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We report improved measurements of time-dependent CP violation parameters for BY(B%) — /(2S)K?.
This analysis is based on a data sample of 657 X 10° BB pairs collected at the Y(4S) resonance with the
Belle detector at the KEKB energy-asymmetric et e~ collider. We fully reconstruct one neutral B meson
in the 1//(25)[(2 CP-eigenstate decay channel, and the flavor of the accompanying B meson is identified to
be either B or B from its decay products. CP violation parameters are obtained from the asymmetries in
the distributions of the proper-time intervals between the two B decays: S, K = +0.72 £ 0.09(stat) =
0.03(syst), A 50 = +0.04 £ 0.07(stat) = 0.05(syst). These results are in agreement with results from

measurements of BY — J/K°.

DOI: 10.1103/PhysRevD.77.091103

In the standard model, CP violation in B® meson decays
originates from an irreducible complex phase in the 3 X 3
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [1].
In the decay chain Y(4S) — B°B° — fcpfi,e» Where one
of the B mesons decays at time ¢-p to a CP eigenstate fcp
and the other decays at time #,,, to a final state fi,, that
distinguishes between B° and BY, the decay rate has a time
dependence [2] given by

o 1A/ _
P(An = TBO{I + q - [Sy,, sin(Am,At)

+ A, cos(Am,An)]} ¢))

Here Sy, and A _, are the CP violation parameters, 7p
is the neutral B lifetime, Am, is the mass difference
between the two neutral B mass eigenstates, At = top —
tag> and the b-flavor charge ¢ equals +1 (—1) when the
tagging B meson is a B® (B®). For fp final states resulting
from a b — ccs transition, the standard model predicts
Sy, = —&psin2¢y [3] and Ay, =0, where & = +1
(—1) for CP-even (CP-odd) final states and ¢ is one of
the three interior angles of the CKM unitarity triangle,
defined as ¢ = 7 — arg(V},V,y/ V3, V.4). Measurements
of CP asymmetries in b — cCs transitions have been re-
ported by Belle [4,5] and BABAR [6]. Results from our
previously published B — ¢(2S)K} analysis were based
on a 140 tb~! data sample corresponding to 152 X 10° BB
pairs [4]. Here we report new measurements with an im-
proved analysis [7] incorporating an additional 465 fb~!
data sample for a total of 605 fb~! (657 X 10% BB pairs).

At the KEKB energy-asymmetric e e~ (3.5 on 8.0 GeV)
collider [8], the Y (4S8) is produced with a Lorentz boost of

PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

By = 0.425 nearly along the z axis, which is defined as
opposite to the positron beam direction. Since the B® and
B are approximately at rest in the Y(4S) center-of-mass
system (cms), At can be determined from the displacement
in z between the two decay vertices: Ar= Az/(Byc),
where c is the speed of light.

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) comprised of
CsI(T1) crystals 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 K?
mesons and to identify muons (KLM). The detector is
described in detail elsewhere [9]. Two different inner
detector configurations were used. For the first sample of
152 X 10% BB pairs, a 2.0 cm radius beampipe and a 3-
layer silicon vertex detector (SVD-I) were used; for the
latter 505 X 10% BB pairs, a 1.5 cm radius beampipe, a 4-
layer silicon detector (SVD-II), and a small-cell inner drift
chamber were used [10].

We reconstruct ¢#(2S) mesons in the /7 [~ decay channel
(I=eor w)and J/m" 7w~ decay channel. J/¢ mesons
are reconstructed in the /7]~ decay channel and include the
bremsstrahlung photons that are within 50 mrad of each of
the e and e~ tracks [denoted as e* e~ (y)]. The invariant
mass of the J/i¢ candidates is required to be within
—0.150 GeV/c* < M,y — myy, < +0.036 GeV/c?
and —0.060GeV/c* <M+, —my;, <+0.036 GeV/c?,
where m;,, denotes the world-average J/¢ mass [11],

091103-2

RAPID COMMUNICATIONS


http://dx.doi.org/10.1103/PhysRevD.77.091103

MEASUREMENTS OF TIME-DEPENDENT CP VIOLATION ...

