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1 Introduction

Measurements1–6 of time dependent decay rates inΥ (4S) → B0B0 decays have been

performed using theBABAR
7 detector. CP violating asymmetries arise from the in-

terference of multiple decay amplitudes and have a variety of possible experimental

signatures. In the case described here, the decay rates forB0 andB0 (at t = 0) mesons

to a common final statef have a different time dependence

dΓ(B0 → f)

dt
6=
dΓ(B0 → f)

dt
. (1)

In Υ (4S) → B0B0 decays, the magnitude of the interfering amplitudes are comparable,

which lead to possibly large asymmetries in the Standard Model. While the branching

fractions for common final states are small (≤ 10−3), sizable samples of these states

have been reconstructed in approximately88 × 106 BB̄ decays collected in between

October 1999 and 2002 by theBABAR experiment.

CP -violation is accommodated in the Standard Model through a complex phase

within the CKM matrix8

VCKM ≡







Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb






, (2)

that describes the coupling for charged weak transitionsq → W ∗+q′ (∝ V ∗
qq′). The

orthogonality of the first and third columns

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (3)

gives the “Unitarity Triangle” shown in Figure 1, and defines the anglesα, β, and

γ. Together with other measurements9 (such asεk , |Vub|, |Vcb|, ∆md, and∆ms),

measurements ofCP violating asymmetries over-constrain the Unitarity Triangle, and

thus are a test of the Standard Model. Unlike other constraints, the measurement of

sin2β usingb → cc̄s charmonium-containing modes discussed here is essentially free

of theoretical uncertainties.

B0B0 pairs are produced in a coherentL = 1 state at theΥ (4S). Thus, the decay

distribution forB → f , wheref is aCP eigenstate, depends on∆t, the difference

between the decay time of theB that decays tof (BCP ) and the otherB in the event

(Btag).
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Fig. 1. The normalized Unitarity Triangle determined from the orthogonality of the first

and third columns of the CKM matrix.

The proper-time distribution ofB meson decays to aCP eigenstate with aB0 or

B0 tag can be expressed in terms of a complex parameterλ that depends on both the

B0-B0 oscillation amplitude and the amplitudes describingB0 andB0 decays to this

final state.10 The decay ratef+(f−) when the tagging meson is aB0(B0) is given by

f±( ∆t) =
e−|∆t|/τ

B0

4τB0

[

1 ± Sf sin (∆md∆t) ∓ Cf cos (∆md∆t)

]

, (4)

where

Sf =
2 Imλ

1 + |λ|2
,

Cf =
1 − |λ|2

1 + |λ|2
, (5)

∆t = trec − ttag is the difference between the proper decay times of the reconstructed

B meson (BCP ) and the taggingB meson (Btag), τB0 is theB0 lifetime, and∆md

is theB0-B0 oscillation frequency. The sine term in Eq. 4 is due to the interference

between direct decay and decay after flavor change, and the cosine term is due to the

interference between two or more decay amplitudes with different weak and strong

phases.CP violation can be observed as a difference between the∆t distributions of

B0- andB0-tagged events or as an asymmetry with respect to∆t = 0 for either flavor

tag.

The∆t asymmetry is

ACP (∆t) ≡
f+(∆t) − f−(∆t)

f+(∆t) + f−(∆t)
= Sf sin (∆md∆t) − Cf cos (∆md∆t). (6)

The time integrated asymmetry is non-zero ifCf 6= 0.
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2 Common analysis features

2.1 TheBABAR detector

A detailed description of theBABAR detector can be found in elsewhere.7 Charged

particle momenta are measured in a tracking system consisting of a5-layer double-

sided silicon vertex tracker (SVT) and a40-layer drift chamber (DCH) filled with a

gas mixture based on helium and isobutane. The SVT and DCH operate within a1.5-

T superconducting solenoidal magnet. The typical decay vertex resolution is around

