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Methods for measuring ϕ3

� Best theoretically clean way of measuring ϕ3 is based on
interference between b → ūcs and b → uc̄s tree level amplitudes

� E.g., B± → D(∗)K± followed by D → f and B± → D̄(∗)K± followed by
D̄ → f, where f is a common final state
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� No penguin contribution ⇒
theoretically clean

� The only CP-violating parameter
that can be measured solely in
tree-level processes

� ϕ3 precision is limited by small
branching ratios
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Methods for measuring ϕ3

GLW Method [8, 9]

� D meson is reconstructed from CP-even (DCP+ ) or CP-odd (DCP− )
final states

� B can decay weakly to either D0 or D̄0, but when reconstructing a
CP eigenstate, actually selecting superposition (D0 ± D̄0)/

√
2

RCP± = 2Γ(B
− → DCP±K−) + Γ(B+ → DCP±K+)

Γ(B− → DfavK−) + Γ(B+ → DfavK+)
= 1+r2B±2rB cos(δB) cos(ϕ3)

ACP± =
Γ(B− → DCP±K−)− Γ(B+ → DCP±K+)
Γ(B− → DCP±K−) + Γ(B+ → DCP±K+)

= ±rB sin(δB) sin(ϕ3)/RCP±
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Methods for measuring ϕ3

ADS Method [2]

� Doubly Cabibbo suppressed (DCS) D decays can also be used to
measure ϕ3

� E.g., [K+π−]DK− can be reached in two ways:
� Cabibbo favored (CF) B− → D0K− followed by DCS D0 → K+π−

� DCS B− → D̄0K− followed by CF D0 → K−π+

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

= r2B + r2D + 2rBrD cos(δB + δD) cos(ϕ3)

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

= 2rBrD sin(δB + δD) sin(ϕ3)/RADS

� Additional vars rD
and δD

� Can be obtained
from charm
factories
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Methods for measuring ϕ3

GGSZ Method (Dalitz) [7, 4]

� For self-conjugate multi-body D final states, e.g., K0Sπ+π−

� The amplitude for B+ → DK+, with s± = m2
K0Sπ± :

AB+(s+, s−) = ĀD + rBei(δB+ϕ3)AD
AB−(s+, s−) = AD + rBei(δB+ϕ3)ĀD

� AD(s+, s−) is the amplitude of the D
decay
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Figure 17.8.5. BABAR Dalitz plots of (a) D0 → K0
Sπ+π− and (b) D0 → K0

SK+K− decays (del Amo Sanchez, 2010b,f), where
s± ≡ m2

± ≡ m2
K0

S
h± and s0 ≡ m2

h+h− , with h = π, K.

Table 17.8.4. Belle fit results for the D0 → K0
Sπ+π− decay (Poluektov, 2010). Errors are statistical only. The phases are given

in the interval [0, 360]◦. The fit fraction for each mode is defined as the ratio of the integrals of the square absolute value of
the amplitude for that mode and the squared absolute value of the total amplitude. The fit fractions do not sum to one due to
interference effects.

Intermediate state Amplitude Phase (◦) Fit fraction (%)

