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2Universitàdi Bari, Dipartimento di Fisica and INFN, I-70126 Bari, Italy

3Institute of High Energy Physics, Beijing 100039, China
4University of Bergen, Institute of Physics, N-5007 Bergen, Norway

5Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720
6University of Birmingham, Birmingham B15 2TT, United Kingdom

7Ruhr Universita¨t Bochum, Institut fu¨r Experimentalphysik 1, D-44780 Bochum, Germany
8University of Bristol, Bristol BS8 1TL, United Kingdom

9University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1
10Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom

11Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
12University of California at Irvine, Irvine, California 92697

13University of California at Los Angeles, Los Angeles, California 90024
14University of California at San Diego, La Jolla, California 92093

15University of California at Santa Barbara, Santa Barbara, California 93106
16Institute for Particle Physics, University of California at Santa Cruz, Santa Cruz, California 95064

17California Institute of Technology, Pasadena, California 91125
18University of Cincinnati, Cincinnati, Ohio 45221
19University of Colorado, Boulder, Colorado 80309

20Colorado State University, Fort Collins, Colorado 80523
21DAPNIA, Commissariat a` l’Energie Atomique/Saclay, F-91191 Gif-sur-Yvette, France

22Technische Universita¨t Dresden, Institut fu¨r Kern- und Teilchenphysik, D-01062 Dresden, Germany
23Ecole Polytechnique, F-91128 Palaiseau, France

24University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
25Elon University, Elon University, North Carolina 27244-2010
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We present a measurement of the time-dependentCP-violating asymmetries in neutralB decays to the
p1p2CP eigenstate, and an updated measurement of the charge asymmetry inB0→K1p2 decays. In a

sample of 33 millionY(4S)→BB̄ decays collected with the BABAR detector at the SLAC PEP-II asymmetric
B factory, we find 65211

112 p1p2 and 217618 K1p2 candidates and measure the asymmetry parameters
Spp50.0320.56

10.5360.11,Cpp520.2520.47
10.4560.14, andAKp520.0760.0860.02, where the first error is statis-

tical and the second is systematic.
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In the Standard Model, allCP-violating effects arise from
a single complex phase in the three-generation Cabib
Kobayashi-Maskawa~CKM! quark-mixing matrix@1#. One
of the central questions in particle physics is whether t
mechanism is sufficient to explain the pattern ofCP violation
observed in nature. Recent measurements of the param
sin 2b by the BABAR @2# and BELLE @3# Collaborations
establish thatCP symmetry is violated in the neutra
B-meson system. In addition to measuring sin 2b more pre-
cisely, one of the primary goals of theB-factory experiments

*Also with Universitàdi Perugia, Perugia, Italy.
†Also with Universitàdella Basilicata, Potenza, Italy.
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in the future will be to measure the remaining angles~a and
g! and sides of the Unitarity Triangle in order to further te
whether the Standard Model description ofCP violation is
correct.

The study ofB decays to charmless hadronic two-bo
final states will play an increasingly important role in o
understanding ofCP violation. In the Standard Model, th
time-dependentCP-violating asymmetry in the reactionB0

→p1p2 is related to the anglea. In addition, observation
of a significant rate asymmetry betweenB0→K1p2 and
B̄0→K2p1 decays would be evidence for directCP viola-
tion, and ratios of branching fractions for variouspp and
Kp decay modes are sensitive to the angleg. Finally,
branching fraction measurements provide critical tests of t
2-3
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oretical models that are needed to extract reliable inform
tion on CP violation from the experimental observables.

The BABAR Collaboration recently reported measu
ments of branching fractions and charge asymmetries
several charmless two-bodyB decays using a data set of 2
million BB̄ pairs @4#. In this paper, using a data sample
approximately 33 millionBB̄ pairs, we report a measureme
of time-dependentCP-violating asymmetries in neutralB de-
cays to thep1p2 CP eigenstate and an updated measu
ment of the charge asymmetry inB0→K1p2 decays.

