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Measurement of the CP Violation Parameter sin2¢i in Bg Meson Decays
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We present a measurement of the standard model CP violation parameter sin2¢; (also known as
sin23) based on a 10.5 fb~! data sample collected at the Y'(4S) resonance with the Belle detector at the
KEKB asymmetric e* e~ collider. One neutral B meson is reconstructed in the J /¢ Ks, #(2S)Ks, xc1Ks,
nKs, J/K, or J/iym® CP-eigenstate decay channel and the flavor of the accompanying B meson is
identified from its charged particle decay products. From the asymmetry in the distribution of the time

19 MARrcH 2001

+0.32

interval between the two B-meson decay points, we determine sin2¢; = 0.58_0,34(stat)J_rgj?g(syst).

DOI: 10.1103/PhysRevLett.86.2509

In the standard model (SM), CP violation arises from
a complex phase in the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix [1]. In particular, the SM
predicts a CP violating asymmetry in the time-dependent
rates for Bg and Fﬁ} decays to a common CP eigenstate,
fcp, without theoretical ambiguity due to strong inter-
actions [2]:

T (By — fcr) — T(BY = fcp)
F(E? — fep) + T(BY = fep)
= — ¢y sin2¢ sinAmgt

A(r) =

where I‘[Eg(Bg) — fcp] is the decay rate for a Eﬁ (BY)
to fcp at a proper time ¢ after production, £ is the CP
eigenvalue of fcp, Amy is the mass difference between
the two 82 mass eigenstates, and ¢, is one of the three

internal angles of the CKM unitarity triangle, defined as
— _V;> Vi
¢ = 7 — arg(=p#y) [31].

In this Letter, we report a measurement of sin2¢; using
=0 .
BgB 4 meson pairs produced at the Y (45) resonance, where
the two mesons remain in a coherent p-wave state until one
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PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

of them decays. The decay of one of the B mesons to a
self-tagging state, fi,,, i.€., a final state that distinguishes
between BY and Eﬁ , at time f,¢ projects the accompanying
meson onto the opposite b-flavor at that time; this meson
decays to fcp at time fcp. The CP violation manifests
itself as an asymmetry A(Ar), where Ar is the proper time
interval At = tcp — tygg.

The data sample corresponds to an integrated luminos-
ity of 10.5 fb~! collected with the Belle detector [4] at
the KEKB asymmetric e e~ (3.5 on 8 GeV) collider [5].
At KEKB, the Y (4S) is produced with a Lorentz boost of
By = 0.425 along the electron beam direction (z direc-
tion). Because the B and §2 mesons are nearly at rest in
the Y (4S) center of mass system (cms), A¢ can be deter-
mined from the z distance between the fcp and fi,e decay
vertices, Az = zcp — Zug, as At = Az/Byc.

The Belle detector consists of a 3-layer silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC), an
array of 1188 aerogel Cerenkov counters (ACC), 128 time-
of-flight (TOF) scintillation counters, and an electromag-
netic calorimeter containing 8736 CsI(T1) crystals (ECL)
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all located inside a 3.4-m-diameter superconducting sole-
noid that generates a 1.5 T magnetic field. The transverse
momentum resolution for charged tracks is (o, /p;)* =
(0.0019p,)*> + (0.0034), where p, is in GeV/c, and the
impact parameter resolutions for p = 1 GeV/c tracks
at normal incidence are 0,4 = o, = 55 um. Specific
ionization (dE /dx) measurements in the CDC (0 4g/ax =
6.9% for minimum ionizing pions), TOF flight-time mea-
surements (oror = 95 ps), and the response of the ACC
provide K= identification with an efficiency of ~85%
and a charged pion fake rate of ~10% for all momenta
up to 3.5 GeV/c. Photons are identified as ECL showers
that have a minimum energy of 20 MeV and are not
matched to a charged track. The photon energy resolution
is (og/E)* = (0.013)> + (0.0007/E)* + (0.008/E'/*)2,
where E is in GeV. Electron identification is based on
a combination of CDC dE/dx information, the ACC re-
sponse, and the position relative to the extrapolated track,
shape, and energy deposit of the associated ECL shower.
The efficiency is greater than 90% and the hadron fake rate
is ~0.3% for p > 1 GeV/c. Aniron flux-return yoke out-
side the solenoid, comprised of 14 layers of 4.7-cm-thick
iron plates interleaved with a system of resistive plate
counters (KLLM), provides muon identification with an ef-
ficiency greater than 90% and a hadron fake rate less than
2% for p > 1 GeV/c. The KLM is used in conjunction
with the ECL to detect K; mesons; the angular resolution
of the K direction measurement ranges between 1.5°
and 3°.