K0
Sσ1 1.56± 0.06 214± 3 11.0± 0.7

K0
Sf0(980) 0.385± 0.006 207.3± 2.3 4.72± 0.05

K0
Sσ2 0.20± 0.02 212± 12 0.54± 0.10

K0
Sf0(1370) 1.56± 0.12 110± 4 1.9± 0.3

K0
Sρ(770)0 1.0 (fixed) 0 (fixed) 21.2± 0.5

K0
Sω(782) 0.0343± 0.0008 112.0± 1.3 0.526± 0.014

K0
Sf2(1270) 1.44± 0.04 342.9± 1.7 1.82± 0.05

K0
Sρ0(1450) 0.49± 0.08 64± 11 0.11± 0.04

K∗
0 (1430)−π+ 2.21± 0.04 358.9± 1.1 7.93± 0.09

K∗
0 (1430)+π− 0.36± 0.03 87± 4 0.22± 0.04

K∗(892)−π+ 1.638± 0.010 133.2± 0.4 62.9± 0.8

K∗(892)+π− 0.149± 0.004 325.4± 1.3 0.526± 0.016

K∗(1410)−π+ 0.65± 0.05 120± 4 0.49± 0.07

K∗(1410)+π− 0.42± 0.04 253± 5 0.21± 0.03

K∗
2 (1430)−π+ 0.89± 0.03 314.8± 1.1 1.40± 0.06

K∗
2 (1430)+π− 0.23± 0.02 275± 6 0.093± 0.014

K∗(1680)−π+ 0.88± 0.27 82± 17 0.06± 0.04

K∗(1680)+π− 2.1± 0.2 130± 6 0.30± 0.07

non-resonant 2.7± 0.3 160± 5 5.0± 1.0

or Gounaris-Sakurai in the case of ρ0 → π+π−, with Blatt-
Weisskopf centrifugal factors and angular terms (see the
Isobar formalism text in Section 13.2.1). The resonance
composition measured by Belle is shown in Table 17.8.4.
Note that σ1 and σ2 states, with masses and widths al-
lowed to vary in the fit, are introduced as an effective
description of structure in the ππ S-wave.

BABAR, in contrast, uses the K-matrix formalism with
the P-vector approximation to describe the π+π− S-wave,
while the Kπ S-wave description uses a BW for the
K∗

0 (1430)± state and a non-resonant contribution param-
eterized by a scattering length and effective range, as de-
scribed in Section 13.2.2. The resonance composition, P-
vector, and Kπ S-wave parameters measured by BABAR
are shown in Table 17.8.5.
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B− → D0K− , D0 → K0Sπ+π− (GGSZ)

� Dominating measurement of ϕ3 at
B-factories

� First model-independent Dalitz analysis
ϕ3 = (77+15.1

−14.9 ± 4.1± 4.3)◦ [1]

� In recent model-dependent analyses,
model uncertainty 3◦ − 9◦

� Latest model-dependent result (incl. D∗K)
ϕ3 = (78.4+10.8

−11.6 ± 3.6± 8.9)◦ [14]
� For future experiments, model uncertainty
is expected to dominate (more statistics
and BES-III results will supersede CLEO-c)

4

is very little sensitivity to the ci and si parameters in
B± → DK± decays, which results in a reduction in the
precision on φ3 that can be obtained [11].

III. CLEO INPUT

The procedure for a binned Dalitz plot analysis should
give the correct results for any binning. However, the
statistical accuracy depends strongly on the amplitude
behavior across the bins. Large variations of the am-
plitude within a bin result in loss of coherence in the
interference term. This effect becomes especially signifi-
cant with limited statistics when a small number of bins
must be used to ensure a stable fit. Greater statistical
precision is obtained for the binning in which the phase
difference between the D0 and D0 amplitudes varies as
little as possible within a bin [12]. For optimal precision,
one also has to take the variations of the absolute value
of the amplitude into account, along with contributions
from background events. The procedure to optimize the
binning for the maximal statistical precision of φ3 has
been proposed in Ref. [12] and generalized to the case
with background in Ref. [14]. It has been shown that as
few as 16 bins are enough to reach a statistical precision
that is only 10–20% worse than in the unbinned case.
The optimization of binning sensitivity uses the am-

plitude of the D → K0
Sπ

+π− decay. It should be noted,
however, that although the choice of binning is model-
dependent, a poor choice of model results only in a loss
of precision, not bias, of the measured parameters [12].
CLEO measured ci and si parameters for four different
binnings with N = 8:

1. Bins equally distributed in the phase difference
∆δD between the D0 and D0 decay amplitudes,
with the amplitude from the BaBar measure-
ment [6].

2. Same as option 1, but with the amplitude from the
Belle analysis [10].

3. Optimized for statistical precision according to the
procedure from [12] (see Fig. 1). The effect of the
background in B data is not taken into account in
the optimization. The amplitude is taken from the
BaBar measurement [6].

4. Same as option 3, but optimized for an analysis
with high background in B data (e. g., at LHCb).

Our analysis uses the optimal binning shown in Fig. 1
(option 3) as the baseline since it offers better statistical
accuracy. In addition, we use the equal phase difference
binning (∆δD-binning, option 1) as a cross-check.
The results of the CLEO measurement of ci and si

for the optimal binning are presented in Table I. The
same results in graphical form are shown in Fig. 2. The
values of ci and si calculated from the Belle model [10]
are compared to the measurements and are found to be in
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FIG. 1. Optimal binning of the D → K0
Sπ

+π− Dalitz plot.
The color scale indicated corresponds to the absolute value of
the bin index, |i|.

TABLE I. Values of ci and si for the optimal binning mea-
sured by CLEO [14], and calculated from the Belle D →
K0

Sπ
+π− amplitude model.