The time-dependentCP-violating asymmetry in the deca
B0→p1p2 arises from interference between mixing and d
cay amplitudes, and interference between theb→uW2 ~tree!
and b→dg ~penguin! decay amplitudes. AB0B̄0 pair pro-
duced inY(4S) decay evolves in time in a coherentP-wave
state until one of the two mesons decays. We reconstru
sample ofB mesons (Bhh8) decaying to theh1h82 final
state, whereh and h8 refer to p or K, and examine the re
maining charged particles in each event to ‘‘tag’’ the flavor
the otherB meson (Btag). The decay rate distributionf 1

( f 2) when h1h825p1p2 and Btag5B0 (B̄0) is given by
@5#

f 6~Dt !5
e2uDtu/t

4t
@16Spp sin~DmdDt !

7Cpp cos~DmdDt !#, ~1!

where t is the B0 lifetime, Dmd is the B0B̄0 mixing fre-
quency, andDt5thh82t tag is the time between theBhh8 and
Btag decays. TheCP-violating parametersSpp and Cpp are
defined as

Spp5
2 Iml

11ulu2 and Cpp5
12ulu2

11ulu2 . ~2!

If the decay proceeds purely through the tree process,
complex parameterl is directly related to CKM matrix ele-
ments,

l~B→p1p2!5S Vtb* Vtd

VtbVtd*
D S Vud* Vub

VudVub* D , ~3!

where we are assuming equal widths (DGB50) for the
heavy and light mass eigenstates. Thus, at tree leve
the standard model,ulu51 and Iml5sin 2a, where
a[arg@2Vtd Vtb* /VudVub* #.

Recent theoretical estimates indicate that the contribu
from the gluonic penguin amplitude can be significant@6–8#.
The processb→dg carries the weak phase arg(Vtd*Vtb), which
can modify both the magnitude and phase ofl. Thus, in
general,uluÞ1 and Iml5ulusin 2aeff , whereaeff depends on
the magnitudes and strong phases of the tree and pen
amplitudes. Several approaches have been proposed to
tain information ona in the presence of penguins@6,9#.

In this analysis, we extract signal and background yie
for p1p2, K1p2, andK1K2 decays@10#, and the ampli-
tudes of thepp sine (Spp) and cosine (Cpp) oscillation
05150
-

-
or

-

-

a

f
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in

n

uin
ob-

s

terms simultaneously from an unbinned maximum likeliho
fit. We parametrize theKp component in terms of the tota
yield and theCP-violating charge asymmetry

AKp[
NK2p12NK1p2

NK2p11NK1p2
. ~4!

The data sample used in this analysis consists of 33.7 f21

collected with the BABAR detector at the SLACe1e2 stor-
age ring PEP-II between October 1999 and June 2001.
PEP-II facility operates nominally at theY(4S) resonance,
providing collisions of 9.0 GeV electrons on 3.1 GeV po
trons. The data set includes 30.4 fb21 collected in this con-
figuration ~on-resonance! and 3.3 fb21 collected below the
BB̄ threshold~off-resonance! that are used for continuum
background studies.

A detailed description of the BABAR detector is pre
sented in Ref.@11#. Charged particle~track! momenta are
measured in a tracking system consisting of a 5-layer dou
sided silicon vertex tracker~SVT! and a 40-layer drift cham-
ber ~DCH! filled with a gas mixture of helium and isobutan
The SVT and DCH operate within a 1.5 T superconduct
solenoidal magnet. The typical decay vertex resolution
fully reconstructedB decays is approximately 65mm along
the center-of-mass~c.m.! boost direction. Photons are de
tected in an electromagnetic calorimeter~EMC! consisting of
6580 CsI~Tl! crystals arranged in barrel and forward endc
subdetectors. The flux return for the solenoid is compose
multiple layers of iron and resistive plate chambers for
identification of muons and long-lived neutral hadrons.