We reconstruct 32 decays to the following CP eigen-
states: J/¢Kg, y(2S)Ks, xc1Ks, ncKs for & = —1
and J /70, J/YK, for § = +1. The J/¢ and ¢(25)
mesons are reconstructed via their decays to 7€~ (€ =
W, e). The (2S) is also reconstructed via its J /7t 7w~
decay, the y.; via its J/¢y decay, and the 7. via its
K*K~ 7% and Ks(w* 7 )K~ 7" [6] decays.

For J /i and ¢(25) — €* €~ decays, we use oppositely
charged track pairs, where both tracks are positively iden-
tified as leptons. For the B — J/¢Ks(m* 7~) mode,
the requirement for one of the tracks is relaxed: a track
with an ECL energy deposit consistent with a minimum
ionizing particle is accepted as a muon and a track that
satisfies either the dE/dx or the ECL shower energy re-
quirements as an electron. For e e~ pairs, we include the
four-momentum of every photon detected within 0.05 rad
of the original e* or e~ direction in the invariant mass
calculation. Nevertheless a radiative tail remains and we
accept pairs in the asymmetric invariant mass interval be-
tween —12.50 and +30 of M,y or My (»s), where o =
12 MeV/c? is the mass resolution. The u™ ™~ radiative
tail is smaller; we select pairs within —50 and +30 of
My or My(s). Candidate Ks — o 7~ decays are op-
positely charged track pairs that have an invariant mass
within +40 of the K° mass (o = 4 MeV/c?). For the
J/¥Ks final state, Kg — 7w%7° decays are also used. For

7970 candidates, we try all combinations where there

are two y+y pairs with an invariant mass between 80 and
150 MeV/c?, assuming they originate from the center of
the run-dependent average interaction point (IP). We mini-
mize the sum of the y? values from constrained fits of each
pair to the 77° mass with y directions determined by vary-
ing the decay point along the K flight path, which is taken
as the line from the IP to the energy-weighted center of the
four showers. We select combinations with a 77%77% invari-
ant mass within ~*30 of Mo, where o = 9.3 MeV/c2.
For the J/¢7° mode, we use a minimum y energy of
100 MeV and select yy pairs with an invariant mass within
+3g of M, where o = 4.9 MeV/c>.

We isolate reconstructed B-meson decays using the en-

cms cms

ergy difference AE = Ep° — Epeam and the beam-energy
constrained mass M. = (Epme)? — (pi™)2, where
Eream is the cms beam energy, and Ez™ and pg™ are the
cms energy and momentum of the B candidate. Figure 1
shows the M, distribution for all channels combined
(other than J /K ) after a AE selection that varies from
*25 to =100 MeV (corresponding to ~*30), depending
on the mode. The B-meson signal region is defined as
5.270 < Mp. < 5290 GeV/c?; the M, resolution is
3.0 MeV/c2. Table I lists the numbers of observed events
(Neyv) and the background (Nykgq) determined by extrapo-
lating the event rate in the nonsignal AE vs M. region
into the signal region.

Candidate B) — J/yK; decays are selected by requir-
ing the observed K direction to be within 45° from the
direction expected for a two-body decay (ignoring the B
cms motion). We reduce the background by means of a
likelihood quantity that depends on the J /¢ cms momen-
tum, the angle between the K; and its nearest-neighbor
charged track, the charged track multiplicity, and the kine-
matics that are obtained when the event is reconstructed
assuming a BT — J/yK** (K 7™") hypothesis. In addi-
tion, we remove events that are reconstructed as 32 —
J/WKs, J/YKNKt7m~,Ksw®), Bt — J/YyK*, or
J/WK* (KT 70 Ksm™) decays. Figure 2 shows the pg™
distribution, calculated for a Bg — J/W Ky two-body
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FIG. 1. The beam-constrained mass distribution for all decay

modes combined (other than 32 — J/yK;). The shaded area is
the estimated background. The dashed lines indicate the signal
region.
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TABLE I. The numbers of CP-eigenstate events.
Mode Ney Npked
J/ () Kg(mt ™) 123 3.7
J/ Y€ ) Ks(w070) 19 2.5
G2S) T )Ks(mrar™) 13 0.3
YRS/ ymta )Kg(mT ) 11 0.3
Xet(yJ /[ )Ks(m™ ™) 3 0.5
N(KYK~7")Kg(m 7™) 10 2.4
n.(KsK* 7w )Ks(mtm™) 5 0.4
J/yEt e )m® 10 0.9
Sub-total 194 11
J/ WK, 131 54
decay hypothesis, for the surviving events. The histo-

grams in the figure are the results of a fit to the signal and
background distributions, where the shapes are derived
from Monte Carlo (MC) simulations [7], and the normal-
izations are allowed to vary. Among the total of 131 en-
tries in the 0.2 =< pg™ = 0.45 GeV/c signal region, the
fit finds 77 J /i K} events.

