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1. Introduction

One of the main goals of the Belle experiment is the measurement of CP violation and con-
straining the unitarity triangle. Especially the measurement of time-dependent CP violation is one
of the strong points of B factories and their special structure allows for a high precision and broad
range of analyses of time-dependent phenomena.

The decay B” — (c¢)K® is commonly known as the golden channel of time-dependent CP violation
and in this decay channel, the first observation of mixing-induced CP violation could be achieved.
While the first measurements in this decay channel were performed more than ten year ago, the
largely increased data set of 770 x 10 BB pairs now allows both for a great precision in this de-
cay channel and for the measurement of time-dependent CP violation in other decay channels like
BY — pM+pL)—,

With the Belle experiment having stopped data taking and the new and improved Bellell experi-
ment expected to be starting in 2016, the development and testing of new methods is especially
interesting. One of them is the measurement of CP violation in Y(55) events, using a new tag-
ging method, which also could be used to measure the CP violation in decays of B mesons to CP
eigenstates without charged tracks in the final state.

2. CP violation in B’ — (c¢)K? decays [1]

We reconstruct these decays in five different decay modes, listed in Table 1. Signal candidates
are selected based on various properties like the mass of intermediate particles or particle identi-
fication information, provided by different sub-detectors. The probability of a candidate to be a
correctly reconstructed signal candidate is determined with fits in different observables. In case of
B® — J/wKy, where the K; cannot be detected due to its long lifetime, the fit is performed using
the momentum of the reconstructed B meson in the center-of-mass system py. In all other decay
channels the mass of the B meson M,, is used, where the measured energy is replaced with the well
known beam energy.

Decay mode Niig Purity (%)
J/yK? 12649 £114 97
w(2S)(¢He)K? 904 + 31 92
v(2S)(J/yrta)K? 1067 + 33 90
XK 940 + 33 86
J/yK? 10040 £154 63

Table 1: Decay channels reconstructed in the B — (¢¢)K? analysis.

The decay time difference of the two B mesons is extracted using their decay vertex informa-
tion, which is determined with a series of kinematic fits. The flight length difference Az is directly
related to the decay time difference Az by the boost of the center-of-mass system, which is given by
the energy asymmetry of the electron and positron beams. The tracks not used for the reconstruc-
tion of the signal B meson are taken to determine the flavor of the accompanying B meson, q.
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This information describes the time-dependent decay rate of the neutral B meson with
1

. e M1/, {1 4 g .7 sin(AmAr) + o7 cos(AmAr)]},
B

P(Ar) =
d

where .7 is related to mixing-induced CP-violation, .¢7 is related to direct CP-violation, and 7p, is
the B lifetime.

The according fit is illustrated in Fig. 1 and gives . = 0.667 & 0.023(stat.) £ 0.012(syst.) and
o/ =0.005+0.016(stat.) +0.012(syst.).

As .7 is directly related to the angle @ of the unitarity triangle with . = sin2¢y, this leads to the
most precise single determination of a CKM-angle. The increase in precision in comparison to the
last Belle measurement [2] could be reached not only due to the bigger data sample, but also due
to the reprocessing of a significant fraction of the data using new track finding algorithms and the
introduction of a new vertex-reconstruction goodness-of-fit description.
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Figure 1: On the left (right): Ar distribution of CP-even (CP-odd) final states. The red (blue) line and
markers show the data points and the corresponding fit of events for g = 1 (¢ = —1).

3. CP-violation in double charm decays [3, 4]

The determination of the CP violation in decays of a neutral B meson to two charged D mesons
is in many aspects very similar to the analysis of B” — (c¢)K? decays. Also here one B meson is
fully reconstructed and selected based on information of the intermediate particles. The signal
probability also is determined with a fit on M. and additionally the difference between the nomi-
nal and reconstructed energy AE.

But each of the three studied decay channels B — D*D~, B® — D**D¥ and B® — D**D*~ has
specific features, which need to be taken care of.

B — D*D~: This decay showed huge direct CP-violation in the last measurement of the Belle
collaboration, which is not expected by the standard model [5]. The presence of a large amount
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of background, consisting of wrongly reconstructed e e~ — (¢G),q € {u,d,s,c} continuum events
makes it necessary to suppress this kind of background. This is achieved with information about
the event topology, like Fox-Wolfram moments, which are combined using a neural network.

BY — D**DT: This is not a decay to a CP eigenstate. Therefore the description of the Az distribu-
tion has to be modified to include the distinction between B — D**D~ and B’ — DTD*~ decays.
This is done by introducing three new variables: The parameter A describes the asymmetry of the
total number of the events and A.¥” and A/ are related to the asymmetry in .¥” and <7, respectively.

B’ — D**D*": This is a decay to the sum of CP-even and CP-odd final states, depending on
the relative angular momentum of the two D* mesons. The probability of an event to be CP-even
is extracted with an angular analysis, using two of the three possible angles in the transversity
base. The fraction of the CP-odd component R , as well as of the longitudinal component Ry is
determined together with .% and 7 in a five-dimensional fit in My, AE, Az, and the two angles.
This fit is performed under the assumption that the CP parameters for the CP-even and CP-odd
states are the same, but this assumption can be release by introducing different /' and . values
for the two final states. This is done additionally to the nominal fit.