65 µm along the beam direction for fully reconstructedB decays. Photons are detected

in an electromagnetic calorimeter (EMC) consisting of6580 CsI(Tl) crystals arranged

in barrel and forward end-cap sub-detectors. Theπ0 mass resolution is on average

7 MeV/c2. The flux return (IFR) for the solenoid is composed of multiple layers of

iron and resistive plate chambers for the identification of muons and long-lived neutral

hadrons. Tracks are identified as pions or kaons by the Cherenkov angleθCh measured

with a detector of internally reflected Cherenkov light (DIRC). The typical separation

between pions and kaons varies from8σ at 2 GeV/c to 2.5σ at 4 GeV/c, whereσ is

the averageθCh resolution. Lower momentum kaons are identified with a combination

of θCh (for momenta down to0.7 GeV/c) and measurements of ionization energy loss,

dE/dx, in the DCH and SVT.

2.2 Data sample

The analysis described here use a data sample of approximately 88 millionB0B0 decays,

corresponding to 81 fb−1. An additional 9.6 fb−1 taken around 40MeV below the

Υ (4S) resonace (“off-resonance” sample) is used to studye+e− → qq̄ (“continuum”)

backgrounds that are important in several of the analysis described here.

2.3 Analysis procedure

The decay channels described in this note share many common analysis features. In

each case, one of the twoB decaysBCP is fully reconstructed, while the otherBtag is

inclusively reconstructed to determine (“tag”) the flavor ofBCP at∆t = 0. Due primarily

to limitations of theBtag reconstruction, Eq. 4 must be modified for experimental effects.
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In particular, a flavor mistag probability and vertex position resolution are accounted for

f±( ∆t) =
e−|∆t|/τ

B0

4τB0

[

1 ± Sf (1 − 2w) sin (∆md∆t)

∓ Cf (1 − 2w) cos (∆md∆t)

]

⊗ R, (7)

wherew is the mistag probability andR is the vertex resolution function. As described

in the following sections, to fully exploit the available information in each event, these

parameters are determined event-by-event.

As bothw andR are dominated by properties of theBtag, they are common to the

BCP channels described here. Instead of relying on a Monte Carlo simulation, we use

a large flavor eigenstate sampleBflav to determine these parameters from the data. As

with theBCP samples, the otherB decay is inclusively reconstructed to determine the

∆t and flavor tag of the event. The expected∆t distribution of these events is

funmixed, mixed( ∆t) =
e−|∆t|/τ

B0

4τB0

[

1 ± (1 − 2w) cos (∆md∆t)

]

⊗ R, (8)

for unmixed (B0 B0) and mixed (B0 B0 orB0 B0) events.

2.4 TheBflav sample

TheBflav sample is approximately 10 times the size of the largestBCP sample and con-

sists of reconstructedB → D(∗)π B → D(∗)ρ,B → D(∗)a1, andB → J/ψK∗(K±π∓)

final states. Aside fromD,D∗, andJ/ψ mass requirements, signal events are separated

from background using energy and momentum constraints on the reconstructedBflav

candidate. Working at theΥ (4S), the substitution of the measured energy by the beam

energy reduces the resolution of these kinematic variables substantially.

Energy conservation can be expressed as:

∆E = E∗
B − E∗

beam , (9)

whereE∗
B is the single beam energy in center-of-mass reference frame.(E∗

B, ~p
∗
B) is the

four momentum of the candidateB meson measured in the center-of-mass frame.∆E

is near 0 for correctly reconstructedB candidates, with a resolution which depends on

the reconstructed channel and is typically15 − 50 MeV.

TW01



)
2

 (GeV/cESm
5.2 5.22 5.24 5.26 5.28 5.3

2
E

ve
n

ts
 / 

2.
5 

M
eV

/c

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Bflav

BABAR
Preliminary

Fig. 2. mES distributions for theBflav sample after all selection criteria are applied. In

addition a good vertex and flavor tag are required. We observe approximately 25400

events in the signal region with a 85% purity.