CLEO measurement Belle model

c1 −0.009 ± 0.088 ± 0.094 −0.039

c2 +0.900 ± 0.106 ± 0.082 +0.771

c3 +0.292 ± 0.168 ± 0.139 +0.242

c4 −0.890 ± 0.041 ± 0.044 −0.867

c5 −0.208 ± 0.085 ± 0.080 −0.246

c6 +0.258 ± 0.155 ± 0.108 +0.023

c7 +0.869 ± 0.034 ± 0.033 +0.851

c8 +0.798 ± 0.070 ± 0.047 +0.662

s1 −0.438 ± 0.184 ± 0.045 −0.706

s2 −0.490 ± 0.295 ± 0.261 +0.124

s3 −1.243 ± 0.341 ± 0.123 −0.687

s4 −0.119 ± 0.141 ± 0.038 −0.108

s5 +0.853 ± 0.123 ± 0.035 +0.851

s6 +0.984 ± 0.357 ± 0.165 +0.930

s7 −0.041 ± 0.132 ± 0.034 +0.169

s8 −0.107 ± 0.240 ± 0.080 −0.596

reasonable agreement with χ2 = 18.6 for the number of
degrees of freedom ndf = 16 (the corresponding p-value
is p = 29%).

As is apparent from Fig. 2, the chosen binning contains
bins where the strong phase difference between D0 and
D0 amplitudes is close to zero (bins with |i| = 2, 7, 8) and
180◦ (bin with |i| = 4) which provide sensitivity to x±,
as well as bins with the strong phase difference close to
90◦ and 270◦ (bins with |i| = 1, 3, 5, 6), more sensitive to
y±. This ensures that the method is sensitive to φ3 for

10

TABLE III. Signal yields in Dalitz plot bins for the B± →
Dπ±, D → K0

Sπ
+π− sample with the optimal binning.

Bin i N−

i
N+

i

-8 564.2 ± 25.3 587.0 ± 25.7

-7 462.3 ± 23.8 462.8 ± 23.9

-6 47.9 ± 7.7 39.2 ± 7.2

-5 314.1 ± 19.0 286.2 ± 18.2

-4 592.6 ± 26.5 645.7 ± 27.8

-3 22.2 ± 6.2 27.2 ± 6.3

-2 42.7 ± 7.6 54.0 ± 8.7

-1 190.8 ± 15.4 210.8 ± 16.3

1 959.2 ± 32.6 980.2 ± 33.1

2 1288.7 ± 37.0 1295.9 ± 37.1

3 1395.8 ± 38.4 1352.2 ± 37.9

4 1045.5 ± 34.7 1065.1 ± 34.9

5 479.3 ± 23.3 532.2 ± 24.5

6 623.7 ± 26.0 663.5 ± 26.7

7 1081.0 ± 35.3 1049.2 ± 34.8

8 210.0 ± 16.1 212.1 ± 16.3

Total 9467.1 ± 103.6 9639.1 ± 104.7
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FIG. 6. Results of the fit to the B± → Dπ± sample. (a) Sig-
nal yield in bins of the D → K0

Sπ
+π− Dalitz plot: from

B− → Dπ− (red), B+ → Dπ+ (blue) and flavor sam-
ple (histogram). (b) Difference of signal yields between the
B+ → Dπ+ and B− → Dπ− decays. (c) Difference of signal
yields between the B− → Dπ− and flavor samples (normal-
ized to the total B− → Dπ− yield): yield from the separate
fits (points with error bars), and as a result of the combined
(x, y) fit (horizontal bars). (d) Same as (c) for B+ → Dπ+

data.

TABLE IV. Signal yields in Dalitz plot bins for the B± →
DK±, D → K0

Sπ
+π− sample with the optimal binning.

Bin i N−

i
N+

i

-8 49.8± 8.2 37.8 ± 7.5

-7 42.2± 8.6 24.9 ± 7.2

-6 0.0± 1.9 3.4± 2.9

-5 9.6± 4.5 23.6 ± 6.2

-4 32.9± 7.5 42.1 ± 8.3

-3 3.5± 2.8 0.7± 2.5

-2 11.3± 4.1 0.0± 1.3

-1 16.6± 5.4 7.7± 4.4

1 37.6± 8.0 65.1 ± 9.9

2 68.6± 9.6 75.5 ± 9.8

3 83.4± 10.1 82.4 ± 10.2

4 49.3± 9.1 86.5 ± 11.4

5 34.0± 7.3 38.3 ± 7.6

6 34.8± 6.8 41.9 ± 7.5

7 70.8± 10.6 46.4 ± 9.0

8 9.4± 4.3 14.2 ± 5.1

Total 574.9 ± 29.9 601.6 ± 30.8
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FIG. 7. Results of the fit of the B± → DK± sample. (a) Sig-
nal yield in bins of the D → K0

Sπ
+π− Dalitz plot: from

B− → DK− (red), B+ → DK+ (blue) and flavor sam-
ple (histogram). (b) Difference of signal yields between the
B+ → DK+ and B− → DK− decays. (c) Difference of signal
yields between the B− → DK− and flavor samples (normal-
ized to the total B− → DK− yield): yield from the separate
fits (points with error bars), and as a result of the combined
(x, y) fit (horizontal bars). (d) Same as (c) for B+ → DK+

data.

