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We present a measurement of the charge-parity (CP) violating parameters in B — 7" 7~ decays. The
results are obtained from the final data sample containing 772 X 106 BB pairs collected at the Y(4S)
resonance with the Belle detector at the KEKB asymmetric-energy e” e~ collider. We obtain the CP
violation parameters

Acp(B® — 7t r7) = +0.33 + 0.06(stat) + 0.03(syst),
Scp(B® = 7w 77) = —0.64 = 0.08(stat) = 0.03(syst),

where A p and S¢p represent the direct and mixing-induced CP asymmetries in B — 7+ 77~ decays,
respectively. Using an isospin analysis including results from other Belle measurements, we find
23.8° < ¢, < 66.8° is disfavored at the 1o level, where ¢, is one of the three interior angles of the
Cabibbo-Kobayashi-Maskawa unitarity triangle related to B, ; decays.
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MEASUREMENT OF THE CP VIOLATION PARAMETERS ..
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FIG. 1. Leading-order Feynman diagrams for B® — 7

PHYSICAL REVIEW D 88, 092003 (2013)

(b) w*
b . d
be de u TC+
B 9
1]
d ™

7~ decays. (a) depicts the dominant first-order amplitude (tree) while

(b) shows the second-order loop (penguin) diagram. In the penguin diagram, the subscript x in V,, refers to the flavor of the

intermediate-state quark (x = u, ¢, 1).

I. INTRODUCTION

Violation of the combined charge-parity symmetry (CP
violation) in the standard model (SM) arises from a single
irreducible phase in the Cabibbo-Kobayashi-Maskawa
(CKM) quark-mixing matrix [1,2]. A main objective of
the Belle experiment at KEK, Japan, is to over-constrain
the unitarity triangle of the CKM matrix related to B, 4
decays. This permits a precision test of the CKM mecha-
nism for CP violation as well as the search for new
physics (NP) effects. Mixing-induced CP violation in
the B sector has been clearly established by Belle [3,4]
and BaBar [5,6] in the b — ¢c5 induced decay B° —
J/ K. There are many other modes that may provide
additional information on various CP violating parameters.

Decays that proceed predominantly through the b —
iiud transition are sensitive to the interior angl of the
unitarity triangle ¢, = arg (—V,,V},)/ (Vm,V;‘b)1 This pa-
per describes a measurement of CP violation parameters
in B — 777~ decays, whose dominant amplitudes are
shown in Fig. 1. Belle, BaBar and LHCb have reported
time-dependent CP asymmetries in related modes includ-
ing B — 77~ [7-9], (pm)° [10,11], p* p~ [12,13] and
aym* [14,15].

The decay of the Y(4S) can produce a B’B° pair in a
coherent quantum-mechanical state, from which one me-
son (BY..) may be reconstructed in the 7 77~ decay mode.
This decay mode does not determine whether the BY_
decayed as a B® or as a B. The b flavor of the other B
meson (B%ag), however, can be identified using information
from the remaining charged particles and photons. This
dictates the flavor of BY,. as it must be opposite that of
the BY,, flavor at the time Bf,, decays. The proper time

interval between By, and BY,,, which decay at time fge

and f1,,, respectively, is defined as At = fgec-tr,, mea-
sured in the Y(4S) frame. For the case of coherent B°B°
pairs, the time-dependent decay rate for a CP eigenstate
when BY,, possesses flavor g, where B” has ¢ = +1 and
B° has ¢ = —1, is given by

! Another notation, & = arg (—V,4V5;)/(V,,V,), also exists in
literature.

o187
P(At, q) = ———{1 + g[ Acpcos AmyAt
4TBO

+ SCP sinAmdAt]}. (1)

Here, 70 is the B? lifetime and Am, is the mass difference
between the two mass eigenstates of the neutral B meson.
This time dependence assumes CPT invariance, no CP
violation in the mixing, and that the difference in decay
rates between the two mass eigenstates is negligible. The
parameter A -p measures the direct CP violation, while
Scp is a measure of the amount of mixing-induced CP
violation.