Tracks from theBhh8 decay are identified as pions or ka
ons by the Cherenkov angleuc measured with a detector o
internally reflected Cherenkov light~DIRC!. The typical
separation between pions and kaons varies from 8s at
2 GeV/c to 2.5 s at 4 GeV/c, wheres is the average reso
lution on uc . Lower momentum kaons used inB flavor tag-
ging are identified with a selection algorithm that combin
uc ~for momenta down to 0.6 GeV/c! with measurements o
ionization energy lossdE/dx in the DCH and SVT. The
selection efficiency is approximately 85% for a pion mis
dentification probability of 2.5%.

Hadronic events are selected based on track multipli
and event topology. We require at least three tracks in
laboratory polar angle region 0.41,u lab,2.54 satisfying the
following requirements: transverse momentum greater t
100 MeV/c, at least 12 DCH hits, and originating from th
interaction point within 10 cm inz and 1.5 cm inr 2w @12#.
Residual two-prong events from the reactione1e2→ l 1l 2

( l 5e,m,t) are suppressed by requiring the ratio of Fo
Wolfram momentsH2 /H0 @13# to be less than 0.95 and th
sphericity@14# of the event to be greater than 0.01.

CandidateBhh8 decays are reconstructed from pairs
oppositely charged tracks forming a good quality verte
where theBhh8 four-vector is calculated assuming the pio
mass for both tracks. We require each track to have an a
ciated uc measurement with a minimum of six Cherenko
photons above background, where the average is appr
mately 30 for both pions and kaons. Protons are rejec
based onuc and electrons are rejected based ondE/dx,
2-4
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shower shape in the EMC, and the ratio of shower ene
and track momentum. Background from the reactione1e2

→qq̄ (q5u,d,s,c) is suppressed by removing jet-lik
events from the sample: we define the c.m. angleuS between
the sphericity axes of theB candidate and the remainin
tracks and photons in the event, and requireucosuSu,0.8,
which removes 83% of the background. The total efficien
on signal events for all of the above selection is appro
mately 38%.

We define a beam-energy substituted massmES

5AEb
22pB

2. The candidate energy is defined asEb5(s/2
1pi•pB)/Ei , whereAs andEi are the total energies of th
e1e2 system in the c.m. and laboratory frames, respectiv
and pi and pB are the momentum vectors in the laborato
frame of thee1e2 system and theBhh8 candidate, respec
tively. Signal events are Gaussian distributed inmES with a
mean near theB mass and a resolution of 2.6 MeV/c2, domi-
nated by the beam energy spread. The background sha
parametrized by a threshold function@15# with a fixed end
point given by the average beam energy.

We define a second kinematic variableDE as the differ-
ence between the energy of theBhh8 candidate in the c.m
frame andAs/2. TheDE distribution is peaked near zero fo
p1p2 decays. For decays with one~two! kaons, the distri-
bution is shifted relative topp on average by245 MeV
~291 MeV!, respectively, where the exact separation
pends on the laboratory momentum of the kaon~s!. The reso-
lution on DE for signal decays is approximately 26 Me
The background is parametrized by a quadratic function.

Candidateh1h82 pairs selected in the region 5.2,mES
,5.3 GeV/c2 anduDEu,0.15 GeV are used to extract yield
and CP-violating asymmetries with an unbinned maximu
likelihood fit. The total number of events in the fit regio
satisfying all of the above criteria is 9741. A sideband regi
defined as 5.20,mES,5.26 GeV/c2 and uDEu,0.42 GeV,
is used to extract various background parameters.

The analysis method combines the techniques use
measure charmless two-body branching fractions@4# and
sin 2b @2#. The primary issues in this analysis are determi
tion of the Btag flavor, measurement of the distanceDz be-
tween theBhh8 and Btag decay vertices, discrimination o
signal from background, identification of pions and kao
and extraction of yields andCP asymmetries.

