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1. Introduction

Determination of the parameters in the standard model is important as a consistency check and
as a way to search for new physics. In the standard model, Cabibbo-Kobayashi-Maskawa (CKM)
matrix [dI] gives a successful description of current experimental measurements of CP violation.
The CKM matrix is written as (2]

Vid Vus Vo 1-A2/2 A AN} (p—in)
Vea Ves Vep | = -\ 1-A2/2  AM? , (1.1)
Via Vis Vi AV (1—p—in) —AA? 1

where V,;, and V;; have CP violating complex phases. Due to the unitarity condition of this matrix,
the following relation is expected to hold:

ViaViy, +VeaVey, +VuaVyy, = 0. (1.2)

CP violation in B meson decays are related to the angles ¢1, ¢, and ¢3 defined as shown in
Fig.[Il Here, the phase of V,; plays a fundamental role to cause CP violation by the interference
with V., and V,;, resulting in determination of the CP violating angles ¢; and ¢,, respectively. The
angle ¢3 can be determined by the direct CP asymmetries in B — DK decays. Since b quark belongs
to the third generation of quarks, many decay modes of B meson are available, but the branching
fraction to the modes usable for CP violation is limited. Thus, a large number of B mesons have to
be produced to investigate CP violation in the b-quark system.

Figure 1: The unitarity triangle. The CP violation parameters are defined as the angles ¢, ¢> and ¢3.

In order to investigate the CP violation mechanism, the asymmetric-energy e e~ collider B-
factory machine, KEKB was build at KEK in 1999. KEKB recorded a peak luminosity of 2.11 X
10%* cm~2s~!, and a integrated luminosity reached 1041 fb~! in the total. The recorded number
of B meson pairs has been found to be 772 x 10° BB pairs at the Y (4S) resonance with the Belle
detector. In this report, we discuss experimental tests of the CKM theory and search for new
physics through time-dependent and independent measurements in the B meson system, especially
the measurements of CP violating angles ¢, ¢, and ¢3 using the full Y(4S) data sample collected.

2. Time-dependent measurements in B meson system

By a measurement of time evolution of B meson pairs, we can give constraints on the CP
violating angles, ¢1 and ¢,. In the decay chain Y(4S) — B°B° — fcp Jftag,» Where one of the B meson
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decays at time fcp to a CP eigenstate fcp and the other decay at time #,g to final state f,, that
distinguishes between B and B°, the decay rate has a time dependence on the Y(4S) rest frame
given by

_ |Ar|

T80
9(&):2 ’

. {14 ¢ [ sin(AmyAt) + o7 cos(AmyAt)]}. (2.1)
BO

Here . and .o/ are CP violation parameters, Tpo is the BO lifetime, Amy is the mass difference
between the two neutral B mass eigenstates, Ar = fcp — fiag, and the b-flavor charge g = +1(—1)
when the tagging B meson is a B*(BY). By selecting the neutral B decays into fcp via the amplitudes
containing no complex phase, CP violation is caused by the interference between decay and V4 in
mixing, where the angle ¢; arises as a result of the interference.

Instead of the B decays into fcp, collecting the events in which one neutral B meson decays
into the flavor-specific final state enables us to determine the B’-B® mixing parameter Amyg, by
measuring opposite and same flavor asymmetry as function of A¢. The mixing-induced CP violation
parameter . gives essential information for the angles ¢; and ¢,. The experimental determinations
will be reviewed from the next section in detail.

3. Measurement of sin2¢;

For the b — c¢s transition induced decay of the neutral B meson such as B® — (c¢)K", the stan-
dard model predicts . = —&¢sin2¢; and &/ = 0 with very small theoretical uncertainty [3]], where
&s =+1(—1) corresponds to CP-even(-odd) final states, and ¢; is defined as ¢ = arg(—VeqV,;, /ViaV;3)-

Belle has updated sin2¢; measurement with the full dataset (772 x 10° BB pairs) [E]. The B
decays into the CP-odd eigenstates, fcp =J/yKg, ¥ (2S)Kg and )1 Ks, and the CP-even eigenstate,
fcp = JYK, are reconstructed. As shown in Fig. ] the B’ — fcp decay signal other than JY K is
identified by two kinematic variables calculated in the Y(4S) resonance rest frame (CMS): the en-
ergy difference AE = E; —E;,,
is the beam energy in the CMS, and Ej; and pj are the CMS energy and momentum of

and the beam-energy constrained mass Myc = \/(Ef.,.,)> — (P5)?
where EY,
the reconstructed B candidate, respectively. B — J/yK} candidates are identified by the value of
pp calculated using a two-body decay kinematic assumption. The b-quark flavor is identified using
a flavor tagging routine described in Ref. [B]]. An unbinned maximum likelihood fit is performed
to the At distribution using Eq.(2.1), where the At distribution is convolved with the proper-time
interval resolution function [6]. The two CP violation parameters, sin2¢; = —&¢.% and < are

obtained to be

sin2¢; = 0.667 +0.023(stat) =0.012(syst), (3.1)
o/ = 0.006+0.016(stat) = 0.012(syst). (3.2)