Momentum conservation is expressed as the beam-energy substituted massmES,

which is defined as:

mES =
√

E∗2
beam − ~p∗2

B . (10)

where~p∗
B is theB-candidate momentum evaluated in the center-of-mass frame. Signal

events are distributed Gaussian like inmES with a mean at theB mass and a resolution

of approximately 2.6 MeV/c2, dominated by the beam energy spread. The background

shape inmES is parametrized by a threshold function16 with a fixed endpoint given by

the average beam energy. We typically require thatmES > 5.2 GeV/c2 for aB candidate

to enter the analysis.

ThemES distribution of theBflav sample is shown in Figure 2. Figure 3 shows the∆t

distribution and raw asymmetry ofB0 vs.B0 tagged events(NB0 −NB0)/(NB0 +NB0)

vs. ∆t. As expected for flavor eigenstates, no asymmetry is observed.
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Fig. 3. Distribution of∆t for B0 andB0 tagged events (top) and the∆t asymmetry

(bottom) ((NB0 −NB0)/(NB0 +NB0)) for theBflav sample.
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Category ε (%) w (%) ∆w (%) Q (%)

Lepton 9.1 ± 0.2 3.3 ± 0.6 −1.5 ± 1.1 7.9 ± 0.3

Kaon I 16.7 ± 0.2 10.0 ± 0.7 −1.3 ± 1.1 10.7 ± 0.4

Kaon II 19.8 ± 0.3 20.9 ± 0.8 −4.4 ± 1.2 6.7 ± 0.4

Inclusive 20.0 ± 0.3 31.5 ± 0.9 −2.4 ± 1.3 2.7 ± 0.3

All 65.6 ± 0.5 28.1 ± 0.7

Table 1. Efficienciesεi, average mistag fractionswi, mistag fraction differences∆wi =

wi(B
0) − wi(B

0), andQ extracted for each tagging categoryi from theBflav andBCP

samples.

2.5 B flavor tagging

We use multivariate algorithms to identify signatures ofB decays that determine the

flavor ofBtag. Primary leptons from semileptonicB decays are selected from identified

electrons and muons as well as isolated energetic tracks. We use the charges of identified

kaon candidates to define a kaon tag. Soft pions fromD∗+ decays are selected on the

basis of their momentum and direction with respect to the thrust axis ofBtag. A neural

network, which combines the outputs of these physics-based algorithms, takes into

account correlations between different sources of flavor information and provides an

estimate of the mistag probability for each event.

By using the outputs of the process-based algorithms and the estimated mistag prob-

ability, each event is assigned to one of four hierarchical, mutually exclusive tagging

categories. TheLepton category contains events with an identified lepton, and a sup-

porting kaon tag if present. Events with a kaon candidate and soft pion with opposite

charge and similar flight direction are assigned to theKaon I category. Events with only

a kaon tag are assigned to theKaon I orKaon II category depending on the estimated

mistag probability. TheKaon II category also contains the remaining events with a

soft pion. All other events are assigned to theInclusive category or excluded from

further analysis based on the estimated mistag probability. The tagging efficienciesεi

for the four tagging categories are measured from data and summarized in Table 1. The

figure of merit for tagging is the effective tagging efficiencyQ ≡
∑

i εi(1 − 2wi)
2. This

algorithm improvesQ by about 7% (relative) over our previous algorithm.14
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2.6 Vertex reconstruction

The decay time difference∆t is determined from the distance between the decay points

of BCP andBtag. As B mesons are produced nearly at rest in theΥ (4S) rest frame,

the Υ (4S) must be produced with a boost (conventionally along thez axis) so that

∆z ≡ zCP − ztag ≈ βγc∆t can be measured.zCP is the vertex position ofBCP .