To determine the flavor of theBtag meson we use the sam
B-tagging algorithm used in the sin 2b and B0-B̄0 mixing
@16# analyses. The algorithm relies on the correlation
tween the flavor of theb quark and the charge of the remai
ing tracks in the event after removal of theBhh8 candidate.
We define five mutually exclusive tagging categories: Le
ton, Kaon, NT1, NT2, and Untagged. Lepton tags rely
primary electrons and muons from semileptonicB decays,
while Kaon tags exploit the correlation in the processb→c
→s between the net kaon charge and the charge of thb
quark. The NT1~more certain tags! and NT2 ~less certain
tags! categories are derived from a neural network tha
sensitive to charge correlations between the parentB and
unidentified leptons and kaons, soft pions, or the charge
momentum of the track with the highest c.m. momentu
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The addition of Untagged events improves the signal yi
estimates and provides a larger sample for determining b
ground shape parameters directly in the maximum likeliho
fit.

The quality of tagging is expressed in terms of the effe
tive efficiencyQ5( ie iDi

2, wheree i is the fraction of events
tagged in categoryi and the dilutionDi5122wi is related
to the mistag fractionwi . The statistical errors onSpp and
Cpp are proportional to 1/AQ. Table I summarizes the tag
ging performance in a data sampleBflav of fully recon-
structed neutralB decays intoD (* )2h1 (h15p1,r1,a1

1)
andJ/cK* 0 (K* 0→K1p2) flavor eigenstates. We use th
same tagging efficiencies and dilutions for signalpp, Kp,
andKK decays. Separate background tagging efficiencies
each species are obtained from a fit to theh1h82 on-
resonance sideband data and reported in Table II.

The time differenceDt is obtained from the measure
distance between thez position of theBhh8 and Btag decay
vertices and the known boost of thee1e2 system. Thez
position of theBtag vertex is determined with an iterativ
procedure that removes tracks with a large contribution
the total x2 @2,16#. An additional constraint is constructe
from the three-momentum and vertex position of theBhh8
candidate, and the averagee1e2 interaction point and boost
The typical Dz resolution is 180mm. We require uDtu
,17 ps and 0.3,sDt,3.0 ps, wheresDt is the error from
the vertex fit. The resolution function for signal candidates
a sum of three Gaussians, identical to the one describe
Ref. @2#, with parameters determined from a fit to theBflav
sample~including events in all five tagging categories!. The
background resolution function is parametrized as the sum
three Gaussians, with the parameters determined from a
the h1h82 on-resonance sideband data.

TABLE I. Tagging efficiencye, average dilutionD51/2 (DB0

1DB̄0), dilution differenceDD5DB02DB̄0, and effective tagging
efficiencyQ for signal events in each tagging category.

Category e ~%! D ~%! DD ~%! Q ~%!

Lepton 11.060.3 82.362.7 22.164.5 7.560.5
Kaon 35.860.5 64.862.0 3.563.1 15.061.0
NT1 8.060.3 55.664.2 212.166.7 2.560.4
NT2 13.960.4 30.263.8 9.065.7 1.360.3

Untagged 31.360.5

Total Q 26.361.2

TABLE II. Tagging efficiencies~%! for background events in
each species.

Category e~pp! e(Kp) e(KK)

Lepton 1.060.1 1.060.1 1.560.2
Kaon 26.060.4 33.160.6 23.560.7
NT1 6.660.2 5.460.3 6.960.4
NT2 17.660.4 15.360.5 19.760.6

Untagged 48.960.7 45.260.6 48.360.8
2-5



n
i

-
s

a

ne

gle
r

d
d

c-
th
n
te
y
in

ro

g

to

d

.
Fs

e

i

r
ol

on

.
th

de

-

in

0%
in
he

We

g

ct-

y

es
ac-
ed
d

RAPID COMMUNICATIONS

B. AUBERT et al. PHYSICAL REVIEW D 65 051502~R!
The data sample used in the fit contains 97% backgrou
mostly due to random combinations of tracks produced
e1e2→qq̄ events. Discrimination of signal from back
ground in the maximum likelihood fit is enhanced by the u
of a Fisher discriminantF @4#. The discriminating variables
are constructed from the scalar sum of the c.m. moment
all tracks and photons~excluding tracks from theBhh8 can-
didate! entering nine two-sided 10-degree concentric co
centered on the thrust axis of theBhh8 candidate. The distri-
bution of F for signal events is parametrized as a sin
Gaussian, with parameters determined from Monte Ca
simulated decays and validated withB2→D0p2 decays re-
constructed in data. The background shape is parametrize
the sum of two Gaussians, with parameters determined
rectly in the maximum likelihood fit.

