as well
as Monte Carlo (MC) events. A small component of broad outliers in the∆zdistribution, caused by
misreconstruction, is represented by a Gaussian functionPol(∆t) with σ ≈ 30 ps. We determine
the following likelihood value for each event indexed byi:

Pi(∆ti ,qi ;sin2φ1,A )= (1− fol) fsig

∫ ∞

−∞
Psig(∆t ′)Rsig(∆ti−∆t ′)d(∆t ′)+(1− fol) fbkgPbkg(∆ti)+ folPol(∆ti),

(2.2)
where fol is the outlier fraction,fsig and fbkg are the signal and background probabilities calculated
as functions of∆E and Mbc. The CP violation parameters, sin2φ1 and A , are determined by
maximizing the likelihood functionL(sin2φ1,A ) = ∏i Pi(∆ti ,qi ;sin2φ1,A ), where the product
runs over all events. A fit to the candidate events results in theCP violation parameters [4],

sin2φ1 = 0.667±0.023(stat)±0.012(syst), (2.3)

A = 0.006±0.016(stat)±0.012(syst).

The background-subtracted∆t distribution forq = +1 andq = −1 events and the asymmetry for
events with good quality tags are shown in Fig. 2. The world average of sin2φ1 is now 0.68±0.02,
which is a firm SM reference.

2.5 Search for new physics using CP violation measurements in b→ s penguin modes.

B meson decays involving penguin diagrams are thought to be a sensitive probe for new
physics (NP) beyond the SM because of the one-loop nature of penguins. NP could appear as
deviations ofCP violation parameters from the SM expectation. In this section, some highlight
results for penguin modes are reviewed.

In SM b → sq̄q hadronicB decays, the relevant coupling isV∗
tbVts and the weak phase is the

same as in theb→ cc̄s transition, e.g.B0 → (cc̄)K0 decay. Therefore, the main point is to check
whether the penguinCP violation results deviate from the SM expectation,S = −ηCPsin2φ1 and

5
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Figure 2: The background-subtracted∆t distribution forq = +1 (red) andq = −1 (blue) events and asym-
metry for events with good quality tags in(cc̄)K0

S (left) andJ/ψK0
L (right) decays.

A = 0. In this context, the time-dependentCP-violating parameters are denoted as sin2φeff
1 and

A . The modesB0 → φK0, η ′K0, andK0K0K0 that involve onlyb→ ss̄sprocesses are of special
interest, since the SM theoretical uncertainty forCP violation is small for these decay processes.

In the Belle experiment, attempts to perform measurements of time-dependentCP violation
in b → sq̄q induced decays withB0 → η ′K0

S andφK0
S modes were made from the earliest stage

of data taking, starting in 2002. In 2003, using a 152× 106 BB data sample, the value ofS in
B0 → φK0

S flipped sign and exhibited a 3.5σ deviation from the S parameter measured inB0 →
(cc̄)K0 modes [5]. This was very striking and suggestive of an NP effect. In 2006, with a larger
statistics data sample corresponding to 535×106 BB, updated measurements were reported. These
measurements addedB0 → η ′K0

L andφK0
L decays to theB0 → η ′K0 andφK0 sample [6]. The

results are summarized in Table 2. InB0 → η ′K0 decay,CP violation is observed with a statistical
significance of 5.6σ . In all these threeB decay modes, the large deviation fromB0 → (cc̄)K0 has
disappeared.

In spite of the small theoretical uncertainty, experimentally, several contributions overlap in
B0 → φK0 because of the relatively wide natural widths of the resonances that contribute in the

6
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Table 2: Measurements ofCP violation parameters, sin2φeff
1 andA , in B0 → η ′K0, φK0, andK0

SK0
SK0

S
modes with a 535×106 BB data sample. The first and second errors are statistical and systematic errors,
respectively.