ztag is determined from an iterative algorithm using the remaining tracks in the event

after theBCP has been reconstructed. Constraints from the beam spot location and

theBrec momentum are used, and large contributors to the vertexχ2 are dropped to

reduce the bias from charm decay. The determination ofztag dominates the resolution

of ∆z. The fraction of events with aBCP candidate where∆z can be determined is

approximately95%. We parametrize the experimental resolution function as the sum

of three Gaussians. Two of these are a function of the determined event-by-event error

and the third is an outlier contribution of fixed width (8 ps). In the unbinned maximum

likelihood fit described below, the core Gaussian is determined to contain89% of the

events with a scale factor of1.10 ± 0.05 with respect to the event-by-event error.

3 Measurement of sin2β in B → (cc̄)KS and B →

J/ψK0
L

decays

In the Standard Model,λ = ηfe
−2iβ for charmonium-containingb → ccs decays, where

ηf is theCP eigenvalue of the final statef . Thus,Sf = −ηf sin2β andCf = 0, and the

time-dependentCP asymmetry is

ACP (∆t) ≡
f+(∆t) − f−(∆t)

f+(∆t) + f−(∆t)
= −ηf sin2β sin (∆md ∆t), (11)

with ηf = −1 for J/ψK0
S
, ψ(2S)K0

S
, χc1K0

S
, andηcK0

S
, and+1 for J/ψK0

L
. Due to the

presence of even (L=0, 2) and odd (L=1) orbital angular momenta in theB → J/ψK∗0

final state, there can beCP -even andCP -odd contributions to the decay rate. When the

angular information in the decay is ignored, the measuredCP asymmetry inJ/ψK∗0

is reduced by a factor1 − 2R⊥, whereR⊥ is the fraction of theL=1 component. We

have measuredR⊥ = (16.0 ± 3.5)%,11 which givesηf = 0.65 ± 0.07 after acceptance

corrections in theJ/ψK∗0 mode.

Observations ofCP violation inB0 decays were reported last year by theBABAR
12

and Belle13 collaborations. The PEP-II collider has since delivered an additional 63
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fb−1, thereby approximately tripling the data sample near theΥ (4S) resonance. Here,

we report a more precise measurement ofsin2β using the full sample of about 88 million

BB decays.

The measurement technique is described in detail elsewhere.14 We reconstruct a

sample of neutralB mesons (BCP ) decaying to the final statesJ/ψK0
S
, ψ(2S)K0

S
,

χc1K
0
S
, ηcK0

S
, J/ψK∗0(K∗0 → K0

S
π0), andJ/ψK0

L
. TheJ/ψ andψ(2S) mesons are

reconstructed through their decays toe+e− andµ+µ−; theψ(2S) is also reconstructed

through its decay toJ/ψπ+π−. We reconstructχc1 mesons in the decay modeJ/ψγ and

ηc mesons in theK0
S
K+π− andK+K−π0 final states.15 TheK0

S
is reconstructed in its

decay toπ+π− (and toπ0π0 for theJ/ψK0
S

mode).

Figure 4 shows themES distribution (all modes except forB0 → J/ψK0
L
) and

∆E distribution (forB0 → J/ψK0
L
) for events that satisfy the tagging and vertexing

requirements. In total, there are 2641 in the signal region. The purity for the all modes

except forB0 → J/ψK0
L

is very high.B0 → J/ψK0
L

is different from the other modes

considered, as theK0
L

energy is not fully measured by the detector (K0
L

are reconstructed

in either the EMC or IFR). Thus, one of the two degrees of freedom described above

must be used to determine theK0
L

energy. Sample purities are given in Table 2.

We determinesin2β with a simultaneous unbinned maximum likelihood fit to the

∆t distributions of the taggedBCP andBflav samples. There are 34 free parameters

in the fit: sin2β (1), the average mistag fractionsw and the differences∆w between

B0 andB0 mistag fractions for each tagging category (8), parameters for the signal∆t

resolution (8), and parameters for background time dependence (6),∆t resolution (3),

and mistag fractions (8). We fixτB0 = 1.542 ps and∆md = 0.489 ps−1.17 See Fig. 5.