Model independent
� Model uncertainty
replaced by statistical
uncertainty from CLEO-c

� But ∼80% of statistical
precision

BELLE
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B− → D∗0K− , D∗0 → D0π0, D0γ (GLW and ADS)

� Full data set: 772M B pairs
� B-factory exclusive
measurement (low E π0/γ; CP-)

GLW
� Combining results for
D∗ → Dπ0,Dγ yields:

ACP+ = −0.14± 0.10± 0.01
ACP− = +0.22± 0.11± 0.01

...

ADS

RD∗K,Dπ0 = [1.0+0.8
−0.7(stat)

+0.1
−0.2(syst)]× 10−2

RD∗K,Dγ = [3.6+1.4
−1.2(stat)± 0.2(syst)]× 10−2

...

� To be published soon
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FIG. 2. Projections for B → D∗h, D∗ → Dπ0, D → Kπ modes, for B → D∗h, D∗ → DCP+π
0 modes and for B → D∗h,

D∗ → DCP−π
0 modes. See caption of Fig. 1 for details.
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FIG. 2. Projections for B → D∗h, D∗ → Dπ0, D → Kπ modes, for B → D∗h, D∗ → DCP+π
0 modes and for B → D∗h,

D∗ → DCP−π
0 modes. See caption of Fig. 1 for details.
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B− → D0K− , D0 → K+π−π0 (ADS)

� Full data set: 772M B pairs
� Caveat: strong phase from the D decay δD can
vary over multi-particle phase space, which
can dilute CP-violation effects

� However, this effect is quite small here
(coherence factor close to 1 [10])

RDK = (1.98± 0.62± 0.24)× 10−2

ADK = 0.41± 0.30± 0.05

� First evidence for suppressed B → DK decay;
significance 3.2σ [11]

For this background component, all other PDF shape
parameters in the suppressed mode are fixed to those
measured in the fit to the favored mode.

The BB background in the favored Dh modes has
two components. The first is from B− → D∗h− and
B− → Dρ− events and peaks at ∆E < −0.1 GeV, so an
upper tail is observed within the fit range. The second
component is combinatorial. The peaking and combi-
natorial components are modeled by an exponential and
first-order polynomial, respectively. The suppressed Dh
has a much smaller peaking BB background contribu-
tion than the favored mode, so an exponential function is
used to model the whole peaking and combinatorial back-
ground. The C′NB distribution for the BB background is
parameterized by a Gaussian function, which is deter-
mined separately for suppressed and favored modes from
the BB MC sample.

The ∆E and C′NB distributions for the qq̄ continuum
background are parametrized by a first-order polynomial
and a sum of two Gaussian functions of common mean,
respectively. The parameters for C′NB are determined us-
ing the Mbc sideband, given by 5.20 GeV/c2 < Mbc <
5.24 GeV/c2, for all modes. For the suppressed mode,
the mean of one of the Gaussians is left free in the fit to
data; this minimizes the cross feed between the qq̄ and
combinatorial BB backgrounds.

The projections of the fits for the suppressed and fa-
vored Dh modes are shown in Figs. 1 and 2, respectively.
Suppressed DK and Dπ signal peaks are visible. The
values of RDh are determined using the signal yields and
efficiencies given in Table I:

RDK = [1.98± 0.62(stat.)± 0.24(syst.)]× 10−2, (6)

RDπ = [1.89± 0.54(stat.)+0.22
−0.25(syst.)]× 10−3. (7)

The systematic uncertainties associated with RDK and
RDπ are are listed in Table II and estimated as follows.
The uncertainties due to fixed PDF shape parameters
that are obtained from data are estimated by varying
each fixed parameter by ±1σ. The uncertainty due to
the BB C′NB PDF is estimated by varying the mean and
width of the Gaussian by the maximum differences ob-
served between data and MC for the C′NB PDF from fa-
vored signal. Possible bias related to the fit is checked
with 10000 simulated experiments. No bias is observed,
and the systematic uncertainty due to possible bias is
taken to be the error on the mean residual. A small bias
is observed in the yields of BB and qq̄ backgrounds in
the suppressed B → DK mode simulations. This is due
to an imperfect modeling of the continuum C′NB distribu-
tion in the signal region by the fits to the Mbc sideband.
The impact of this bias on the signal yield is estimated
using simulated experiments to be at most 3%.