B decay mode sin2φeff
1 A

η ′K0 +0.64±0.10±0.04 −0.01±0.07±0.05
φK0 +0.50±0.21±0.06 +0.07±0.15±0.05
K0

SK0
SK0

S +0.30±0.32±0.08 −0.31±0.20±0.07

K+K− final state. In order to resolve these interfering contributions, Belle fits thetime-dependent
Dalitz distribution by expressing each contribution at the amplitude level for theB0 → K+K−K0

S

candidate events. With this technique, the extracted parameter is not sin2φeff
1 but rather the an-

gle φeff
1 itself andA . Therefore the result does not have a two-fold ambiguity betweenφeff

1 and
π/2−φeff

1 . In B0 → K+K−K0
S decays, we find four solutions related to resonant amplitude in-

terference. The preferred one is identified using external information related to f0(980) and fX
(assumed to bef0(1500)) branching fractions. The obtainedCP violation parameters are summa-
rized in Table 3 [7]. These are consistent with theCP violation in B0 → cc̄K0 decays at the 1σ

Table 3: CP violation parameters inB0 → K+K−K0
S time-dependent Dalitz analysis,φeff

1 andA . The first,
second, and third errors are statistical, experimental systematic, and Dalitz model uncertainties, respectively.

B decay mode φeff
1 A

φK0
S (32.2±9.0±2.6±1.4)◦ +0.04±0.20±0.10±0.02

f0K0
S (31.3±9.0±3.4±4.0)◦ −0.30±0.29±0.11±0.09

level.
Including otherb→ smediatedB decays, the precision of sin2φeff

1 is still statistically limited,
typically 0.1∼ 0.2. ObtainingO(10−2) sensitivity requires an integrated luminosity ofO(10 ab−1),
and a SuperB-factory experiment.

3. Measurement of φ2

After the first observation ofCPviolation inB meson decays, which gave a measurement ofφ1,
a precise measurement ofφ2 became the next target ofCPviolation measurements for the validation
of the Kobayashi–Maskawa model. The first Belle measurement ofCP asymmetry parameters in
B0 → π+π− decay [8] was reported in March 2002, representing the second decay mode (after
B→ cc̄K0) with a time-dependentCP violation measurement.

The decay modes used forφ2 measurements are those proceeding viab→ u transition, such as
B0 → π+π−, B0 → ρ+π−, B0 → ρ+ρ−. Theb→ u transition is shown in Fig. 3(left) and includes
the Cabibbo–Kobayashi–Maskawa (CKM) element,Vub; it can be shown that the time dependent
CP asymmetry is then given asS = sin2φ2 andA ≃ 0. However, an additional amplitude, a
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“penguin diagram” (Fig. 3(right)), contributes and has a phase that is different from the tree diagram
(Vtd instead ofVub). This causes a deviation ofS from sin2φ2 and a non-zeroA .

dd

b
W−

d

u

u

dd

b d
t

u

u

W−

g

Figure 3: Tree (left) and penguin (right) diagrams forB0 → π+π− decay.

The firstφ2 measurement was attempted using theB0 → π+π− decay mode. This decay has
the simplest two-body topology and was one of the first well established charmlessB decays. The
reconstruction of the decay is straightforward: a pair of oppositely charged pions with an invariant
mass consistent with theB-meson mass (Mbc = mB) is selected; theB 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 thee+e− → qq̄ (q = u,d,s,c) continuum process since the
same kinematic 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 ofB0 → π+π−. In this case, the reconstructed∆E
is shifted by−40 MeV and goodK/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 BB̄ events have
an isotropic shape as the twoB mesons are produced almost at rest in the CM. To quantify the
event shape, we use a Fisher discriminant combining modified Fox–Wolframmoments. We form a
likelihoodLs (Lb) for signal (continuum background) using the Fisher discriminant and the angle
between the flight direction of theB candidate and the beam direction in the CM, cosθB. The
likelihood ratioR = Ls/(Ls+Lb) is used as the final continuum suppression parameter. In the
early analyses [8], we imposed a tight requirement onR by optimizingS/

√
S+B, whereSandB

are the expected number of signal and background events, respectively. In a later analysis [9], we
optimized theR requirement depending on the flavor tagging quality.

The∆E distribution ofB0 → π+π− candidates is shown in Fig. 4. Background events due to
three-body decays populate the negative∆E region but they do not contribute in theB0 → π+π−

signal region (|∆E| < 0.064 GeV).