The background-subtracted Az distribution for ¢ = +1(—1) events and asymmetry are shown in
Fig.[Bl

4. Determination of ¢

In B decays into proper fcp mediated by the b — u transition, its complex phase interferes with
B-B° mixing and results in the CP violation which can be determined to be the angle ¢,. A lot of
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Figure 2: (color online) My, distribution within the AE signal region for B® — J/yKjs (black), v (25)Ks
(blue) and 1 K5 (magenta), the superimposed curve (red) shows the fit result from all those modes combined
(left) and pj distribution of B® — J/ WK}, candidates with the results of the fit separately indicated as signal
(open histogram), background events with a real J/y and a real Ky, (yellow), with a real J/y and a fake K|,
(green) and with a fake J /v (blue) (right).
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Figure 3: (color online) The background-subtracted At distribution for ¢ = +1 (red) and ¢ = —1 (blue)
events and asymmetry for good tag quality events in (¢¢)Ky (left) and J /W K], (right) cases.

measurements have been performed so far to constrain ¢,, where some important decay modes are
used, such as B decays to T, pp and px. In such decay processes, direct CP violation is possible,
& # 0, due to a large contribution from the electroweak penguin-mediated decay processes. Due
to this penguin contribution, the time-dependent measurement can only give the information on the
effective angle <|)§ff, rather than ¢, itself. However, the shift, A¢, = ¢ — (l)zeff can be determined by
an SU(2) isospin analysis [[Z] or SU(3) flavor symmetry [[]]. Using the ©w, pp and pm modes, ;
is determined to be ¢ = (89.074%)° [E.

4.1 Other possibility to determine ¢,

The branching fraction and CP violation parameters are measured in B® — a;(1260)* 1 de-
cays [I0]. The decay B® — afETﬁ is reconstructed using aft that is reconstructed from t¥n ",
and additional T¥. We obtain the branching fraction of Z(B° — af (1260)nT) x %(a; (1260) —
ntntn~) to be (11.1+£1.041.4) x 107° from a 4-dimensional fit to the kinematic variables:
AE, a Fisher discriminant variable for e"e™ — gg (¢ = u,d, s, c) background suppression, m3y and
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5 as shown in Fig. [l where .74, is cosine of the helicity angle of the 3 7. Figure 3] shows the
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Figure 4: (color online) Projections of the fit to the B® — affﬁ data for the data (points with error bars) and
fit result (solid black). The left figure shows the AE projection for the peaking background (dotted blue), the
qq background (dashed red) and the total background (dashed-dotted green). The middle and right figures
show the m3y and .73, projections, for the the af[ contribution (dashed blue), the the af contribution (dotted
red) and the total background (dashed-dotted green), respectively.

background-subtracted time-dependent fit results for B® — alifﬁ.
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Figure 5: The results of the Az distribution and asymmetry in afn]F.

In a time-dependent measurement to extract CP asymmetry, we obtain the CP violation pa-
rameters

= —0.51£0.14+0.08, 4.1)
of = —0.06+0.05+0.07, 4.2)

where we find first evidence of mixing-induced CP violation in B — a;(1260)*n¥ decays with
3.1c significance. However, there is no evidence for time and flavor integrated direct CP violation.

5. ¢3 measurements from B — DK

In the usual quark-phase convention where large complex phases appear only in V,,;, and V,,,
the measurement of ¢3 is equivalent to the extraction of the phase of V,; relative to the phases of
other CKM matrix elements. To date, the ¢3 measurement has been advanced mainly by exploiting
B meson decays into DK channel, shown in Fig. [6l wherein the CP sensitivity is due to the
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Y

Figure 6: Diagrams for the B~ — D*)°K~ and B~ — D*)°K~ decays. The ¢3 dependence in the b — u
transition is extracted from the interference of the two decay paths, which occurs when the D° and D° mesons
decay to the same final state.

interference between the two amplitudes of D*° and D*)° decays into a common final state. We
define the magnitude of the ratio of amplitudes 3 = |[A(B~ — D°K~)/A(B~ — D°K~)| and the
strong phase difference 83 = §(B~ — D°K~) — 8 (B~ — DYK~), which are crucial parameters
needed for the extraction of 0s.