The leptons and charged pions and kaons among the
tracks which are not associated with fcp are used to iden-
tify the flavor of the accompanying B meson. Tracks are
selected in several categories that distinguish the b-flavor
by the track’s charge: high momentum leptons from b —
c¢~ 7, lower momentum leptons from ¢ — s€* v, charged
kaons from b — ¢ — s, high momentum pions from de-
cays of the type B) — D™~ (w*, p*, ay, etc.), and slow
pions from D*~ — Dz~ . For each track in one of these
categories, we use the MC to determine the relative proba-
bility that it originates from a BS or Eg as a function
of its charge, cms momentum and polar angle, particle-
identification probability, and other kinematic and event-
shape quantities. We combine the results from the different
track categories (taking into account correlations for the
case of multiple inputs) to determine a b-flavor ¢, where
g = +1 when f,, is more likely to be a 32 and —1 for a

50¢
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<

(
S

+

C i fllnnlonnllonalls
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1, Ye Y
1.2 14 16 18 2

FIG. 2. The p§™ distribution for B} — J/¢K, candidates
with the results of the fit. The solid line is the signal plus back-
ground; the shaded area is background only; the dashed lines
indicate the signal region.
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Ef}. We use the MC to evaluate an event-by-event flavor-
tagging dilution factor, r, which ranges from » = 0 for
no flavor discrimination to » = 1 for perfect flavor assign-
ment. We use r only to categorize the event. For the CP
asymmetry analysis, we use the data to correct for wrong-
flavor assignments.

The probabilities for an incorrect flavor assignment, w;
(I = 1,6), are measured directly from the data for six r
intervals using a sample of exclusively reconstructed, self-
tagged By — D* €*v, D® "7t and D*"p* decays.
The b-flavor of the accompanying B meson is assigned
according to the above-described flavor-tagging algorithm,
and values of w; are determined from the amplitudes of the
time-dependent BS—ES mixing oscillations [8]: (Nor —
Ngr)/(Nor + Nsp) = (1 — 2w;) cos(AmyAt). Here Nor
and Ngp are the numbers of opposite and same flavor
events. Table II lists the resulting w; values together with
the fraction of the events (f;) in each r interval. All
events in Table I fall into one of the six r intervals. The
total effective tagging efficiency is D>, fi(1 — 2w;)? =
0.270f8j8%é, where the error includes both statistical and
systematic uncertainties, in good agreement with the MC
result of 0.274. We check for a possible bias in the flavor
tagging bg/ measuring the effective tagging efficiency for
Bg and B, self-tagged samples separately, and for different
At intervals. We find no statistically significant difference.

The vertex positions for the fcp and fi,, decays are
reconstructed using tracks that have at least one three-
dimensional coordinate determined from associated r¢
and z hits in the same SVD layer plus one or more ad-
ditional z hits in other SVD layers. Each vertex position
is required to be consistent with the IP profile smeared
in the r¢ plane by the B-meson decay length. (The IP
size, determined run-by-run, is typically oy = 100 um,
oy =5 um, and o, =3 mm.) The fcp vertex is de-
termined by using lepton tracks from the J /i or (2S)
decays, or prompt tracks from 7. decays. The f,, vertex
is determined from tracks not assigned to fcp with addi-
tional requirements of 6r < 0.5 mm, 6z < 1.8 mm, and
os5; < 0.5 mm, where 7 and 6z are the distances of the
closest approach to the fcp vertex in the r ¢ plane and the
z direction, respectively, and o5, is the calculated error of
6z. Tracks that form a K are removed. The MC indicates
that the average zcp resolution is 75 um (rms); the zi,

TABLE II. Experimentally determined event fractions ( f;) and
incorrect flavor assignment probabilities (w;) for each r interval.
! r fl wi

1 0.000-0.250 0.393 + 0.014 0.4700:035
2 0.250-0.500 0.154 * 0.007 0.336 00
3 0.500-0.625 0.092 * 0.005 0.2867 0031
4 0.625-0.750 0.100 *+ 0.005 0.210003;
5 0.750-0.875 0.121 =+ 0.006 0.098=003%
6 0.875-1.000 0.134 + 0.006 0.020+99%
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resolution is worse (140 um) because of the lower aver-
age momentum of the f,, decay products and the smearing
caused by secondary tracks from charmed meson decays.