In the limit that only the dominant tree amplitude
contributes, no flavor-dependent direct CP violation is
expected and Scp is sin2¢,. However, in the B’ —
m" o~ final state and other b — ifiud self-conjugate
modes, the value of ¢, is shifted by an amount Adg,,
due to the presence of additional penguin contributions
that interfere with the dominant tree contribution (see
Fig. 1). Thus, the observable mixing-induced CP parame-

ter becomes Scp = 4/1 — ALpsin(2p, + 2A¢,).

Despite penguin contamination, it is still possible to
determine ¢, in B* — 7" 77~ with an SU(2) isospin analy-
sis [16] by considering the set of B — 77 decays into the
three possible charge states for the pions. Here, the two
pions in Bt — 77 7% decays must have a total isospin of
I=1or =2, since I3 = 1. For the penguin contribu-
tions, only 7 = 0 or / = 1 is possible because the gluon is
an isospin singlet carrying I = 0. However, I =1 is
forbidden by Bose-Einstein statistics; thus, strong loop
decays cannot contribute and hence B — 7" 7% decays
only through the tree diagram in the limit of negligible
electroweak penguins.

The complex B — 77 and B® — 77 decay amplitudes
obey the relations

1 1
Ay =—=A,_ + Ay, —
+0 \/E + 00 \/z
respectively, where the subscripts refer to the combination

of the pion charges. The decay amplitudes can be repre-

sented as the triangles shown in Fig. 2. As B* — 77 7%isa

Ay=—F%A_+A4, 2
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FIG. 2 (color online).
A ¢, can be determined.

Complex isospin triangles from which

pure tree mode, these triangles share the same base, Ao =
A_y, and A¢, can be determined from the difference
between the two triangles. These triangles and ¢, can be
fully determined from the branching fractions, B(B? —
aTa7), B(B® — #97°%) and B(BT — w*#Y), and the
CP violation parameters, A cp(B® — 77 77), Scp(B® —
a7~ ) and A p(B® — 7°7°). This method has an eight-
fold discrete ambiguity in the determination of ¢,, which
arises from the four triangle orientations about A ; and the
two solutions of ¢S in the measurement of S¢p.

Belle, BaBar and LHCb have reported measurements
[7-9], summarized in Table I, of the CP violation parame-
ters reported here. The previous Belle measurements were
based on a sample of 535 million BB pairs and are super-
seded by the analysis presented here.

In Sec. II, we briefly describe the data set and Belle
detector. We explain the selection criteria used to identify
signal candidates and suppress backgrounds in Sec. III,
followed by the fit method used to extract the signal
component in Sec. IV. In Sec. V, the results of the fit are
presented along with a discussion of the systematic uncer-
tainties in Sec. VI. Finally, our conclusions are given in
Sec. VIL

II. DATA SET AND BELLE DETECTOR

This measurement of the CP violation parameters in
BY — 7t 7~ decays is based on the final data sample
containing 772 X 10° BB pairs collected with the Belle
detector at the KEKB asymmetric-energy e*e~ (3.5 on
8 GeV) collider [17]. At the Y(4S) resonance (/s =
10.58 GeV), the Lorentz boost of the produced BB pairs
is By = 0.425 nearly along the +z direction, which is

TABLE 1.
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opposite the positron beam direction. We also use a
100 fb~! data sample recorded at 60 MeV below the
Y (4S) resonance, referred to as off-resonance data, for
continuum (ete™ — ¢g, where g = d, u, s, ¢) background
studies.