Identification of h1h82 tracks as pions or kaons is a
complished with the Cherenkov angle measurement from
DIRC. We construct Gaussian probability density functio
~PDFs! from the difference between measured and expec
values ofuc for the pion or kaon hypothesis, normalized b
the resolution. The DIRC performance is parametrized us
a sample of D* 1→D0p1, D0→K2p1 decays recon-
structed in data. Within the statistical precision of the cont
sample~approximately 105 events!, we find similar response
for positively and negatively charged tracks and use a sin
parametrization for both.

We use an unbinned extended maximum likelihood fit
extract yields andCP parameters from theBhh8 sample. The
likelihood for candidatej tagged in categoryc is obtained by
summing the product of event yieldni , tagging efficiency
e i ,c , and probabilityPi ,c over the eight possible signal an
background hypothesesi ~referring topp, K1p2, K2p1,
andKK decays!,

Lc5expS 2(
i

nie i ,cD)
j

F(
i

nie i ,cPi ,c~xW j :aW i !G . ~5!

For theK7p6 hypotheses, the yield is parametrized asni
5NKp(16AKp)/2, where NKp5NK2p11NK1p2. We fix
the tagging efficienciese i to the values in Tables I and II
The probabilitiesPi ,c are evaluated as the product of PD
for each of the independent variables xW j

5$mES,DE,F,uc
1 ,uc

2 ,Dt%, whereuc
1 anduc

2 are the Cher-
enkov angles for the positively and negatively charg
tracks. The total likelihoodL is the product of likelihoods for
each tagging category and the free parameters are determ
by minimizing the quantity22 lnL.

TheDt PDF for signalp1p2 decays is given by Eq.~1!,
modified to include the dilution and dilution difference fo
each tagging category, and convolved with the signal res
tion function. TheDt PDF for signalKp events takes into
accountB0-B̄0 mixing, depending on the charge of the ka
and the flavor ofBtag. We parametrizeB0→K1K2 decays
as an exponential convolved with the resolution function

There are 18 free parameters in the fit. In addition to
CP-violating parametersSpp , Cpp , andAKp , the fit deter-
mines signal and background yields~six parameters!, the
backgroundKp charge asymmetry, and eight parameters
05150
d,
n

e

of

s

lo

as
i-

e
s
d

g

l

le

d

ned

u-

e

-

scribing the background shapes inmES, DE, andF. We fix t
andDmd to the world-average values@17#.

In a sample of 33 millionBB̄ pairs, we find 65211
112 pp,

217618 Kp, and 4.324.3
16.3 KK events. These yields are con

sistent with the branching fractions reported in Ref.@4#, as
well as measurements from other experiments@18,19#. The
results for CP-violating asymmetries are summarized
Table III. Statistical errors correspond to unit change inx2

[22 lnL. For each parameter, we also calculate the 9
confidence level~C.L.! interval corresponding to a change
x2 of 2.69, and taking into account the systematic error. T
correlation betweenSpp and Cpp is 221%, while AKp is
uncorrelated with eitherSpp or Cpp .

Figure 1 shows distributions ofmES and DE for events
enhanced in signal decays based on likelihood ratios.
defineRsig5(snsPs /( iniPi andRk5nkPk /(snsPs , where
(s (( i) indicates a sum over signal~all! hypotheses, andPk
indicates the probability for signal hypothesisk. The prob-
abilities include the PDFs foruc , F, and mES (DE) when
plotting DE (mES). The selection is defined by optimizin
the signal significance with respect toRsig andRk . The solid
curve in each plot represents the fit projection after corre
ing for the efficiency of the additional selection~approxi-
mately 55% forpp and 85% forKp!.

