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Study of time-dependent and direct 𝐶𝑃 violation at Belle Kazutaka Sumisawa1

1. Introduction

Study of𝐶𝑃 violation provides test of the Standard Model (SM). In the SM,𝐶𝑃 violation arises
from the Kobayashi-Maskawa (KM) phase [1] in the quark-mixing matrix in the weak interaction.
In particular, the SM predicts to a good approximation that S = −𝜉 𝑓 sin 2𝜙1 and A = 0 for both
𝑏 → 𝑐𝑐𝑠 and 𝑏 → 𝑠𝑞𝑞 transitions, where S (A) is a parameter for mixing-induced (direct) 𝐶𝑃
violation [2], 𝜉 𝑓 = +1(−1) corresponds to 𝐶𝑃-even (-odd) final states and 𝜙1 is one of angles of
the Unitarity Triangle. Measurements of time-dependent 𝐶𝑃 asymmetries in 𝐵0 → 𝐽/𝜓𝐾0

𝑆 and
related decay modes, which are governed by the 𝑏 → 𝑐𝑐𝑠 transition, by the Belle [3] and BaBar [4]
collaborations already determine sin 2𝜙1 rather precisely.

𝐶𝑃-violation parameters in the flavor-changing 𝑏 → 𝑠 transition are sensitive to phenomena
at a very high-energy scale [5]. The 𝐵0 decay to 𝐾0

𝑆𝐾
0
𝑆𝐾

0
𝑆 , which is a 𝜉 𝑓 = +1 state, is one of the

most promising modes for this purpose [6]. Since there is no 𝑢 quark in the final state, the decay is
dominated by the 𝑏 → 𝑠𝑠𝑠 transition.

𝐵0 → 𝐷0𝜋0 and 𝐵+ → 𝐷0𝜋+ decays are 𝑏 → 𝑐𝑢𝑑 transitions. In these decays, the contribution
of the higher level diagram is significantly lower than that of the tree level diagram. No 𝐴𝐶𝑃 is
expected in SM. Both decays are commonly used as control modes in other analyses (for example,
𝐵0 → 𝜋0𝜋0, 𝐵 → 𝐾𝜋) and allow for high-precision validation of techniques. These analyses are
therefore also important for Belle II precision frontier.

2. Belle detector

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside the coil is
instrumented to detect 𝐾0

𝐿 mesons and to identify muons (KLM). The detector is described in detail
elsewhere [7].

3. Measurement of time-dependent 𝐶𝑃 violation in 𝐵 → 𝐾0
𝑆𝐾

0
𝑆𝐾

0
𝑆

Signal candidates are identified by kinematic variables calculated using the information such
as momentum, energy and particle identification from Belle detector. For the kinematic variables
defined in the center of mass system (cms), the beam-energy constrained mass𝑀bc ≡

√
𝐸2

beam − 𝑝𝐵2

and the energy difference Δ𝐸 ≡ 𝐸𝐵 − 𝐸beam are used, where 𝐸beam =
√
𝑠/2 is the cms beam energy,

and 𝑝𝐵 and 𝐸𝐵 are the cms three momentum and energy of the reconstructed 𝐵 meson candidate,
respectively. The dominant source of background is continuum 𝑒+𝑒− → 𝑞𝑞 (𝑞 = 𝑢, 𝑑, 𝑠, and
𝑐) production. To reduce it, a parameter, modified NN, is calculated using a neural network
(NN) technique with a likelihood ratio from modified Fox-Wolfram moments [9], cosine of the
angle between the beam direction and 𝐵0 flight derection, and the angle between the thrust axis
of the 𝐵0 candidate and that of the rest of the event. The event selection and extraction of 𝐶𝑃
violation are optimized using Monte Carlo (MC) simulated events. The MC events are generated
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by EVTGEN [10] and the detector response is modeled using GEANT3 [11]. For signal extraction,
we used an unbinned maximum likelihood fit with 3D probability density function (PDF) (Δ𝐸 , 𝑀bc,
and modified NN), as shown in Fig.1. Obtained are 329 ± 20 signal events, with 72% purity in the
signal region.