The Belle detector is a large-solid-angle magnetic spec-
trometer 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 ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter (ECL) comprising
CsI(T1) crystals located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux-
return located outside of the coil is instrumented to detect
K? mesons and to identify muons (KLM). The detector is
described in detail elsewhere [18]. Two inner detector
configurations were used. A 2.0-cm-radius beampipe and
a three-layer silicon vertex detector (SVD1) were used for
the first sample of 152 X 10°BB pairs, while a 1.5-cm-
radius beampipe, a four-layer silicon detector (SVD2)
and a small-cell inner drift chamber were used to record
the remaining 620 X 10°BB pairs [19]. We use a GEANT-
based Monte Carlo (MC) simulation to model the response
of the detector and to determine its acceptance [20].

III. EVENT SELECTION

The decay channel B — 7" 71~ is reconstructed from
two oppositely charged tracks. Charged tracks are identi-
fied using a loose requirement on the distance of closest
approach with respect to the interaction point (IP) along the
beam direction, |dz| < 4.0 cm, and in the transverse plane,
dr < 0.4 cm. Additional SVD requirements of at least two
z hits and one r-¢ hit [21] are imposed on all charged
tracks so that a good quality vertex of the reconstructed B
candidate can be determined. Using information obtained
from the CDC, ACC and TOF, particle identification
(PID) is determined from a likelihood ratio L, /i =
L;/(L; + L;). Here, L; (L) is the likelihood that the
particle is of type i (j). To suppress background due to
electron misidentification, ECL information is used to veto
particles consistent with the electron hypothesis. The PID
ratios of the two charged tracks £ /are used in the fit
model to discriminate among the three possible two-body
channels: B - 77, B’ - K*#~ and B - KTK~.

Summary of CP violation parameters obtained by Belle [7], BaBar [8] and LHCb

[9]. For all parameters, the first uncertainty is statistical and the second is systematic. The Belle
value for A cp is marginally consistent (1.90) with the BaBar and LHCb measurements.

Belle

Parameter (535 X 10%BB pairs)

(467 X 10°BB pairs)

BaBar LHCb

0.7 b1

ﬂCP(BO - 7T+7T_)
SCP(BO - ’7T+7T7)

+0.55 £ 0.08 = 0.05
—0.61 =0.10 = 0.04

+0.25 £ 0.08 = 0.02
—0.68 = 0.10 = 0.03

+0.11 £0.21 = 0.03
—0.56 = 0.17 = 0.03
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Reconstructed B candidates are identified with two nearly
uncorrelated kinematic variables: the beam-energy-

constrained mass My, = J (ESMS)2 — (pSMS)? and the en-

ergy difference AE = ESMS — EEMS ' where ECMS s the
beam energy and ESMS (p§MS) is the energy (momentum)
of the B meson, all evaluated in the e*e™ center-of-mass
system (CMS). The B candidates that satisfy M. >
5.24 GeV/c?> and —0.20 GeV < AE <0.15 GeV are
retained for further analysis.

The dominant background in the reconstruction of BY..
arises from continuum production. Since continuum events
tend to be jetlike, in contrast to spherical BB decays,
continuum background can be distinguished from BB sig-
nal using event-shape variables, which we combine into a
Fisher discriminant F,; /4d [22]. The BB training sample is
taken from signal MC, while the ¢4 training sample is from
the off-resonance data sample. The Fisher discriminant is
then constructed from the variables described in Ref. [14].
The variable providing the strongest discrimination against
continuum is the cosine of the angle between the BY,.
thrust direction (TB) and the thrust of the tag side (TO)
|cos @rptol- The thrust is defined as the vector that
maximizes the sum of the longitudinal momenta of the
particles. For a BB event, the pair is nearly at rest in the
CMS, so the thrust axis of BY.. is uncorrelated with
the thrust axis of B%ag. In a gg event, on the other hand,
the decay products align along two nearly back-to-back
jets, so the two thrust axes tend to be collinear. Before
training, a loose requirement of |cos6@rgrol <0.9 is
imposed that retains 90% of the signal while rejecting
50% of the continuum background. The range of the
Fisher discriminant —3 < F ;.. <2 encompasses all
signal and background events.