The fit to theBCP andBflav samples yields

sin2β = 0.741 ± 0.067 (stat) ± 0.034 (syst).

The dominant sources of systematic error are the uncertainties in the level, composition,

andCP asymmetry of the background in the selectedCP events (0.023), the assumed

parameterization of the∆t resolution function (0.017), due in part to residual uncertain-

ties in the internal alignment of the vertex detector, and possible differences between

theBflav andBCP mistag fractions (0.012). Most systematic errors are determined with

data and will continue to decrease with additional statistics.

The largeBCP sample allows a number of consistency checks, including separation

of the data by decay mode, tagging category, andBtag flavor. The results of fits to these

ηf = −1 subsamples are shown in Table 2 and found to be statistically consistent. The
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Fig. 4. Distributions forBCP candidates satisfying the tagging and vertexing require-

ments: a)mES for the final statesJ/ψK0
S
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S
, ηcK0

S
, andJ/ψK∗0(K∗0 →

K0
S
π0), and b)∆E for the final stateJ/ψK0

L
.

results of fits to the control samples of non-CP decay modes indicate no statistically

significant asymmetry.

Finally, we also measure the parameter|λ| in Eq. 4 from a fit to theηf = −1 sample,

which has high purity and requires minimal assumptions on the effect of backgrounds.

This parameter is sensitive to the difference in the number ofB0- andB0-tagged events.

In order to account for differences in reconstruction and tagging efficiencies forB0

andB0 mesons, we incorporate five additional free parameters in this fit. We obtain

|λ| = 0.948 ± 0.051 (stat) ± 0.030 (syst). The coefficient of thesin(∆md∆t) term

in Eq. 4 is measured to be0.759 ± 0.074 (stat). The dominant contribution to the

systematic error for|λ|, conservatively estimated to be 0.025, is due to interference
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Sample Ntag P (%) sin2β

J/ψK0
S
,ψ(2S)K0

S
,χc1K0

S
,ηcK0

S
1506 94 0.76 ± 0.07

J/ψK0
L

(ηf = +1) 988 55 0.72 ± 0.16

J/ψK∗0(K∗0 → K0
S
π0) 147 81 0.22 ± 0.52

Full CP sample 2641 78 0.74 ± 0.07

J/ψK0
S
, ψ(2S)K0

S
, χc1K0

S
, ηcK0

S
only (ηf = −1)

J/ψK0
S

(K0
S

→ π+π−) 974 97 0.82 ± 0.08

J/ψK0
S

(K0
S

→ π0π0) 170 89 0.39 ± 0.24

ψ(2S)K0
S

(K0
S

→ π+π−) 150 97 0.69 ± 0.24

χc1K
0
S

80 95 1.01 ± 0.40

ηcK
0
S

132 73 0.59 ± 0.32

Lepton category 220 98 0.79 ± 0.11

Kaon I category 400 93 0.78 ± 0.12

Kaon II category 444 93 0.73 ± 0.17

Inclusive category 442 92 0.45 ± 0.28

B0 tags 740 94 0.76 ± 0.10

B0 tags 766 93 0.75 ± 0.10

Bflav sample 25375 85 0.02 ± 0.02

B+ sample 22160 89 0.02 ± 0.02

Table 2. Number of eventsNtag in the signal region after tagging and vertexing require-

ments, signal purityP , and results of fitting forCP asymmetries in theBCP sample and

in various subsamples, as well as in theBflav and chargedB control samples. Errors are

statistical only.
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Fig. 5. a) Number ofηf = −1 candidates (J/ψK0
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(NB0 − NB0)/(NB0 + NB0) as functions of∆t. The solid (dashed) curves represent

the fit projection in∆t for B0 (B0) tags. The shaded regions represent the background

contributions. Figures c) and d) contain the corresponding information for theηf = +1

modeJ/ψK0
L
.
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between the suppressedb → uc̄d amplitude with the favoredb → cūd amplitude for

some tag-sideB decays. The other sources of systematic error for|λ| are the same as

in thesin2β measurement.