and M,+,-,) and M+ ,- are the reconstructed invariant
masses of the e*e (y) and u* u~ candidates, respec-
tively. For the #(2S) — [*]~ candidates, the same proce-
dure is used. In this case, the invariant mass is required
to be within —0.150 GeV/c? < M,+,(,) — Mmyps) <
+0.036 GeV/c*>  and  —0.060 GeV/c* <M+, —
Myas) < +0.036 GeV/c?, where mys) denotes the
world-average #(2S) mass [11]. For the #(2S)—
J/ym" 7~ candidates, AM = M+ .+, — M+ is re-
quired to be within 0.580 GeV/c*> <AM <0.600 GeV/c?.
To reduce the fraction of incorrectly reconstructed (2S)
signal candidates, we select 7+ 7~ pairs with an invariant
mass greater than 400 MeV/c?. The Kg selection criteria
are the same as those described in Ref. [12]; the invariant
mass of the pion pairs is required to satisfy
0.482 GeV/c* <M+ .- <0.514 GeV/c>.

We combine the 1//(25) and K9 to form a neutral B
meson. The B candidates are identiﬁed using two kine-
matic variables: the energy difference AE = E{™ — E{Ts

the  beam-energy-constrained mass M, =

\/(Ef)‘;ﬁn 2 — where E;T° is the beam energy in
the cms, and EZ™ and pg™ are the cms energy and mo-
mentum, respectlvely, of the reconstructed B candidate. In
order to improve the AE resolution, the masses of the
selected J/ i and (2S) candidates are constrained to their
nominal masses using mass-constrained kinematic fits. For
the CP asymmetry fit, we select the candidates in the
AE-My, signal region defined as |AE| <0.03 GeV and
5.27 GeV/c* < My, <5.29 GeV/c?. To suppress back-
ground from e*e” — qgG (¢ = u,d, s, or ¢) continuum
events, we require that the event-shape variable R, be
less than 0.5, where R, is the ratio of second to zeroth
Fox-Wolfram moments [13].

The b flavor of the accompanying B meson is identified
by a tagging algorithm [14] that categorizes charged lep-
tons, kaons, and A baryons found in the event. The algo-
rithm returns two parameters: the b-flavor charge ¢, and r,
which measures the tag quality and varies from r = 0 for
no flavor discrimination to r = 1 for unambiguous flavor
assignment. If » <0.1, the accompanying B meson pro-
vides negligible tagging information and we set the wrong
tag probability to 0.5. Events with r > 0.1 are divided into
six r intervals.

The vertex position for the f-p decay is reconstructed
using charged tracks that have a minimum number of SVD
hits [15]. A constraint on the interaction point is also used
with the selected tracks; the interaction point profile is
convolved with the finite B-flight length in the plane
perpendicular to the z axis. The pions from K9 decays
are not used for vertexing. The typical vertex reconstruc-
tion efficiency and z resolution are 95% and 78 um,
respectively [12]. The f,, vertex determination is obtained
with well-reconstructed tracks that are not assigned to f-p.
The typical vertex reconstruction efficiency and z resolu-

cms)Z
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tion are 93% and 140 wm, respectively [12]. After all
selection criteria are applied, we obtain 1618 and 1202
events for the [t 1~ and J /" 7w~ modes in the A E-M,, fit
region defined as 5.2 GeV/c? < M,. <5.3 GeV/c? and
—0.1 GeV < AE < 0.1 GeV, of which 680 and 712, re-
spectively, are in the signal region.

Figure 1 shows the reconstructed variables AE and My,
after flavor tagging and vertex reconstruction. The signal
yield is obtained from an extended unbinned maximum-
likelihood fit to the AE-M,, distribution. We model the
shape for the signal component using the product of a
double Gaussian for AE and a single Gaussian for M,
whereas the combinatorial background is described by the
product of a first-order polynomial for AE and an ARGUS
[16] function for My,. For the (2S) — J/¢m" 7~ mode,
there is a background component that peaks like the signal
(peaking background) in the AE-M,, signal region. This
peaking background is mainly due to the J/¢K,(1270)°,
J/WK*(892)ar*, and J/yKym* 7~ modes, with no real
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FIG. 1 (color online). (a) AEF distribution within the M,
signal region, (b) M, distribution within the AF signal region
for B — 1#(25)](2. The solid curves show the fits to the signal
plus background distributions, while the dashed curves show the
background contributions. The small contribution from peaking
backgrounds is discussed in the text.
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TABLE I. Number of signal B candidates (Ng,) and esti-
mated purity (p) in the signal region after flavor tagging and
vertex reconstruction.