Backgrounds from charm (b — ¢) decays are found to
be negligible and are thus not considered, while charmless
(b —u, d, s) decays of the B meson may contribute,
though rarely in the same region of My, and AE where
signal is present.

As the By, and B, are almost at rest in the Y (45) CMS,

the difference in decay time between the two B candidates,
At, can be determined approximately from the displacement
in z between the final state decay vertices as

- (ZRec — ZTag) _ Az

Byc Byc

The vertex of reconstructed B candidates is determined
from the charged daughters, with a further constraint
coming from the known IP. The IP profile is smeared in
the plane perpendicular to the z axis to account for the
finite flight length of the B meson in that plane. To obtain
the At distribution, we reconstruct the tag side vertex from
the tracks not used to reconstruct BY.. [21]. Candidate
events must satisfy the requirements |A¢| <70 ps and
hRec,Tag < 500, where /higee 1y is the multitrack vertex

At 3)
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goodness-of-fit, calculated in three-dimensional space
without using the IP profile constraint [4]. To avoid the
necessity of also modeling the event-dependent observ-
ables that describe the At resolution in the fit [23], the
vertex uncertainty is required to satisfy the loose criteria
R <200 wm for multitrack vertices and o1 <
500 wm for single-track vertices.

The flavor-tagging procedure is described in Ref. [24].
The tagging information is represented by two parameters,
the B%ag flavor g and the flavor-tagging quality r. The
parameter r is continuous and determined on an event-
by-event basis with an algorithm trained on MC simulated
events, ranging from zero for no flavor discrimination to
unity for an unambiguous flavor assignment. To obtain a
data-driven replacement for r, we divide it into seven
regions and determine a probability of mistagging w for
each r region using high statistics control samples. Due to
a nonzero probability of mistagging w, the CP asymmetry
in data is thus diluted by a factor 1-2 w instead of the
MC-determined r. The measure of the flavor-tagging algo-
rithm performance is the total effective tagging efficiency
€ctt = €7yg(1-2 W)?, rather than the raw tagging efficiency
€Tqg as the statistical significance of the CP parameters is
proportional to (1-2 w) /€Tag- These are determined from
data to be €. = 0.284 = 0.010 and €. = 0.301 = 0.004
for the SVD1 and SVD2 data, respectively [4].

About 1% of events have more than one B candidate.
For these events, the candidate containing the two highest
momentum tracks in the lab frame is selected.

Differences from the previous Belle analysis [7] include
an improved tracking algorithm that was applied to the
SVD2 data sample and the inclusion of the event shape
Fbbq5 1nto the fit rather than the optimization of selection
criteria for this variable. As the latter strategy results in a
large increase of the continuum background level, a re-
duced fit region in My, and AE is chosen in order to reduce
this background without significant loss of signal events.
According to MC simulation, these changes increase the
detection efficiency by 19% over the previous analysis
at a cost of continuum levels rising 4.7 times higher in
the signal region defined by the previous analysis.

IV. EVENT MODEL

The CP violation parameters are extracted from a
seven-dimensional unbinned extended maximum likeli-
hood fit to My, AE, F /.05 £f</7, At and g from a data

sample divided into seven bins (I = 0..6) in the flavor-tag
quality r and 2 SVD configurations s. Seven categories
are considered in the event model: B® — 7" 7~ signal,
B> K'nm~, B> K 7" and B’ — K*K~ peaking
backgrounds, continuum, charmless neutral and charged
B decays. For most categories, the linear correlations
between fit variables are small, so the probability density
function (PDF) for each category j is taken as the product
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of individual PDFs for each variable: ’Pﬁ-’S(MbC, AE,
Fobrqa ;g/w, £,;/7T, At, g) = Pt (M) X P:S(AE) X P's
(Friqq) X P S(LK/ L) X P5(At, q) in each [, s bin,
unless stated otherwise.