The results of all the measurements are listed in Table 2 and 3. All of them are consistent with the
standard model expectation of . = sin2¢; and &7 ~ 0, where the measurement in B® — D**D*~
is the first measurement, which exhibits CP violation with a significance greater than 5 .

decay channel Niig 54 o

B" - DD~ 269+21  —1.067071£0.08  0.43+0.16+=0.05
B? — D**DT 887439 —0.78+0.15+£0.05  0.01+0.114+0.04
B° — D**D*~ 1225458 —0.794+0.14+0.03  0.15+0.08+0.02
B? — (D**D*7)cp_even —~0.8140.1340.03  0.1840.10£0.05
B — (D*"D*")cp—odd 1.524+0.62+0.12 —0.054+0.3940.08

Table 2: Results of common parameters of the B® — D*)*D(*)= measurements with the first and second
error always being statistical and systematic respectively.

Ap=pr = 0.06-£0.05+0.02
AS pips = —0.134£0.154+0.04
Adpyips = 0.1240.114+0.03
Ropp— = 0.624+0.03+0.01
R pip— = 0.1440.024+0.01

Table 3: Results of decay channel specific parameters of the B> — D(*)* D(*)~ measurements with the first
and second error always being statistical and systematic respectively.

4. Measurement of sin2¢; in Y(55) decays [6]

This measurement is performed using the final Belle Y(5S) data sample of 121fb~". Tt exploits
the fact, that unlike at the Y(4S) resonance, not only a pair a B mesons can be produced, but
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additionally a pion. In a decay like Y(5S5) — B®)OBM)+ 1~ the flavor of the neutral B meson can
be extracted by measuring the charge of the accompanying pion. From the asymmetry between the
flavors Agpr, the CP violation in these decays can be extracted with

NBBTL'* _NBB717+ B Sx+ o
Nppn- + Nppr+ 14 x2

Appr =

Y

where x = Amy /T,.

In this analysis, the neutral B meson is reconstructed in the CP eigenstate B® — J/ywKjs and com-
bined with a charged track. In that way, 75.9 £ 9.5 neutral B mesons could be reconstructed. The
charged B mesons are not explicitly reconstructed but their number is extracted with a fit on the
missing invariant mass. The data distribution and fits for both of the sample with positively and
negatively charged accompanying pion are shown in Figure 2.

N& 10 r(a) Ng 10 [(b)
% BO—mt* comb. %} B°—mt~ comb.
s 8[BO— JyKSs s 8BS I/YKYs
2 6f 2 6
2 8
c [ [
w ]
2 A\ 2p
HITEE TR T I
sy gl gty T Tl agl ) S PO L B
0 5.1 5.2 53 54 0 5.1 5.2 53 54
M, [GeV/c’] M, [GeV/c’]

Figure 2: Data points and fitted distribution of the missing mass in Y(55) events, where a reconstructed B°
meson is combined with a pion candidate. The left (right) plot shows events with a positively (negatively)
charged pion.

These fits give Ngg,+ = 7.8 £3.9 and Ngg;- = 13.7£5.3, thus Aggr = 0.28 -0.28. Assuming
&/ = 0, the measured value of sin2¢; can be extracted with

sin2¢; = 0.57 £ 0.58(stat.) +0.06(syst.).

This result may not be comparable with the precision reached in the measurements at the Y(4S)
resonance, but it illustrates the possibility of the measurements of CP violation in completely new
decay channels. Also no information about the decay time of the B mesons is necessary, therefore
the systematic errors are independent of the ones of the measurements at the Y (4S) resonance.

5. Measurement of CPT violation [7]

The possibility of CPT violation can be included in the description of B decays, although it is
not part of the standard model. The time dependent decay rate of neutral B mesons to final states
of different kinds is described with

2 2
L@(AZ) = %eflAf\/TBd wcosh <A§dAl> _%e<nin—) sinh <A§dAt>
By
2 _ 2
LInP—inp

5 cos (AmAt) + .Zm(nyn-)sin (AmAt)],
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o
g

where Al'; is the decay width difference of the two CP eigenstates in the B; system, 1, =
AR AR fog — A8 fe A fp AN M- = VI =22 (§ABO—>frCCAB°—>ﬁag - ZABMfrecABMﬁaS +

Z <AB() s e ABOs fr TABO o Aoy ftag) (with Ago/go_, g being the decay amplitudes of the ac-
cording B meson to the given final state). The complex parameter z describes CPT violation, with
a non-zero absolute value meaning the presence of CPT violation.

For this measurement a data set of 535 x 10% BB pairs is analyzed and one B meson reconstructed
in eight different decay channels. They are listed in Tab. 4 and grouped in three kinds of final
states, with each of them being sensitive to different physics parameters or being necessary for the
calibration of experimental techniques, like flavor tagging.

B decay mode Ney Purity (%) Sensitivity

J/WKs 7713 97.0 .
Mainly % d AT

J/ WKL 10966 59.2 ainly #e(z) and Al'y

D xnt 39366 83.2

D~ mt 46292 81.5

D*_Z n 45913 66.3 Mainly .#m(z) and flavor tagging quality

DT, 383818 75.2

J/wKt 32150 97.3

l-)/olj;r 216605 639 Resolution parameters

Table 4: List of decay channels, which are reconstructed for the measurement of CPT violation.

All information necessary for the fit to the Ar distribution are extracted very similar to the
measurement of CP violation in B® — (c¢)K? decays. The according fit gives

He(z) = (1.943.7(stat.) =3.3(syst.)) x 1072
Im(z) = (—5.7+3.3(stat.) £3.3(syst.)) x 1072
AT, /Ty = (—1.741.8(stat.) &= 1.1(syst.)) x 1072,

thus no significant CPT violation could be observed. This is the most precise single measurement
of these parameters in the neutral B meson system to date.
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