Mode Niig p
Y2S)(IT 1)K 628 = 26 0.92 + 0.01
YRS/ 7K 656 = 26 0.92 = 0.01

#(28) — J /7" o~ in the final state. The fraction of such
peaking events is estimated to be 1% from the AM side-
bands in data. The signal and background shapes for each
decay mode are determined from Monte Carlo (MC)
events; these shapes are adjusted for small differences
between MC and data using a control sample of BT —
(2S)K™ [17] events, which have a final state similar to the
signal but with higher statistics. This sample, where no CP
asymmetry is expected, is also used to check the potential
bias in the measurements of CP violation parameters. The
signal yields and purity in the AE-M,. signal region after
flavor tagging and vertex reconstruction are listed in
Table I. We define the purity as the ratio of the signal yield
to the total number of candidate events in the signal region.

We determine Sy, and A, by performing an un-
binned maximum-likelihood fit to the observed At distri-
bution for the candidate events in the signal region. The
likelihood function is

L (SfCP’ ‘Afcp) = HTi(SfCP’ “/,Zlfcp; Ati)’ 2

where the product includes events in the signal region. We
only use events with vertices that satisfy |A¢| < 70 ps and
& < 250, where ¢ is the y? of the vertex fit calculated only
in the z direction. The probability density function (PDF) is
given by

:Pi = (1 - fol) [[fsigTsig(Atl)Rsig(Ati - At,)
+ fpeak ?pcak(At/)Rsig(Ati - At/)
+ (] - fsig - fpea.k)?bkg(Atl)Rbkg(Ati - At,)]d(Aﬂ)
+ folP()l(Ati)- (3)

The signal fraction f, and the peaking fraction fpe.x
depend on the r region and are calculated on an event-by-
event basis as a function of AE and M,.. The PDF for
signal events, P, (At), is given by Eq. (1) and modified to
incorporate the effect of incorrect flavor assignment; the
parameters 7z and Amy, are fixed to their world-average
values [11]. The distribution is then convolved with a
resolution function Ry, (A7) to take into account the finite
vertex resolution. The resolution function parameters,
along with the wrong tag fractions for the six r intervals,
w; (I =1, 6), and possible differences in w, between B°
and B° decays (Aw,) are determined using a high-statistics
control sample of semileptonic and hadronic » — ¢ decays
[4,12]. The PDF for non-peaking background events,
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Pyye(At), is modeled as a sum of exponential and prompt
components and is convolved with a sum of two Gaussians,
which parameterizes the resolution function Ry,(A?).
Parameters in Py, (Af) and Ry, (A?) are determined
from a fit to the Ar distribution of events in the AE-M,,
data sideband (M, < 5.26 GeV/c?, —0.03 GeV < AE <
0.20 GeV). The PDF for peaking background events,
Ppeax(At), is the same as Pg,(Ar) with CP parameters
fixed to zero. The term P (A7) is a broad Gaussian func-
tion that represents an outlier component with a small
fraction f,. The only free parameters in the final fit are
Sy, and A _; these are determined by maximizing the
likelihood function given by Eq. (2).

The unbinned maximum-likelihood fit to the 1300
events in the signal region results in the CP violation
parameters,

S yaske = +0.72 = 0.09(stat) + 0.03(syst),
A y0s) K0 = +0.04 * 0.07(stat) = 0.05(syst),

where the systematic uncertainties listed are described
below. We define the raw asymmetry in each Az bin by
(Np —N_)/(Ny + N_), where N, (N_) is the number of
observed candidates with ¢ = +1 (—1). Figure 2 shows
the observed At distributions for ¢ = +1and ¢ = —1 with
no requirement on the tagging quality (top), and the raw
asymmetry for events with good tagging quality (r > 0.5)
(bottom).