A. Peaking models

The four peaking shapes, including the signal, are
determined from reconstructed MC events. The PDFs for
My, and AE are taken to be the sum of three Gaussian
functions, where the two tail Gaussians are parametrized
relative to the core, which incorporates calibration factors
that correct for the difference between data and MC simu-
lation. These factors calibrate the mean and width of the
core Gaussian component. The PDF for ;. is taken to
be the sum of three Gaussians in each flavor-tag bin /,
where the shape parameters are identical for all peaking
channels. Calibration factors that correct for the shape
differences between data and MC are incorporated into
the core mean and width. These factors for M, are deter-
mined directly in the fit, while for AE and F;/,,these
factors are determined from a large-statistics control sam-
ple of BY — D[K*m~]m" decays. The L, shape is
modeled with a two-dimensional histogram that has been
corrected for the difference between data and MC in PID as
determined from an independent study with inclusive
D** —>D0[K wt]m},, decays. The PDF of Az and ¢
for B — 7" 7 is given by

o 1AM/750
P (At q) = ———{1 — gAw"s + g(1 — 2ws)
T 47'Bo
X [ A pcos AmyAt + Scpsin AmyAt]}
® R 50(A), (4)

which accounts for CP dilution from the probability of
incorrect flavor tagging w"* and the wrong tag difference
Awhs between B? and B°, both of which are determined
from flavor-specific control samples using the method de-
scribed in Ref [24]. The physics parameters 7z and Amy,
are fixed to their respective current world averages [25].
This PDF is convolved with the At resolution function for
neutral B particles Rioz0, @S in Ref. [4]. We consider the
At,g distributions for the flavor-specific B — K7~ and
B® — K~ 7" peaking backgrounds separately with

eilAtl/Ts“
’P%iwi(At, q) = By {1 — gAwhs ¥ g(1 — 2wh?)
TBO
X cos AmgAt} ® R, 5 (Al). (5)

Forthe B - KK~ peaking background, the A¢, ¢ PDF is
taken to be the same as that for B — 7% 77~ signal, but as
BY — K™K~ has not yet been observed, the CP parame-
ters are set to zero. To account for the outlier At events not
described by the At resolution function, a broad Gaussian
PDF is introduced for every category,

PHYSICAL REVIEW D 88, 092003 (2013)
s 1 ,
Pou(At q) =5 G(AL0, 05, ©)

B. Continuum model

The parametrization of the continuum model is based on
the off-resonance data; however, all the shape parameters
of My, AE, Fyj4q and L, are floated in the fit. As
continuum is the dominant component, extra care is taken
to ensure that this background shape is understood as
precisely as possible, incorporating correlations above
2%. The PDF for My, is an empirical ARGUS function
[26], while AE is modeled by a linear fit in each flavor-tag
bin with a slope parametrized by pé“ and pj, depending

linearly on Fj/,.2,
Poi(AEIF iygq) = 1+ (05" + Pi Foipg) AE. ()

The Fp;/,5 shape is observed to shift depending on the
PID region, so the PDF is a sum of two Gaussian functions
in two PID regions, L;/w = 0.5 and (E;g/w or E;/W) >
0.5. A small correlation between the Llﬁ I shape and
flavor-tag ¢ is also observed due to the s§ component of
continuum. As an example, consider the case where two
jets are produced in which one contains a K™ and the other
contains a K. If a BY,. candidate is successfully recon-
structed with the K, it inhabits the flavor-specific K+ 7
sector of L /- Then the accompanying K™ could then be
used as part of the flavor-tagging routine, which leads to a
preferred flavor tag of B°. This enhances the Llf Jor distri-
bution in the K™ 7~ region and depletes it in the K~ 7"
region for ¢ = —1. To account for this effect, we model
£— K/m with an effective asymmetry A - that modifies the
two-dimensional PID histogram model H"(L} I Ly /ﬂ),
in each [, s bin depending on the flavor tag,