Charmless B− → K−K+π−π0 decay could result in an
irreducible peaking background to the signal. The size
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FIG. 1: [color online]. ∆E (C′NB > 4) and C′NB

(|∆E| < 0.02 GeV) distributions for [K+π−π0]DK
− (left),

[K+π−π0]Dπ
− (right). In these plots, points with error bars

represent data while the total best-fit projection is shown with
the solid blue curve, for which the components are shown
with thicker dashed red (DK signal), thinner dashed magenta
(Dπ), dashed dot green (BB background) and dotted blue (qq̄
background). To enhance the signal and suppress the dom-
inant continuum background in the ∆E projection, a strict
criterion on C′NB is applied.

of this background is bounded by fits to the sidebands
of the reconstructed D mass: 1.45 GeV/c2 < MD <
1.80 GeV/c2 and 1.90 GeV/c2 < MD < 2.25 GeV/c2.
We apply the same fitting method used in the signal ex-
traction to the sideband sample to obtain an expected
yield of −9 ± 7 and −11 ± 8 events for suppressed DK
and Dπ, respectively. Since the yields are consistent with
zero, we include the uncertainty on the obtained yield as
a systematic uncertainty. This is the dominant source of
systematic uncertainty on the measurement of RDK .

There are also uncertainties on the efficiency coming
from the limited statistics of the MC sample and the
calibration of the PID efficiency for potential data-MC
differences. The uncertainty due to fixing the B → Dπ
yield in the fit to the suppressed B → DK sample is
found to be negligible.

The signal significance is calculated as S =√
−2ln(L0/Lmax), where Lmax is the maximum likeli-

hood and L0 is the likelihood when the signal yield is
constrained to be zero. In order to include systematic un-
certainty in the significance, we convolve the fit likelihood
with a Gaussian whose width is equal to the systematic
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FIG. 2: [color online]. ∆E (C′NB > 4) and C′NB

(|∆E| < 0.02 GeV) distributions for [K−π+π0]DK
− (left),

[K−π+π0]Dπ
− (right). The color legend and fit components

are the same as those in Fig. 1.

uncertainty for RDK and with an asymmetric Gaussian
whose widths are the negative and positive systematic
uncertainties for RDπ. The significance of RDK (RDπ) is
3.2σ (3.3σ).

TABLE I: Signal yields, reconstruction efficiencies for signals
after PID calibration for any data-MC discrepancy and sig-
nificances (S) including systematic uncertainties. The uncer-
tainties listed for the signal yield are statistical only, and those
on efficiency are from MC statistics and the PID correction.

Mode Yield Efficiency (%) S
B− → [K+π−π0]DK

− 77±24 10.9±0.1 3.2σ

B− → [K−π+π0]DK
− 3844±125 10.8±0.1

B− → [K+π−π0]Dπ
− 94±27 11.2±0.1 3.3σ

B− → [K−π+π0]Dπ
− 49668±338 11.2±0.1

We measure ADh in a separate fit to the suppressed
candidates, including the charge of the kaon or pion from
the B decay as an additional observable and ADh as a
new free parameter. Since asymmetries associated with
BB and qq̄ parameters are expected to be negligible, they
are fixed to zero in the ADh fit. The measured values are:

ADK = 0.41± 0.30(stat.)± 0.05(syst.), (8)

ADπ = 0.16± 0.27(stat.)+0.03
−0.04(syst.). (9)

The ∆E projections for signal Dh− and Dh+ are shown
in Fig. 3. The systematic uncertainties (see Table II)

arise from the following sources. Uncertainties related to
the fit parameters are obtained in the same way as those
estimated for RDh. The uncertainty due to the yield of
the peaking background is±0.04 (±0.01) forADK (ADπ),
which is estimated under the assumption of zero asym-
metry in the peaking background. A possible bias in ADh
due to any detector asymmetry is estimated by determin-
ing the asymmetry between B+ and B− in the favored
mode, which is expected to be close to zero. No detector
asymmetry is observed in the favored DK mode, so the
uncertainty on the measurement is taken as a systematic
uncertainty for the suppressed DK mode. An asymme-
try is seen in the favored Dπ mode, which is taken as a
systematic uncertainty for the suppressed Dπ mode. The
remaining sources are found to give negligible contribu-
tions.
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FIG. 3: [color online]. ∆E distributions (C′NB > 4) for
[K+π−π0]DK

− (left upper), [K−π+π0]DK
+ (right upper),

[K+π−π0]Dπ
− (left lower), [K−π+π0]Dπ

+ (right lower). The
color legend and fit components are the same as those in
Fig. 1.