F q=+1
g 100
T sof
£ eof
g af
w o

20

o« - Y

)
@
[+ \H‘\H‘\H‘\H‘\H H‘\H‘H\‘H\‘\H

Raw Asymmetry
S

At (ps)

FIG. 2 (color online). The top plot shows the At distributions
for ¢ = +1and g = —1 with no requirement on r. The dashed
curve is the sum of backgrounds, while the solid curves are the
sum of signal and backgrounds. The bottom plot is the raw
asymmetry of well-tagged events (r > 0.5, 45% of the total).
The solid curve shows the result of the unbinned maximum-
likelihood fit.
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The systematic errors on Sy, and A, summarized in
Table II, are evaluated by fitting the data with each fixed
parameter varied by its 1 standard deviation (o) error. The
MC-determined parameters are varied by *2¢ to take into
account possible imperfect modeling in the MC. We repeat
the CP fit procedure with the new value, add the differ-
ences in S, A quadratically, and then assign the result as the
systematic error. The largest contribution to Sy, comes
from vertex reconstruction (0.026). This includes the un-
certainties in the interaction point profile (the smearing
used to account for the B flight length is varied by —10um
and +20um), the tag side track selection criteria, the helix
parameter correction, the |A¢| range (varied by +30 ps),
the vertex quality cut ¢ (changed to ¢ < 150 and ¢ < 500),
the Az measurement, and imperfect SVD alignment. The
last two are obtained from a study of J/ ¢’K(s)- Each physics
parameter (750, Amy) is varied by the error in its world-
average value [11]. Systematic errors due to uncertainties
in wrong tag fractions are estimated by varying the pa-
rameters w;, Aw; in each r region by their = 1o errors.
Systematic errors due to uncertainties in the resolution
function are estimated by varying each resolution parame-
ter obtained from data (MC) by *10 ( = 20). The AE,
M, parameters and signal fraction in each r region are
varied to estimate the systematic errors. No significant bias
is seen by fitting a large sample of MC events. The system-
atic errors from uncertainties in the peaking background
are obtained by varying the peaking fraction, shape, as well
as its CP asymmetry parameters. The systematic errors
from uncertainties in the background A shape are esti-
mated by varying each background parameter by its statis-
tical error. We also include the effects of interference
between CKM-favored and CKM-suppressed B — D tran-
sitions in the f,, final state [18]. We add each contribution
above in quadrature to obtain the total systematic
uncertainty.

We perform various cross-checks for this measurement.
A fit to the first data sample (SVD-I) results in the CP
violation parameter, S = 0.97 = 0.18, which is consistent
with our previous result [4]. A fit to the CP asymmetries of
the control sample gives the CP violation parameters, S =
0.02 = 0.05 and A = —0.03 = 0.03, which are consistent
with no CP asymmetry. A fit to the sideband events in the

PHYSICAL REVIEW D 77, 091103(R) (2008)

TABLE II. Systematic uncertainties.
Parameter AS 05k AA o5k
Vertexing 0.026 0.028
Wrong tag fraction 0.006 0.023
Resolution function 0.007 0.005
Fit bias 0.012 0.011
Physics parameters 0.001 0.001
Peaking background 0.006 0.005
PDF shape and fraction 0.001 0.003
Background At shape 0.003 0.003
Tag side interference 0.001 0.036
Total 0.031 0.053

BY — (2S)K data sample gives an asymmetry consistent
with zero (S = 0.02 = 0.21, A = —0.04 = 0.10). A life-
time fitto B® — ¢(2S)K% and B* — ¢(2S)K™ gives 750 =
1.51 £0.05 ps and 75+ = 1.62 = 0.03 ps, respectively,
which are consistent with the world-average values. We
also examine the CP violation parameters separately for
the ¢(2S) — "1~ (S =0.84 £0.13, A = 0.14 = 0.09)
and ¢YQ2S)—J/ym 7" (S=061£0.13, A=
—0.09 £ 0.10) decay modes. We find that all results are
consistent within errors.

In summary, we have performed improved measure-
ments of CP violation parameters sin2¢, and A, _, for
B® — (2S)K} using 657 X 10° BB events. These mea-
surements supersede our previous result [4] and are in
agreement with results from measurements of B° —
J/¢K® [19]. Combining the results from B® — J/§K°
[5] and B® — (25)K? decays, we obtain a new Belle
average sin2¢; = 0.650 = 0.029 = 0.018.
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