1+ qAL (LY, )
L s K/m K/7r Ls
T (‘EK/7T’ )_ 2 H" (‘EK/W’ £K/7T)
)]
where
AZY(EK/W’ K/7r) +af)S|£K/7T o LI-'(—/ﬂ'laT
if £’ — [K/ﬂ =0
= Sl‘EK/ﬂ' - "CI-;/ﬂ'la;
if L,;/w—£,§/#<0. ©)
The At model,
N o 1A/7y,
Pl = (1= 1S+ f30(80 - )|
Tqq
®Rf1é(At), (10)

contains a lifetime and prompt component to account for
the charmed and charmless contributions, respectively. It is
convolved with a sum of two Gaussians,
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qu(At) = (1 - ftsall)G(At Iu’gnean’ anajno-)
+ ftallG(At /u'mean» S ainSt (11)

main* tail/»

which uses the event-dependent A error constructed from

the estimated vertex resolution o = (,/ Ohec T O/ BYC

as a scale factor of the width parameters S? . and S7;,.

C. BB model

The charmless B background shape is determined from a
large sample of MC events based on b — u, d, s transitions
that is further subdivided into neutral and charged B
samples. A sizeable correlation of 18% is found between
M. and AE and is taken into account with a two-
dimensional histogram. The PDF for F;,,; is taken to
be the sum of three Gaussians in each flavor-tag bin /,
similar to the peaking model. Here, we are able to fix the
shape parameters from the peaking model except for
the core mean and width. A similar correlation between
the flavor tag and L= K/m similar to that in continuum, is
also observed. Due to B°B° mixing in the neutral B back-
ground, this effect is correlated with At and ¢. For the
neutral B background, the PDF is given by

Pl o(L5,, AL q)
—|A/T

e BOR0

K/m K/7T)

_HZS(L

47'3030
X {1 + gA f)BO(EK/”, Ly, ,)cos AmgAr}

® RS, (A1), (12)

BYB°

and the charged B background PDF is given by

1+ qAl (L}
2

K/m K/7T)

Ph (L%, At )=

K/m

1
X H" S(EK/#’ K/7T)
e—IAtI/TB+B— A
X—®R, (A1), (13
3 ® Ry (A0, (13)
where Ag‘% take the form given in Eq. (9) for each BB
category and Rg+p- is the At resolution function for
charged B events. As reconstructed background B candi-
dates may borrow a track from the tag side, the average At
lifetime tends to be smaller and is taken into account with
the effective lifetime, 755.

D. Full model

The total likelihood for 559797 B® — h*h~ candidates
in the fit region is

721 /le ” Nis
LEl_[ l_[ZNSfZYPlv
Ls

(M{,CAE’, s LK i Ly

At, q"), (14)

K/7T’
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which iterates over i events, j categories, [ flavor-tag bins
and s detector configurations. The fraction of events in
each [, s bin, for category j, is denoted by fj.'s. The fraction

of signal events in each /, s bin, fs1 , 1s calibrated with the

B* — D[K* 7~ ]m" control sample. Free parameters of
the fit include the B — 77" 7~ and B — K"K~ yields,
N, and N3o5. The individual B — K* 7~ and B’ —
K 7" yields are parametrized in terms of their combined
yield N and the CP violating parameter ﬂcp, which are
both free in the fit, Ng= = = Ng,(1 ¥ ALE)/2. The re-
maining Nj,, yields are fixed to leg\fgl (0.269 =
O.OIO)N[S;,X[?O1 and NEYD? = (0.268 = 0.004)N5YD* as de-
termined from MC simulation. In addition, all shape pa-
rameters of the continuum model with the exception of the
At parameters are allowed to vary in the fit. In total, there
are 116 free parameters in the fit: 10 for the peaking
models, 104 for the continuum shape and 2 for the BB
background.