In summary, for the mode B− → Dh−, D → K+π−π0

(h = K,π), we report the measurements RDh and ADh,
using 772×106 BB pairs collected by the Belle detector.
We obtain the first evidence for the suppressed B → DK
signal with a significance of 3.2σ. In addition, we report
the first measurements of ADK , RDπ and ADπ. The RDK
and ADK results obtained can be used to constrain the
UT angle φ3 using the ADS method [4].

We thank the KEKB group for the excellent opera-
tion of the accelerator; the KEK cryogenics group for
the efficient operation of the solenoid; and the KEK com-
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B0 → D0K∗0 , K∗0 → K+π−, D0 → K−π+ (ADS)

� Full data set: 772M B pairs
� Self-tagging channel because of the K∗
decay

� ADS but with D[K+π−]K∗ → slightly
different RDK∗0 definition

RDK∗0 = (4.1+5.6+2.8
−5.0−1.8)× 10−2

� As the RDK∗0 value is not significant, an
upper limit was established [12]

� RDK∗0 < 0.16 (95% C.L.)
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FIG. 2: The projections of the fits to data for the suppressed
mode (upper) and the favored mode (lower): the ∆E pro-
jection for 3 < C′

NB < 10 (left) and the C′

NB projection
for |∆E| < 0.03GeV (right). The fitted data samples are
shown by the dots with error bars and the total PDFs are
shown by the solid blue curve. Individual components are
shown by the dashed red (DK∗0 signal), the dash-dotted
magenta (D̄0ρ0), the short dashed green (combinatorial BB̄
background), the long dashed brown (qq̄ background), the
very long dashed black (peaking backgrounds), the dash-
dot-dotted gray (D̄0K+), and the dash-dot-dot-dotted aqua
(D̄0π+).

uncertainty due to the PDF shape for qq̄ is the largest sys-
tematic uncertainty. The uncertainty due to the yields
of the peaking background is conservatively estimated
by applying 0 and 2 times the nominal expected yields.
The systematic uncertainty associated with the peaking
background is small because of its small expected yield.
The uncertainty due to the yields of D̄0K+ and D̄0π+

is estimated by taking into account the uncertainty of
the efficiencies and the branching fractions. We check
the fit bias by generating 10,000 pseudo-experiments for
each of the suppressed and favored modes. We obtain
an almost standard Gaussian distribution for the pull,
and take the product of the mean of the pull and the
error of the nominal fit. MC statistics and the uncertain-
ties in the efficiencies of particle identification dominate
the systematic uncertainty in detection efficiency. The
uncertainties in the efficiencies of particle identifications
are determined from the decay D∗+ → D0π+ followed
by D0 → K−π+. The uncertainty due to the charmless
B0 → K∗0K+π− decay is obtained from the upper limit
of its branching ratio [23] and the efficiency estimated

TABLE I: Summary of the results. The errors for N and
RDK∗0 are statistical only.

Mode ǫ (%) N RDK∗0

B0 → [K+π−]DK∗0 21.0 ± 0.3 190+22.3

−21.2 (4.1+5.6

−5.0)×10−2

B0 → [K−π+]DK∗0 20.9 ± 0.3 7.7+10.6

−9.5

TABLE II: Summary of the systematic uncertainties for
RDK∗0 .

Source Uncertainty [10−2]

Signal PDFs +0.1− 0.2

D̄0ρ0 PDFs +0.0− 0.1

Combinatorial BB̄ PDFs +1.8− 1.2

Peaking background PDFs +0.1− 0.1

qq̄ PDFs +2.2− 1.4

D̄0K+ PDFs +0.0− 0.0

D̄0π+ PDFs +0.0− 0.1

Fit bias +0.4− 0.0

Efficiency +0.1− 0.1

Charmless decay +0.0− 0.3

Total +2.8− 1.8

by assuming a non-resonant distribution in phase space.
The uncertainties due to the favored mode are estimated
in a similar manner as for the suppressed mode and are
found to be small.