Preliminary Preliminary Preliminary

Figure 1: Fit projections from the signal extracion obtained using three-dimensional fit to Δ𝐸 (left), 𝑀bc
(middle), and modified NN (right) distributions.

In the decay chain Υ(4𝑆) → 𝐵0𝐵0 → 𝑓𝐶𝑃 𝑓tag, where one of the 𝐵 mesons decays at time
𝑡𝐶𝑃 to a 𝐶𝑃 eigenstate 𝑓𝐶𝑃 and the other decays at time 𝑡tag to a final state 𝑓tag that distinguishes
between 𝐵0 and 𝐵0, the decay rate has a time dependence given by

P(Δ𝑡) = 𝑒−|Δ𝑡 |/𝜏𝐵0

4𝜏𝐵0

{
1 + 𝑞 ·

[
S sin(Δ𝑚Δ𝑡) + A cos(Δ𝑚Δ𝑡)

]}
. (1)

Here 𝜏𝐵0 is the 𝐵0 lifetime, Δ𝑚 is the mass difference between the two 𝐵0 mass eigenstates, Δ𝑡 is
the time difference 𝑡𝐶𝑃 − 𝑡tag, and the 𝑏-flavor charge is 𝑞 = +1 (−1) when the tagging 𝐵 meson is
a 𝐵0 (𝐵0).

The 𝑏-flavor of the accompanying 𝐵 meson is identified from inclusive properties of particles
that are not associated with the reconstructed 𝐵0 → 𝐾0

𝑆𝐾
0
𝑆𝐾

0
𝑆 candidates. The algorithm for flavor

tagging is described in detail elsewhere [12]. We use two parameters, 𝑞 defined in Eq. (1) and 𝑟 ,
to represent the tagging information. The parameter 𝑟 is an event-by-event, MC-determined flavor-
tagging dilution factor that ranges from 𝑟 = 0 for no flavor discrimination to 𝑟 = 1 for unambiguous
flavor assignment. Candidates with 𝑟 ≤ 0.1 are not used for 𝐶𝑃 violation measurement. The
remaining data are sorted into six 𝑟 intervals. The wrong tag fractions 𝑤 for each of the 𝑟 intervals
and their differences Δ𝑤 for 𝐵0 and 𝐵0 decays are determined from 𝐵0 decay control sample in
which the flavor is specified by itself.

We determine S and A by performing an unbinned maximum-likelihood fit to the observed
Δ𝑡 distribution. The PDF expected for the signal distribution, Psig(Δ𝑡;S,A, 𝑞, 𝑤,Δ𝑤), is given by
Eq. (1) after incorporating the effect of incorrect flavor assignment. The distribution is convolved
with the proper-time interval resolution function, which is a function of event-by-event 𝐵-vertex
errors. We determine the following likelihood value for each event 𝑖:

𝑃𝑖 = (1 − 𝑓ol)
[
𝑓sigPsig(Δ𝑡𝑖) + (1 − 𝑓sig)Pbkg(Δ𝑡𝑖)

]
+ 𝑓olPol(Δ𝑡𝑖), (2)

where Pol is a broad Gaussian function that represents an outlier component with a small fraction
𝑓ol. The signal probability 𝑓sig is calculated on an event-by-event basis from the function obtained
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by the fit used to extract the signal yield. Pbkg is PDF for background events, and it is determined
by the fit to the Δ𝑡 distribution of a background-enhanced control sample, i.e. events outside of the
Δ𝐸-𝑀bc signal region. We fix 𝜏𝐵0 and Δ𝑚 to their world-average values [13]. In order to reduce
the statistical error on A, we include events without 𝐵-vertex information. The likelihood value in
this case is obtained from the function of Eq. (2) integrated over Δ𝑡𝑖 .