4 CP asymmetry measurement inB0 → D∗+D∗−

Similar to theB → J/ψK∗0(K0
S
π0) final state,B0 → D∗+D∗− is a pseudoscalar decay

to a vector-vector final state, with contributions from three partial waves with different

CP parities: even for theS- andD-waves, odd for theP -wave. In the model described in

Ref. 19 theP -wave contribution is predicted to be about11%. The angular distribution

of the decay products can be used to measure theCP parameters of theCP -even and

CP -odd components,21 which in principle can be different due to contributions from

penguin diagrams.

Up to corrections due to theoretically uncertain penguin diagram contributions,18

theCP asymmetry inB0 → D∗+D∗− is related tosin2β. Penguin-induced corrections

are predicted to be small in models based on the factorization approximation and heavy

quark symmetry; an effect of about2% is predicted.20 Thus, a comparison with the

sin2β determined in charmonium modes, as described above with that obtained inB0 →

D∗+D∗−is an important test of these models and the consistency of the Standard Model.

B0 mesons are exclusively reconstructed by combining two chargedD∗ candidates

reconstructed in a number ofD∗ andD decay modes. TheD0 andD+ modes recon-

structed areD0 → K−π+, D0 → K−π+π0, D0 → K−π+π+π−, D0 → K0
S
π+π−,

D+ → K−π+π+, D+ → K0
S
π+ andD+ → K−K+π+. D0 andD+ meson candidates

are required to have an invariant mass within 20MeV/c2 of the nominalD0 or D+

mass. The same interval is used for allD0 modes exceptK−π+π0, which has a looser

requirement of 35MeV/c2 due to the momentum resolution of theπ0.

D∗+ mesons are reconstructed in their decaysD∗+ → D0π+ andD∗+ → D+π0. We

includeD∗+D∗− combinations decaying to(D0π+, D0π−) or (D0π+, D−π0), but not

(D+π0, D−π0) due to the smaller branching fraction and larger expected backgrounds.

If an event contains both aD∗+ and aD∗− candidate, each is subjected to a mass

constraint fit, and then combined to form aB candidate. The∆E of theB0 candidate

is required to be less than25 MeV. The resultingmES distribution is shown in Fig. 6.

We find 102 tagging signal candidates with a purity of approximately 82%.

A one-dimensional angular analysis is used to determine the fraction,R⊥, of the
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CP -odd component. After acceptance correction, we find

R⊥ = 0.07 ± 0.06((stat)) ± 0.03((syst)), (12)

indicating that the data is consistent with noCP -odd component inB0 → D∗+D∗−

decays. We take advantage of this in the time dependent analysis.

In principle both the magnitude and phase ofλmay be different for theCP even and

CP odd components inB0 → D∗+D∗−. As the statistics of the signal are limited and

R⊥ is small, we fix|λ⊥| = 1 andImλ⊥ = −0.741 as expected in the Standard Model,

given thesin2β measurement in Eq. 12. The remainingCP parameters describe theCP

even contribution, which we measure to be

|λ+| = 0.98 ± 0.25 ± 0.09

Imλ = 0.31 ± 0.43 ± 0.10, (13)

where the errors are statistical and systematic, respectively. This measurement is approx-

imately2.7σ different from the expectation if penguins were negligible (Imλ = −0.741

and|λ| = 1). The∆t and raw asymmetry distributions forB0 → D∗+D∗−are shown

in Figure 7.