The distribution of the likelihood L is obtained by con-
volving the likelihood in the (∆E,C′

NB) two-dimensional
fit and an asymmetric Gaussian whose widths are the
negative and positive systematic errors. We set a 95%
confidence level (C.L.) upper limit for RDK∗0 to be
RDK∗0 < 0.16. We obtain an upper limit of rS < 0.4,
corresponding to 95% C.L. limit of RDK∗0 , by conserva-
tively assuming that rS is much larger than rD so that
RDK∗0 = r2S . The uncertainties due to the signal yield of
the favored mode are found to be negligible.

In summary, we report a result of the measurement
of the ratio RDK∗0 , using a 711 fb−1 data sample col-
lected by the Belle detector. We obtain RDK∗0 =
(4.1+5.6+2.8

−5.0−1.8) × 10−2, which can be used to extract φ3

by combining with other observables related to the same
dynamical parameters rS , δS and k. Since the value
of RDK∗0 is not significant, we set an upper limit of
RDK∗0 < 0.16 (95% C.L.); this is the most stringent limit
to date. Possible reasons for the small rS are destructive
interference between the two D decays, destructive in-
terference between DK∗0 and other DK+π− states, or a
small ratio of magnitudes of amplitudes for B0 → D0K∗0

over B0 → D̄0K∗0.

We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-
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B0 → D0K∗0 , K∗0 → K+π−, D0 → K0Sπ+π− (GGSZ)

� 1st model-independent Dalitz analysis of B0 → D0K∗0 [13]
� Full data set: 772M B pairs
� Results given in Cartesian coordinates (Gaussian, easy to combine)

x− = +0.4+1.0+0.0
−0.6−0.1 ± 0.0

y− = −0.6+0.8+0.1
−1.0−0.0 ± 0.1

x+ = +0.1+0.7+0.0
−0.4−0.1 ± 0.1

y+ = +0.3+0.5+0.0
−0.8−0.1 ± 0.1

rs < 0.87 68% C.L.

Model independent
� Model uncertainty replaced by
statistical uncertainty from CLEO-c

� But ∼80% of statistical precision

x± = rS cos(δS ± ϕ3)

y± = rS sin(δS ± ϕ3)

BELLE
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Time-dependent Measurements

� All of the measurements presented so far were time-independent
� Time-dependent measurements also possible
� Channels like:

� B0 → D(∗)π [3]
� B0 → D(∗)ρ

� Mixing induced CPV

� In order to extract ϕ3 from B → SS/SV
decays we must supply r = |ADCS/ACF|
externally, usually assuming SU(3)
symmetry

� In B → VV decays one can extract all
physics parameters from data

B0

B̄0

f

inter ference
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D∗ρ

� B → VV
� 3 helicity configurations; A =

∑
λ Aλ

� Γ = |A|2 ⇒ interference terms (more info about Aλ gets preserved)
� In principle we can extract ρλ = rλei(−2ϕ1−ϕ3+δλ) and
ρ̄λ = rλei(+2ϕ1+ϕ3+δλ)

� However, when rλ are small fitting can fail (r = 0 is a pole in
sensitivity of other vars)

� We use Cartesian coordinates {rλ, δλ, ϕw} → {xλ, yλ, x̄λ, ȳλ}
� ρλ = xλ + iyλ and ρ̄λ = x̄λ + iȳλ
� This introduces 5 new vars; successive step has to be made to
extract the physical parameters

12



D∗ρ Yield

� 60k events in the Belle dataset
� r = |ADCS/ACF| is expected to be ∼ 1 – 2%; small CPV effect
� Realistic yield fits
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D∗ρ Realistic Angular Time-dependent Fit

MC sample generated with:
� 60k events
� Helicity amplitudes from CLEO [6]
� rλ = 1%
� Random values for strong phases:

� δ+ = −0.393
� δ0 = 0.785
� δ− = 1.571

� 2ϕ1 + ϕ3 = 1.79371

Var Fit σ

|a∥| 0.2861 0.0022
(a∥) 0.5919 0.0130
|a0| 0.9306 0.0008
(a⊥) 3.1159 0.0110
x∥ 0.0530 0.0222
x0 0.0640 0.0137
x⊥ 0.0700 0.0228
y∥ 0.0109 0.0143
y0 -0.0131 0.0046
y⊥ -0.0369 0.0225
x̄∥ 0.0669 0.0240
x̄0 0.0829 0.0114
x̄⊥ 0.0530 0.0249
ȳ∥ 0.0123 0.0168
ȳ0 0.0055 0.0046
ȳ⊥ 0.0297 0.0235