The vertex reconstruction and the flavor tagging are performed in the sameway as for the
sin2φ1 measurements. TheCP violation parameters are extracted from a fit to the∆t distribution
for the events in the signal region in∆E andMbc ([5.271, 5.287] GeV/c2). The PDFs include the
signal, continuum background, andB0 → K+π− background. The first result was reported using

8
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Figure 4: Left: ∆E distribution ofB0 → π+π− candidates. In order to enhance the signal, requirements are
imposed on the two other variables,Mbc andR. Right: ∆t distribution forB0 and B̄0 taggedB → π+π−

events (top) and theCPasymmetry together with the fit result (bottom).

48×106 BB pairs: [8]

Sππ= −1.21+0.38
−0.27(stat)+0.16

−0.13(syst)

Aππ= +0.94+0.25
−0.31(stat)±0.09(syst) (3.1)

In the latest analysis using 535×106 BB pairs [9], a stringent selection onK/π particle identifi-
cation is not imposed and instead theB0 → K+π− decays are included as a component in the fit
to extract theCP violation parameters. This increases the signal detection efficiency by 23%and
improves the measurement errors by 10%. The results are [9]

Sππ= −0.61±0.10(stat)±0.04(syst)

Aππ= +0.55±0.08(stat)±0.05(syst). (3.2)

The ∆t distribution and the asymmetry together with fit results are shown in Fig. 4. A clear
non-zeroAππ, i.e. a clear directCP violation, is seen (the asymmetry exhibits a significant cosine
term). As shown above, the first measurement already indicatedCP violation in decays with a
significance of 2.9σ . The first evidence of directCP violation in aB decay mode was reported
with 3.2σ significance in January 2004 using a sample of 152×106 BB pairs [10]. Although this
claim was not widely accepted at that time because the result of the BaBar collaboration showed a
rather smallAππ value, the latest world average,Aππ= 0.38±0.06 [11], establishesCP violation
in B0 → π+π− decays with a significance above 5σ .

The large directCP violation indicates that the contribution of the penguin diagram is sizable
and the deviation ofSππ from sin2φ2 may be significant. The angleφ2 can be extracted using the
isospin relation among branching fractions andCP asymmetries ofB0 → π+π−, B0 → π0π0, and
B+ → π+π0 decays; this was first proposed by M. Gronau and D. London [12]. The result, shown
in Fig. 5, is obtained using the results forSππ andAππ given above and the world average values
of branching fractions of the threeB→ ππmodes and directCP asymmetry inB0 → π0π0. Using

9
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the average of the Belle and BaBar results ofB0 → π+π−, B0 → ρπ, B0 → ρρ.

this method, there are multiple discrete ambiguities for the angleφ2. The solution that is closest to
the global fit result [13] givesφ2 = (97±11)◦.

The final state inB0 → ρ+π− decay is not aCP eigenstate, but the decay proceeds through
the same quark diagrams asB0 → π+π−. SinceB0 andB0 can decay toρ+π−, time-dependentCP
violation can occur and provide information onφ2. Here the final state isπ+π−π0 and the decay
B0 → π+π−π0 contains three intermediate states;B0 → ρ+π−, ρ−π+, andρ0π0. These three
amplitudes interfere and their magnitudes and relative strong phases can beextracted from a Dalitz
plot amplitude analysis. Knowing the hadronic phases of these amplitudes in theDalitz plane, a
time-dependent Dalitz plot analysis allows the determination ofφ2 [14]. This method providesφ2

without ambiguities (assuming large signal statistics) except forφ2 → φ2 +π.

The reconstruction and continuum suppression are similar to theB0 → π+π− analysis with an
additionalπ0 reconstructed in theπ0 → γγdecay mode.CPviolation 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 BB pairs [15]. The amplitudes includeρ(770)
and higher mass resonances,ρ(1450) andρ(1700). The time-dependent Dalitz plot distribution
is parameterized with 27 real parameters describing the components that have different time- and
Dalitz plot behaviors.CP violation parameters forB0 → ρ±π∓, B0 → π0π0 decays andφ2 are
extracted from these parameters. We obtain a 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 theB0 → ρ+ρ− mode a pseudoscalar decays into two vector particles and the final state is a
mixture ofCP-even andCP-odd amplitudes. In order to extract the fraction of eachCPcomponent,
an angular analysis is required. Fortunately, the fraction of the longitudinal polarization turns
out to be close to 100% [16, 17, 18], simplifying the measurement. The signalcandidates are
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reconstructed inρ± → π±π0 decays. Because of twoπ0s in the final state, the combinatorial
background due to fakeπ0 candidates is very large. The results using 535×106 BB pairs are [19]:

Aρ+ρ− = +0.16±0.21(stat)±0.07(syst)

Sρ+ρ− = +0.19±0.30(stat)±0.07(syst) (3.3)

In this mode,φ2 can be obtained using an isospin relation similar to that in theB0 → π+π− case.
Because the branching fraction forB0 → ρ0ρ0 is much smaller than those ofB0 → ρ+ρ− andB+ →
ρ+ρ0, the deviation ofφ2 from the measured value is small and some ambiguities are degenerate.
So far only an upper limit onB(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
theφ2 constraint shown in Fig. 5 [13].φ2 = (89.0+4.4

−4.2)
◦ is obtained at a 68.3% C.L.

4. Measurement of φ3

The angleφ1 has been now measured with high precision (Sect. 2). Measurement of theangle
φ2 is more difficult due to theoretical uncertainties from the contributions of penguin diagrams
(Sect. 3). 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 determination ofφ3 is theoretically clean due to the absence of loop contributions;φ3 can
be determined using tree-level processes only, exploiting the interference betweenb → cud and
b→ ucd transitions that occurs when a process involves a neutralD meson reconstructed in a final
state accessible to bothD0 andD

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

measurement is crucial in order to disentangle non-SM contributions to otherprocesses, via global
CKM fits.

Several differentD decays have been studied in order to maximize the sensitivity toφ3. The
archetype is the use ofD decays toCP eigenstates, a method proposed by M. Gronau, D. London,
and D. Wyler (and called the GLW method) [20]. Belle makes use ofCP-even modes (D1), such as
K+K−, andCP-odd modes (D2), such asK0

Sπ0. To extractφ3 using the GLW method, the following
observables sensitive toCP violation are used: the asymmetries

A1,2 ≡
B(B− → D1,2K−)−B(B+ → D1,2K+)

B(B− → D1,2K−)+B(B+ → D1,2K+)
= ± 2rBsinδBsinφ3

1+ r2
B±2rBcosδBcosφ3

(4.1)

and the ratios

R1,2 ≡
B(B− → D1,2K−)+B(B+ → D1,2K+)

B(B− → D0K−)+B(B+ → D0K+)
= 1+ r2

B±2rBcosδBcosφ3 (4.2)

whererB is the ratio of the magnitudes of the two tree diagrams shown in Fig. 6 andδB is their
strong-phase difference. The value ofrB 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 andCP violation in the neutralD meson
system are neglected. Among these four observables,R1,2 andA1,2, only three are independent
(sinceA1R1 = −A2R2). Recently, Belle updated their GLW analysis using their final data sam-
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Figure 6: Feynman diagrams forB− → D0K− andB− → D
0
K−.

r

Table 4: Results of the GLW analysis forB± → 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

ple of 772× 106 BB pairs [21]. The analysis usesD0 decays toK+K− and π+π− asCP-even
modes (Fig. 7),K0

Sπ0 andK0
Sη asCP-odd modes. From Eqs. 4.1–4.2, the signs of theA1 andA2

asymmetries should be opposite, which is confirmed by experiment (Table 4).

Figure 7: Signals forB± →D1K± decays. The left (right) figure is forB− (B+) decays. The plotted variable,
∆E, peaks at zero for signal decays, while background fromB± →Dπ± appears as a satellite peak at positive
values.