5.1 Results for B~ — D(*)K*, D — K¢nnt

One of the most promising ways of measuring ¢3 uses the decay B~ — D®K~, D — Kgn,
where D) indicates D)0 or D)0 and is called GGSZ method [[[T]. The method is based on the
fact that the amplitudes for B* can be expressed by

My = f(m,m2) + rpe= 0 f(m2 m?), (5.1)

where m?2. are defined as Dalitz plot variables m% = m%@ni’ and f(m%,m?) is the amplitude of the
D° — Kgn*n~ decay. By applying a fit on m2, ¢ is extracted with rg and 3.

Using obtained amplitude f (m%r,mz,) and background fractions, the fit on m2 is performed
with the parameters x,. = rgcos(+03 +85) and y+ = rpsin(+03 + 8g). The amplitude f(m%,m?*)

*¢~ annihilation.

is obtained by a large sample of D — Kt~ decays produced in continuum e
The background fractions are determined depending on AE, M, and event-shape variables for gg
backgrounds suppression. The most precise ¢3 measurement from Belle is based on a data sample

that contains 657 x 10° BB pairs [I2]]. From this measurements,
03 = (78.47 108 (stat) £ 3.6(syst) £ 8.9(model))°, (5.2)

as well as rg = 0.16170-030 +0.01 170070, 5 = 0.196 70073 £0.01370.092, 85 = (137.4 7129 £4.0+
22.9)° and §; = (341.77135 £ 3.24£22.9)° are obtained. The third error is the model uncertainty
which comes from imperfect description of the observable D° Dalitz plot distribuiton, and uncer-
tainty of the phase of the complex amplitude f.

To overcome the large model uncertainty, a model-independent approach has been performed
using the full dataset of 772 x 10° BB pairs [[3]]. The measurement uses B — DK™ decays with
the neutral D meason decaying to Ksm™n~. Dalitz plane is divided into 16 bins as shown in the
left plot of Fig.[Zl For each bin, the magnitude of the D decay amplitude is determined from tagged
sample of D — hTh~, and the phase is determined from coherent state of D°D° produced from
y(3770), both of which are done by CLEO collaboration [[I4]]. In the middle plot of Fig.[7l we show
the B* signal yields and the difference of them in each bin. Combining the D decay amplitudes
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and the BT yields in all bins, the parameters x4 and y- are obtained as shown in the right plot of
Fig.[ll The angle ¢3 is measured to be

03 = (77.37]3 6 (stat) +4.2(syst) +4.3(D decay phase))°. (5.3)

A factor responsible for lower statistical sensitivity compared to the result in Eq.(3.2)), despite the
increase of the data size, is as intrinsic poorer statistical precision in the binning approach. The
sources of the systematic error are limited by the statistics of the control channels. The third error
is due to the uncertainties of the phase of the D decay amplitude, and is expected to decrease to 1°
or less by using data sample of BES III experiment.
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Figure 7: (color online) Binning of the Dalitz plane for D — Ksn ™1t~ (left). and one index corresponds to
two regions. Number of signal events for the B~ (blue) and B (red) decays in each bin (middle), and number
of events for flavor sample (histogram). Fit result on the parameters x4 and y4 (right), where the contours
for one, two and three standard deviations are shown. The weak phase ¢3 appears as half the opening angle
between (x, y+) and (x_, y_) vectors.

5.2 Results for GLW modes

In one of proposed methods to extract ¢3 [[3], the branching fractions (B~ — D°K~),
BB~ — D°K~) and B(B~ — DcpK~), where Dcpy = (D° +D°)/+/2, are separately mea-
sured. This method makes use of the relation that the phase difference between the amplitudes
A(B~ — D°K~) and A(B~ — D°K~) becomes 8p — ¢3, while the one for Bt decays becomes
8p + 03. The branching fraction (B~ — D°K~) becomes relatively smaller than the branching
fraction (B~ — DK ™), if 3 is non-zero. On top of that, additional constraint is obtained from
the decay B~ — Dcp_K~, where Dcp_ = (D° — D°/+/2). Usual experimental observables are

%(37 HDCPiK7)+PZ(B+ "DCP:EK+)

Hcps = A(B-—DK~)+Z(B*—DK)
=1+ r%+2rgcosdpcos s, 5.4)
QQ{CP:{: = ,%(37HDCPiKi)—,%(B+—>DCPiK+)

#B(B~—DcprK~)+%B(Bt—DcprKT)
= 27‘3 sin 53 sin (])3 /%CP:I: . (55)