Realistic Toy Fit
14



D∗ρ Expected Uncertainty

� Based on simpler (generator level)
more optimistic (higher yield) toy MC

� Robust 2ϕ1 + ϕ3 extraction from x, y
� Adjusted for actual yield, resolution,
flavor tagging:
� σ(2ϕ1 + ϕ3) ≈ 80◦(stat) for Belle
� σ(2ϕ1 + ϕ3) ≈ 11◦(stat) for Belle II at
50ab−1

� Without any external input
� We can decrease σ, if we take, e.g., rλ
from other measurements (D∗

sρ)

 φw

0

5

10

15

20

-1 0 1 2 3 4

Entries

Mean

RMS

            187

  1.716

 0.5534

  20.07    /    16

Constant   16.87

Mean   1.735

Sigma  0.5574

 σ(φw)

0

5

10

15

20

0 0.5 1 1.5 2

Entries

Mean

RMS

            187

 0.6281

 0.3471

 σ(φw)

0

5

10

-2 -1.5 -1 -0.5 0

Entries

Mean

RMS

            187

-0.7087

 0.4219

 pull

0

10

20

30

-15 -10 -5 0 5 10 15

Entries

Mean

RMS

            187

-0.1747

  1.207

  23.34    /    18

Constant   21.13

Mean -0.3769E-01

Sigma  0.9536

15



Belle II Sensitivity Simulation

� Sensitivity simulation study
B → [KSh+h−]DK (GGSZ)

� The study was not finalized, not fully
tuned:
� Continuum suppression
� Particle ID

� Full Belle II simulation w/ reconstruction
� Statistical uncertainties (for the chosen
channel)
� σ(ϕ3) = 9.5◦ with 10 ab−1

� σ(ϕ3) = 2.9◦ with 50 ab−1

� Overall precision improvement as
expected

� Incomplete, conservative estimate

D∗± selection
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TMVA overtraining check for classifier: BDT

Preselection
Loose K± and π± cuts
0.450 < M(KS) < 0.550 reconstructed as V0
1.8 < M(D) < 1.9 GeV and 1.8 < pD < 2.8 GeV [to match B]
ΔM < 0.1576

Track impact parameter cuts d0 < 0.5cm, |z0| < 1cm,
PID cuts: tighter K/π selection [already applied for full MC], e/µ
rejection
BDT created for KS selection based on flight time, vertex
goodness-of-fit, ρ
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B Signal and Background Component Fits
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Fitting UDSC, generic BB, B → Dπ and signal in ΔE ,Mbc

Correlations between ΔE ,Mbc for signal
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Belle II – Watson 

– details at B2TiP Pittsburgh

16/11/2016 WG4 summary 6

• 9.5⁰ @ 10 fb−1

• 2.9⁰ @ 10 fb−1

• Statistical only

• Additional 2⁰ from strong 
phases

• But in general the 
asymptotic behaviour is as 
expected

• Ian has left HEP but write-
up in hand for integration 
into the main document

• signal
• generic BB
• udsc
• D → Dπ
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ϕ3 Combination Projection

� Belle II based on
B → D(∗)K(∗)

� LHCb based on B → DK+,
Dπ+ and DK∗0

Both with
� D → KK, D → ππ, D → Kπ
� D → Kπππ
� D → KSππ
Both experiments have/will
include more modes
Work ongoing to estimate
sensitivity more precisely

LHCb values based on extrapolation
from LHCb-PAPER- 2014-041
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FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb−1 and ab−1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
assumptions will be provided here.
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FIG. 3: Expected yield enhancement for selected analysis types in Belle II and LHCb
(left), and expected statistical error reduction factors (right). It assumes that Belle II will
spend 70% of the time at Υ(4S), which is a realistic, but conservative operating scenario.
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FIG. 5: Projected precision for various measurements of direct CP violation.
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New Physics

� New Physics (NP) in ϕ3 searches: usually compare tree-level with
penguins

� Recent studies show that NP contributions to tree-level C1 and C2
of O(40%) and O(20%) are not excluded

� Rough estimate shows that deviations in ϕ3 of O(4◦) are
consistent with current experimental constraints [5]

� Motivation for theoretical and experimental study of ϕ3
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Thank you!
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Combination for charged B
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The world combination doesn’t include LHCb’s recent
measurements. LHCb alone now reached γ = (72.2+6.8

−7.3)
◦
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