To determine the component yields and CP violation
parameters, in contrast to the previous Belle analysis [7],
we fit all variables simultaneously. The previous analysis
applied a two-step procedure where the event-dependent
component probabilities were calculated from a fit without
At and g. These were then used as input in a fit to Az and ¢
to set the fractions of each component to determine the CP
parameters. Our procedure has the added benefit of further
discrimination against continuum with the Az variable
and makes the treatment of systematic uncertainties more
straightforward, at a cost of analysis complexity and longer
computational time. A pseudoexperiment study indicates a
10% improvement in statistical uncertainty of the CP
parameters over the previous analysis method.

V. RESULTS

From the fit to the data, the following CP violation
parameters are obtained:

Acp(B®— 7 ™) = +0.33 + 0.06(stat) * 0.03(syst),
Sep(BY — mHa) = —0.64 = 0.08(stat) = 0.03(syst),
(15)

where the first uncertainty is statistical and the second is
the systematic error (Sec. VI). Signal-enhanced fit projec-
tions are shown in Figs. 3 and 4. The effects of neglecting
the correlation between My, and AF in the peaking models
can be seen there as the slight overestimation of signal;
however, pseudoexperiments show that this choice does
not bias the CP violation parameters. These results are
the world’s most precise measurements of time-dependent
CP violation parameters in B’ — 77" 7. The statistical
correlation coefficients between the CP violation parame-
ters is +0.10. The peaking event yields including signal
are N(B®— 7t7™)=2964+88, NB'—K"7n")=
9205 = 124 and N(B® — K*K~) = 23 = 35, where the
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FIG. 3 (color online). (color online) Projections of the fit to the data enhanced in the B° — 7+ 7~ signal region. Points with error
bars represent the data and the solid black curves or histograms represent the fit results. The signal enhancements, M. >
5.27 GeV/c?, |AE| < 0.04 GeV, :be’/qq >0, £;§/W < 0.4 and r > 0.5, except for the enhancement of the dimension being plotted

are applied to each projection. (a), (b), (c), (d) and (e) show the My, AE, L; I L;( y. and F bb/qq DProjections, respectively. Blue
hatched curves show the B — 77+ 77~ signal component, green dotted curves show the B® — K *7r* peaking background component,
dashed red curves indicate the total background, and purple dash-dotted curves show the BB background component.
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FIG. 4 (color online). (color online) Background subtracted
time-dependent fit results for B — 77777, (a) shows the At
distribution for each B%ag flavor g. The solid blue and dashed red
curves represent the At distributions for B® and B° tags, respec-
tively. (b) shows the asymmetry of the plot above them, (Ng —
Npgo)/(Ngo + Ngo), where Ngo (Npo) is the measured signal yield
of BY (B%) events in each bin of At.

uncertainties are statistical only. From the yields obtained
in the fit, the relative contributions of each component are
found to be 0.5% for B — 7+ 7, 1.6% for B — K+ 7™,
97.7% for continuum and 0.2% for BB background. For
the CP violating parameter AKT, we obtain a value of
—0.061 = 0.014, which is consistent with the latest Belle
measurement [27].

Our results confirm CP violation in this channel as
reported in previous measurements and other experiments
[7-9], and the value for A p is in marginal agreement
with the previous Belle measurement. As a test of the
accuracy of the result, we perform a fit on the data set
containing the first 535 X 10° BB pairs, which corresponds
to the integrated luminosity used in the previous analysis.
We obtain Ap = +0.47 = 0.07 which is in good

1-CL

(a) f
120 150 180
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agreement with the value shown in Table I, considering
the new tracking algorithm and the 19% increase in detec-
tion efficiency due to improved analysis strategy. In a
separate fit to only the new data sample containing
237 X 10° BB pairs, we obtain Ap = +0.06 + 0.10.
Using a pseudoexperiment technique based on the fit re-
sult, we estimate the probability of a statistical fluctuation
in the new data set causing the observed shift in central
value of A p from our measurement with the first
535 X 10° BB pairs to be 0.5%.