The resolution function R(A¢) for the proper time in-
terval is parametrized as a sum of two Gaussian compo-
nents: a main component due to the SVD vertex resolution,
charmed meson lifetimes, and the effect of the cms motion
of the B mesons, plus a fail component caused by poorly
reconstructed tracks. The means (fmain, Muil) and widths
(O main, Owil) of the Gaussians are calculated event-by-
event from the fcp and fi,, vertex fit error matrices; aver-
age values are wmain = —0.09 ps, wwnii = —0.78 ps and
Omain = 1.54 ps, owii = 3.78 ps. The negative values
of the means are due to secondary tracks from charmed
mesons. The relative fraction of the main Gaussian is
determined to be 0.982 + 0.013 from a study of By —
D* €*v events. The reliability of the At determination
and R(Ar) parametrization is confirmed by lifetime mea-
surements of the neutral and charged B mesons [9] which
use the same procedures and are in good agreement with
the world average values [10].

We determine sin2¢b; from an unbinned maximum-
likelihood fit to the observed Af distributions. The
probability density function (pdf) expected for the signal
distribution is given by
—1Atl/7y0

e
Pig(At,q,wy, &) = Ry
B

d

{1 = &rq(1 = 2w))
X sin2¢q sin(AmgAt)},

where we fix the 32 lifetime and mass difference at
their world average values [10]. The pdf used for back-
ground events is Py (At) = fTe_mt'/Tbkg/ZTbkg + (1 —
f-)0(Ar), where f, is the fraction of the background
component with an effective lifetime 7k, and §(At) is the
Dirac delta function. For all fcp modes, except J/¢ K,
we find f, = 0.10i8;(‘); and Tk = 1.752&%3 ps using
events in background-dominated regions of AE vs Mj,.
The J/#K; background is dominated by B — J /X de-
cays, where some final states are CP eigenstates and need
special treatment. A MC study shows that the background
contribution from the ¢ = —1 sources J /¢ Ky, y(25)Ks,
and x.1Ks is 7.9%, while that from the £, = +1¢/(25)K,,
and y.1K; modes is 7.0%. Thus, the effects on the CP
asymmetry from these states nearly cancel. The remaining
dominant CP mode, J/yK*(K; "), which accounts for
19% of the total background, is taken to be a 73 /27 mixture
of £ = —1 and +1, respectively, based on our measure-
ment of the J /4 polarization in the B) — J /¢ K**(Ks7°)
decay [11]. For the J/yK*(K;7°) background pdf, we
use P, with effective CP eigenvalue &, = —O.46f5j§2,
where the error has been expanded to include all possible
values. For the non-CP background modes we use Tbkg
with f = 1 and Ty = 73.

The pdfs are convolved with R(Ar) to determine the
likelihood value for each event as a function of sin2¢;:

L= ]{fsigg)sig(At/,q’wl’ff) + (1= fig) Pog (A1)}
X R(At — At)dA?,

where f;, is the probability that the event is signal, cal-
culated as a function of pg" for J/#K; and of AE and
My, for other modes. The most probable sin2¢; is the
value that maximizes the likelihood function L = []; £;,
where the product is over all events. We performed a
blind analysis: the fitting algorithms were developed and
finalized using a flavor-tagging routine that does not di-
vulge the sign of g. The sign of ¢ was then turned on,
and the application of the fit to all of the events listed in
Table I produces the result sin2¢; = 0.587932700% where
the first error is statistical and the second is systematic.
The systematic errors are dominated by the uncertainties
in w; (1599) and the J/¢K; background (£0.05). Sepa-
rate fits to the {y = —1 and & = +1 event samples give
0.82f8jﬁ? and 0.10i8123, respectively [12]. Figure 3(a)
shows —21In(L/Lmax) as a function of sin2¢ for the é; =
—1 and £y = +1 modes separately and for both modes
combined. Figure 3(b) shows the asymmetry obtained
by performing the fit to events in Ar bins separately, to-
gether with a curve that represents sin2¢ sin(AmyAr) for
sin2¢p; = 0.58.