The difficulties in the application of the GLW methods arise primarily due to the small mag-
nitude of theCP asymmetry of theB± → DCPK± decay, which may lead to significant system-
atic uncertainties in the observation of theCP violation. An alternative approach was proposed
by D. Atwood, I. Dunietz, and A. Soni [22]. Instead of usingD0 decays toCP eigenstates, the
ADS method uses Cabibbo-favored and doubly Cabibbo-suppressed decays: D

0 → K−π+ and
D0 → K−π+. In the decaysB+ → [K−π+]DK+ andB− → [K+π−]DK−, the suppressedB decay is
followed by a Cabibbo-allowedD0 decay, and vice versa. Therefore, the interfering amplitudes are
of similar magnitude, and one can expect a largeCP asymmetry. Unfortunately, the branching ra-
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tios of the decays 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±]DK±)

B(B± → [K±π∓]DK±)
= r2

B + r2
D +2rBrD cosφ3cosδ, (4.3)

and

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

B(B− → [K+π−]DK−)+B(B+ → [K−π+]DK+)
= 2rBrD sinφ3sinδ/RADS, (4.4)

whererD is the ratio of the doubly Cabibbo-suppressed and Cabibbo-allowedD0 decay amplitudes
andδ is the sum of strong phase differences inBandD decays:δ = δB+δD. The ADS analysis [23]
using the fullϒ(4S) data sample was reported by the Belle collaboration (Fig. 8). The analysis uses
B± → DK± decays withD0 decaying toK+π− andK−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 5. Although the analyses withB± → DK± decays give the most precise results, differentB
decays have also been studied. The use of two additional decay modes,D∗ → Dπ0 andD∗ → Dγ,
provides an extra handle on the extraction ofφ3 from B± → D∗K±, which is becoming visible in
the most recent results [21].

Table 5: Results of the Belle ADS analyses.

Mode RADS AADS

B→ DK 0.0163+0.0044
−0.0041

+0.0007
−0.0013 −0.39+0.26

−0.28
+0.04
−0.03

B→ D⋆K, D⋆ → Dπ0 0.010+0.008
−0.007

+0.001
−0.002 +0.4+1.1

−0.7
+0.2
−0.1

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

−0.29±0.08

A Dalitz plot analysis of a three-bodyD meson final state allows one to obtain all the in-
formation required for determination ofφ3 in a single decay mode. Three-body final states such
as K0

Sπ+π− have been suggested as promising modes [24] for the extraction ofφ3. As in the

GLW and ADS methods, the two amplitudes interfere if theD0 and D
0

mesons decay into the
same final stateK0

Sπ+π−. Assuming noCP asymmetry in neutralD decays, the amplitude for
B+ → D[KSπ+π−]K+ decay as a function of Dalitz plot variablesm2

+ = m2
K0

Sπ+ andm2
− = m2

K0
Sπ− is

fB+ = fD(m2
+,m2

−)+ rBeiφ3+iδB fD(m2
−,m2

+) (4.5)

where fD(m2
+,m2

−) is the amplitude of theD
0 → K0

Sπ+π− decay. Similarly, the amplitude for
B− → D[KSπ+π−]K− decay is

fB− = fD(m2
−,m2

+)+ rBe−iφ3+iδB fD(m2
+,m2

−). (4.6)

TheD
0 → K0

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

D
0 → K0

Sπ+π− decays produced in continuume+e− annihilation. OncefD is known, a simultane-
ous fit toB+ andB− data allows the contributions ofrB, φ3 andδB to be separated. The method has
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Figure 8: Signal forB± → DK± decays from Belle ADS analysis. In these∆E andNB (continuum sup-
pression variable) distributions,[K+π−]DK− components are shown by thicker dashed curves (red).

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 theB± → D(∗)π± control sam-
ples and theB± → D(∗)K± signal. A combined unbinned maximum likelihood fit to theB+ and
B− samples with free parametersrB, φ3, andδB yields the values given in Table 6. Combining
B± → DK± andB± → D∗K±, we obtain [25] the valueφ3 = (78+11

−12±4±9)◦, where the sources
of uncertainties are statistical, systematic, and due to imperfect knowledge ofthe amplitude model
that describesD → K0

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

Table 6: 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

the Dalitz plot (Refs. [24, 26]), using information on the average strong phase difference between
D0 andD

0
decays in each bin that can be determined using quantum correlatedψ(3770) data. Re-

sults have been published recently by CLEO-c [27]. The measured strong phase difference is used
to obtain a model-independent result [28]:

φ3 = (77±15±4±4)◦, (4.7)

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