Belle has updated the measurement of these observables based on the full dataset that contains
772 x 10° BB pairs [[I6]. We obtained Zcp, = 1.034+0.07 £0.03, Zcp_— = 1.134+0.094+0.05,
depr = +0.29+0.06 £0.02 and ofcp— = —0.12+0.06 0.01. The fit result is shown in Fig.
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The result for .@7-p. is the evidence of the direct CP violation. The ¢3 determination is possible if
the GLW observables are combined with the measurements from the ADS method.
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Figure 8: (color online) Fit results of AE distributions for D — KK, tw CP-even and D — Km0, Ksm
CP-0dd modes. The left and right columns show B~ and B™ results, respectively. Signal component (red)
is located at around AE = 0 GeV on non-resonant three-body component (aqua), B* — Dr* component
(magenta) is located at around AE = 0.05 GeV, and BB (green) and ¢g (blue) background components are
located in the entire region.

5.3 Results for ADS mode

The effect of CP violation can be enhanced, if the final state of the D decay following to
the B~ — DK™ is chosen that the interfering amplitudes have comparable magnitudes [[17)]. The
decay D — K m~ is a particularly useful mode; the usual observables are the partial rate Zpx and
the CP-asymmetry </px. Here, Zpk and </pk correspond to what are changed (1, dp) into (rp,
85 + 8p) of the low of cosines of the Zcp and <cp. rp = |A(D° — K*n~)/A(D° — K~ ")|, and
dp =8(D° - K~nt) —8(D° — KTn~). For the parameters rp and 8p, external experimental
inputs can be used [8]]. The first evidence of CP violating signal in B~ — DK™ is obtained at

Belle [19].

5.3.1 Results for B° - DK*°,D - K*n~ and K'* - K n*t

One of the possible modes which can be used to extract ¢3 is B — DK*°, followed by D —
K*n~ and K*¥ — K~n*. In this analysis, b-quark flavor is tagged by the charge of K from K*
candidate, and there is possibility to observe larger CP violation than charged B~ — DK ()= since
the amplitude of interference between B — DK* and B — D°K*" is large. Usual observables
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are defined as
_ BBk pK n )+ BB —[K nt|pK )
Ak = ZE_K 1ok 7+ BB —Kn oK)
= 15+ rj + 2krsrp cos(8s 4 8p) cos 03, (5.6)

A— BB —[Ktn |pK 1) -B(B’—[K nt|pKTn)
DK* = (B S[Ktn-|pKk 1+ )+ BB —[K 1 pKTn-)

= 2krsrp sin(85+8D) SiIl(I)3/%DK*, 5.7)

where the parameters rg, 0s and k are defined as

(B — D°K*x™) B [dpAZ_. (p)

b—u

2 __
- > = 5.8
SETBE = DK'n) | [dpAl(p)’ (5.8)
. id(p)

VIdpAs (p) [dpAs_(p)

Here Ap_..(p) and Ap_,,(p) are the magnitudes of the amplitudes for the b — ¢ and b — u transi-
tions, respectively, and d (p) is the relative strong phase. The variable p indicates the position in
the DKt~ Dalitz plot. In this analysis, we calculate the integrals over a phase space of the state
DK*(892)°. The value of rs is expected to be around 0.4, which is obtained from |V,, V2| /|Vep Vi,
and depends on strong interaction effects. According to a simulation study using a Dalitz model
based on recent measurements [20]], the value of & is around 0.95 in the phase space of interest
here.

Belle has performed a measurement on B — DK*" based on the full dataset that contains
772 x 10° BB pairs [21]]. In this result, most stringent limit on Zpg- is obtained. Figure
shows the fit result. We obtain Zpg+ = (4.52:(6;:%:2) x 102 and set a credible upper limit at 95%
Zpg+ < 0.16.

Xindf = 0.82

Events /(0.01)

0.1
AE (GeV)

Figure 9: (color online) Fit result of AE distribution for B® — [K*n~]pK*, where the charge conjugate
mode is included. Signal component (red) is located at around AE = 0 GeV, B — Dp° component (ma-
genta) is located at around AE = 0.05 GeV, and BB (green) and ¢g (blue) background components are
located in the entire region.

6. Summary

I review some measurements related to the angles of the unitarity triangle. In ¢; measure-
ments, the time-dependent CP violation measurement with B® — (c¢)K° modes are updated. In ¢,
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measurements, a measurement of the product branching fraction and time-dependent parameters in

B® — a1 (1260)* 1T decays is performed, where we obtain the first evidence of the mixing-induced

CP violation. In ¢3 measurements, the model-independent Dalitz plot analysis in B~ — [Ksnm]pK ™~

is preformed, and a measurement in B® — [K7t|pK*? decays analysis is newly achieved.
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