We check for a possible fit bias by applying the same
fit to non-CP eigenstate modes: B) — DY~ 7% D* p*,

(a) 20

) s gp=—1
16L ‘._ = &r=+1
* — Combined

12

-2In(L/L,,,)

—
O
-
N

—_
T

Sin2¢, sin(AmyAt)

—1F

2T TS 0 2 46 8
At (ps)

FIG. 3. (a) Values of —2In(L/Lmax) vs sin2¢; for the &, =
—1 and +1 modes separately and for both modes combined.
(b) The asymmetry obtained from separate fits to each Az bin;
the curve is the result of the global fit (sin2¢; = 0.58).
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J/WK*(K*77),and D*£" v, where “sin2¢;” should be
zero, and the charged mode B* — J /K ™. For all of the
modes combined we find 0.065 £ 0.075, consistent with
a null asymmetry.

We have presented a measurement of the standard model
CP violation parameter sin2¢ based on a 10.5 fb~! data
sample collected at the Y (45):

sin2¢p; = 0.587033(stat) F3% (syst) .

The probability of observing sin2¢; > 0.58, if the true
value is zero, is 4.9%. Our measurement is more precise
than the previous measurements [13] and consistent with
SM constraints [14].

We wish to thank the KEKB Accelerator Group for the
excellent operation. We acknowledge support from the
Ministry of Education, Culture, Sports, Science and Tech-
nology of Japan and the Japan Society for the Promotion
of Science; the Australian Research Council and the Aus-
tralian Department of Industry, Science and Resources; the
Department of Science and Technology of India; the BK21
program of the Ministry of Education of Korea and the
SRC program of the Korea Science and Engineering Foun-
dation; the Polish State Committee for Scientific Research
under Contract No. 2P03B 17017; the Ministry of Science
and Technology of Russian Federation; the National Sci-
ence Council and the Ministry of Education of Taiwan; the
Japan-Taiwan Cooperative Program of the Interchange As-
sociation; and the U.S. Department of Energy.

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

[2] A.B. Carter and A.I. Sanda, Phys. Rev. D 23, 1567 (1981);
I.1. Bigi and A.I. Sanda, Nucl. Phys. B193, 85 (1981).

2514

[3] H. Quinn and A.I. Sanda, Eur. Phys. J. C 15, 626 (2000).
(Some papers refer to this angle as .)

[4] Belle Collaboration, K. Abe et al. (to be published), KEK
Report No. 2000-4.

[5] KEKB B Factory Design Report No. 95-1, 1995 (unpub-
lished).

[6] Throughout this Letter, when a mode is quoted the inclu-
sion of the charge conjugate mode is implied.

[71 We use the QQ B-meson decay event generator developed
by the CLEO Collaboration (http://www.Ins.cornell.edu/
public/CLEO/soft/QQ) and GEANT3 for the detector simu-
lation; CERN Program Library Long Writeup W5013,
CERN, 1993.

[8] Belle Collaboration, J. Suzuki, Proceedings of the 30th
International Conference on High Energy Physics, Osaka,
2000 (to be published).

[9] Belle Collaboration, H. Tajima, Proceedings of the 30th
International Conference on High Energy Physics, Osaka,
2000 (to be published).

[10] Particle Data Group, D.E. Groom et al., Eur. Phys. J. C
15, 1 (2000).

[11] Belle Collaboration, S. Schrenk, Proceedings of the 30th
International Conference on High Energy Physics, Osaka,
2000 (to be published). This result agrees within er-
rors with those of CLEO Collaboration, C.P. Jessop et al.
[Phys. Rev. Lett. 79, 4533 (1997)] and CDF Collaboration,
T. Affolder et al. [Phgfs. Rev. Lett. 85, 4668 (2000)].

[12] A fit to only the By — J/WKs(7w " 7~) events gives a
sin2¢, value of 1.217047; a fit to only the non-J /K & =
—1 modes gives —0.057978. Separate fits to the ¢ = +1
and ¢ = —1 event samples give sin2¢; values of 0.40t8;33
and 0.73f8ﬁ3é, respectively.

[13] OPAL Collaboration, K. Ackerstaff et al., Eur. Phys. J. C
5, 379 (1998); CDF Collaboration, T. Affolder et al,
Phys. Rev. D 61, 072005 (2000); ALEPH Collaboration,
R. Barate et al., Phys. Lett. B 492, 259 (2000).

[14] See, for example, S. Mele, Phys. Rev. D 59, 113011 (1999).