To test the validity of the Af resolution description, we
perform a separate fit with a floating B lifetime; the result
for 7z is consistent with the current world average [25]
within 20-. As a further check of the At resolution function
and the parameters describing the probability of mistag-
ging, we fit for the CP parameters of our control sample
BT — DO[K" 7 ]m"; the results are consistent with the
expected null asymmetry. Finally, we determine a possible
fit bias from a MC study in which the peaking channels and
BB backgrounds are obtained from GEANT-simulated
events, and the continuum background is generated from
our model of off-resonance data. The statistical errors
observed in this study agree with those obtained from our
fit to the data.

Using Eq. (2) and input from other Belle publications
[27,28], an isospin analysis is performed to constrain the
angle ¢,. A goodness-of-fit y? is constructed for the five
amplitudes shown in Fig. 2, accounting for the correlations
between our measured physics observables used as input.
The y? is then converted into a p value (CL) as shown in
Fig. 5. The region 23.8° < ¢, < 66.8° is disfavored and
the constraint on the shift in ¢, caused by the penguin
contribution is |A¢,| < 44.8° at the 1o level, including
systematic uncertainties.

VI. SYSTEMATIC UNCERTAINTIES

Systematic errors from various sources are considered
and estimated with independent internal studies and cross-
checks. These are summarized in Table II. Uncertainties

0.9F
08f
0.7F
1 0.6F
05E
- 0.4
0.3F -t =
0.2F
0.1

) 3

0 15 30 45 60 75 90

140, ()

FIG. 5. Difference 1-CL, plotted for a range of (a) ¢, and (b) |A ¢,| values as shown by the solid curve. The dashed lines indicate the

1o exclusion level.
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TABLE II. Systematic uncertainties of the measured physics parameters.
Category SAcp(ata) (1072) 8Scp(mt ™) (1072)
IP profile 0.13 1.19
B(%ag track selection 0.30 0.33
Track helix errors 0.00 0.01
At selection 0.01 0.03
Vertex quality selection 0.37 0.23
Az bias 0.50 0.40
Misalignment 0.40 0.20
7o and Amy 0.12 0.09
Data/MC shape 0.15 0.19
At resolution function 0.83 2.02
Flavor tagging 0.40 0.31
Background Parametric shape 0.15 0.28
Background Nonparametric shape 0.37 0.57
Fit bias 0.54 0.86
Tag-side interference 3.18 0.17
Total 3.48 2.68
affecting the vertex reconstruction include the IP profile, ACKNOWLEDGMENTS

charged track selection based on track helix errors, helix
parameter corrections, At and vertex goodness-of-fit se-
lection, Az bias and SVD misalignment. The fit model
uncertainties including the fixed physics parameters 7z
and Amy,, parameters describing the difference between
data and MC simulation, At resolution function parame-
ters, as well as the flavor-tagging performance parameters
w and Aw, are varied by *=1¢. The parametric and non-
parametric shapes describing the background are varied
within their uncertainties. For nonparameteric shapes
(i.e., histograms), we vary the contents of the histogram
bins by *1o. The fit bias is determined from the differ-
ence between the generated and fitted physics parameters
using pseudoexperiments. Finally, a large number of MC
pseudoexperiments are generated and an ensemble test
is performed to obtain possible systematic biases from
interference on the tag side arising between the CKM-
favored bd — (ciid)d and doubly CKM-suppressed
bd — (iicd)d amplitudes in the final states used for flavor
tagging [29].

VII. CONCLUSION

We report an improved measurement of the CP viola-
tion parameters in B — 7" 7~ decays, confirming CP
violation in this channel as reported in previous measure-
ments and other experiments [7-9]. These results are
based on the full Belle data sample after reprocessing
with a new tracking algorithm and with an optimized
analysis performed with a single simultaneous fit, and
they supersede those of the previous Belle analysis [7].
They are now the world’s most precise measurement of
time-dependent CP violation parameters in B® — ¥ 7™,
disfavoring the range 23.8° < ¢, <66.8° at the lo
level.
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