The only free parameters in the final fit are S and A, which are determined by maximizing the
likelihood function 𝐿 =

∏
𝑖 𝑃𝑖 (Δ𝑡𝑖;S,A) where the product runs over all events. Using the fit,

S = −0.72 ± 0.23(stat) ± 0.05(syst), A = 0.11 ± 0.16(stat) ± 0.05(syst) (3)

are obtained [14]. The Δ𝑡 and asymmetry distributions are shown in Fig. 2. Using the Feldman-
Cousins approach [15], the significance of 𝐶𝑃 violation is obtained to be 2.4𝜎 from the 2-
dimenstional confidence region is the S and A plane, and is shown in Fig. 3.

Preliminary

Preliminary

Figure 2: Δ𝑡 distribution (top) and asymmetry
distribution (bottom) obtained from data.

Preliminary

Figure 3: Confidence region for S and A. The
red, green, and blue contours represent 1𝜎, 2𝜎,
and 3𝜎, respectively. The point with error bars
represents the measured values. The circle is a
physical region defined by S2 + A2 ≤ 1.

4. Direct 𝐶𝑃 violation in 𝐵 → 𝐷0𝜋

We reconstruct 𝐵 → 𝐷0𝜋 candidates from the subsequent decays of the 𝐷0 and reconstructed
𝜋± or 𝜋0 candidates. We employ two reconstruction modes: 𝐵 → (𝐷0 → 𝐾+𝜋−)𝜋 (𝐵2𝑏) and
𝐵 → (𝐷0 → 𝐾+𝜋−𝜋0)𝜋 (𝐵3𝑏). The 𝜋0 mesons are reconstructed from their decay into two
photons.

The direct 𝐶𝑃 violation parameter, 𝐴𝐶𝑃 , for the 𝐵0 → 𝐷0𝜋0 decay is defined as:

𝐴𝐶𝑃 =
Γ(𝐵0 → 𝐷0𝜋0) − Γ(𝐵0 → 𝐷0𝜋0)
Γ(𝐵0 → 𝐷0𝜋0) + Γ(𝐵0 → 𝐷0𝜋0)

, (4)
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where Γ is the partial decay width for the corresponding decay.
Two kinematic variables, Δ𝐸 and 𝑀bc, and one variable for continuum suppresion, 𝐶 ′

𝑁𝑁 , are
used for extraction of signal yield and 𝐴𝐶𝑃 . Branching fraction (B) and 𝐴𝐶𝑃 were determined via
a simultaneous fit to subsequent 4 data sets (2 𝐵-flavor and 2 𝐷0-decay modes (𝐵2𝑏 or 𝐵3𝑏)).

Preliminary Preliminary Preliminary

Preliminary Preliminary Preliminary

Figure 4: Projections of the 𝐵+ → 𝐷0𝜋+ fit result into the signal region for 𝑀bc (left), Δ𝐸 (middle), and
𝐶 ′
𝑁𝑁 (right) split into 𝐵2𝑏 mode (top) and 𝐵3𝑏 (bottom). The blue line shows signal PDF, red shows 𝐵𝐵

background PDF, green shows continuum background PDF, yellow shows rare background PDF, black is
sum of all PDFs, and point are data.

To validate the reconstruction efficiencies and fitting methodology, we use the same techniques
to analyze a control mode, 𝐵+ → 𝐷0𝜋+, resulting in B = (4.53 ± 0.02 ± 0.14) × 103 and 𝐴𝐶𝑃 =
(0.19 ± 0.36 ± 0.57)%, where the uncertainties quoted are statistical and systematic respectively.
The obtained values are consistent with the PDF average values [13]. Fit results are shown in Fig. 4.

After fixing analysis procedures from the study of the control mode, we fit the 𝐵0 → 𝐷0𝜋0

decay mode data. The results are

B = (2.69 ± 0.06 ± 0.09) × 104, 𝐴𝐶𝑃 = (0.10 ± 2.05 ± 1.22)%, (5)

where the quoted uncertainies are statistical and systematic, respectively. Fit results are shown
in Fig. 5. Our measurement of 𝐴𝐶𝑃 is the first result for this mode. It is consistent with the
theoretically expected value of zero.
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