Figure 2 shows theDt distributions and the asymmetr

TABLE III. Central values and 90% C.L. intervals forSpp ,
Cpp , andAKp from the maximum likelihood fit.

Parameter Central value 90% C.L. interval

Spp 0.0320.56
10.5360.11 @20.89,10.85#

Cpp 20.2520.47
10.4560.14 @21.0,10.47#

AKp 20.0760.0860.02 @20.21,10.07#

FIG. 1. Distributions ofmES andDE ~unshaded histograms! for
events enhanced in signal~a!,~b! pp and ~c!,~d! Kp decays based
on the likelihood ratio selection described in the text. Solid curv
represent projections of the maximum likelihood fit result after
counting for the efficiency of the additional selection, while dash
curves representqq̄ andpp↔Kp cross-feed background. Shade
histograms show the subset of events that are tagged.
2-6
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App(Dt)5@NB0(Dt)2NB̄0(Dt)#/@NB0(Dt)1NB̄0(Dt)# for
tagged events enhanced in signalpp decays. The selection
procedure is the same as Fig. 1, with the likelihoods defi
including the PDFs foruc , F, mES, andDE. Approximately
24 pp, 22 qq̄, and 5Kp events satisfy the selection.

Systematic uncertainties onSpp , Cpp , and AKp arise
primarily from imperfect knowledge of the PDF shapes a
uncertainties on tagging efficiencies, dilutions,t, andDmd .
The total systematic error is calculated as the sum in qua
ture of the individual uncertainties. The error onAKp is
dominated by uncertainty in the mean of theDE PDF ~0.01!
and possible charge bias in track anduc reconstruction~0.01!

FIG. 2. Distribution ofDt for events enhanced in signalpp
decays based on the likelihood ratio selection described in the

~a! and ~b! show events~points with errors! with Btag5B0 or B̄0.
Solid curves represent projections of the maximum likelihood
dashed curves represent the sum ofqq̄ andKp background events
and the shaded region represents the contribution from signapp
events.~c! showsApp(Dt) for data~points with errors!, as well as
fit projections for signal and background events~solid curve!, and
signal events only~dashed curve!.
H.

da
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@20#. Errors onSpp and Cpp are dominated by the param
etrization ofDt resolution for signal and background~'0.07
for Spp , '0.03 forCpp!, tagging~0.05!, and, forCpp only,
the mean of theDE PDF ~0.1!.

Extensive studies were performed to validate the fit te
nique. A large ensemble of Monte Carlo pseudo-experime
was generated from the nominal PDFs with the statistics
served in the full data set. Parameter errors and the m
mum value of the likelihood obtained in the data fit are
consistent with expectations based on these pseu
experiments, and all free parameters are unbiased. We
checked that consistent results are obtained when separ
events byBtag flavor. As a validation of theDt parametriza-
tion in data, we fit the full data set to simultaneously extra
yields, background parameters,t, Dmd , Spp , andCpp . We
find t5(1.5260.12) ps and Dmd5(0.5460.09)\ ps21,
and all other parameters are consistent with the nominal

In summary, we have presented a measurement of ti
dependentCP-violating asymmetries inB0→p1p2 decays
and an updated measurement of the charge asymmetryAKp .
The latter is consistent with our previous result reported
Ref. @4#, as well as results from other experiments@21,22#.
We observe no evidence for directCP violation in theKp
mode and determine a 90% C.L. interval excluding a sign
cant part of the allowed region. Although the current me
surements ofSpp andCpp do not significantly constrain the
Unitarity Triangle, with the addition of more data and furth
improvements in detector performance and analysis te
niques, future results will yield important information abo
CP violation in theB-meson system.
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