5 CP asymmetry measurement inB0 → J/ψπ0

The decayB0 → J/ψπ0 is a Cabibbo-suppressedb → ccd decay, whose tree contribu-

tion has the same weak phase as theb → ccs modes (e.g.B0 → J/ψK0
S
). A portion of

the penguin contribution has a different weak phase, which may give a time-dependent

CP asymmetry that differs from the one observed inb → ccs decays. As the tree con-

tribution is Cabibbo suppressed, the penguin diagrams may give a similar contribution

to the decay rate. The absence of penguin contributions would giveSJ/ψπ0 = − sin2β

andCJ/ψπ0 = 0.

B0 → J/ψπ0 candidates are selected by identifyingJ/ψ → e+e− or J/ψ → µ+µ−

decays andπ0 → γγ decays (details are given elsewhere22). Several kinematic and

topological variables are linearly combined using a Fisher discriminant,F , to provide

additional separation between signal ande+e− → uu, dd, ss, cc (continuum) back-

ground events. The remaining sources of background areB → J/ψK0
S
(π0π0), other

B → J/ψX decays, and random combinatorics fromBB̄ and qq̄ decays. Figure 8

shows themES distribution after a cut on∆E. The signal region contains 49 events with

approximately a 59% purity.
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TheCP violating parameters are measured using an unbinned maximum likelihood

fit including the∆t,mES, and∆E variables to fully discriminate signal from the back-

grounds. The probability density functions are taken from data whenever possible,

otherwise from Monte Carlo simulations. Two-dimensional PDFs are used for themES

and∆E distributions, as they are correlated for theB → J/ψX andB → J/ψK0
S

backgrounds. The∆t distribution ofB → J/ψK0
S
(π0π0) assumes thesin2β measured

above by theb → cc̄s charmonium-containing channels.

We measure

CJ/ψπ0 = 0.38 ± 0.41(stat) ± 0.09(syst),

SJ/ψπ0 = 0.05 ± 0.49(stat) ± 0.16(syst), (14)

where the systematic errors dominated by the determination of the PDF parameters.

6 CP asymmetry measurement inB0 → φK0
S

The charmlessB meson decays into final states with aφ meson are interesting be-

cause they are dominated byb → s(d)ss̄ gluonic penguins, with a smaller contribution

from electroweak penguins, while other Standard Model contributions are highly sup-

pressed. These decays allow the clean extraction of theCP -violating parametersin2β.

Comparison of the value ofsin2β obtained from these modes with that from charmo-

nium modes probes for new physics participating in penguin loops.23,24 The predicted

deviation ofsin2β for the φK0 mode in the Standard Model is smaller than 4%.25

The decay of neutralB mesons to theηf = −1 final stateφK0 has been observed

by BABAR in a sample of about 45 millionB mesons with a branching fraction of

BF (B0 → φK0) = (8.1+3.1
−2.5 ± 0.8) × 10−6.26

We fully reconstructB meson candidates (BCP ) in the decay modeφK0
S

withK0
S →

π+π− andφ → K+K−,

Monte Carlo simulation demonstrates that contamination from otherB decays is

negligible. However, charmless hadronic modes suffer from backgrounds due to random

combinations of tracks produced in̄qq continuum events. The distinguishing feature of

such backgrounds is their characteristic event shape resulting from the two-jet production

mechanism.

As with theB0 → J/ψπ0 analysis, an unbinned maximum likelihood fit is performed

using∆t, as well as variables that distinguish signal from the continuum backgrounds.
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b) with aB0 tagNB0 , and c) the raw asymmetry(NB0 −NB0)/(NB0 +NB0), as functions

of ∆t. Candidates in these plots are required to satisfy−0.11 < ∆E < 0.11 GeV and

mES > 5.27 GeV/c2. The curves in a) and b) are projections that use the values of the

other variables in the likelihood to determine the contribution to the signal or one of the

backgrounds.
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These includemES, ∆E, and a Fisher discriminant (F). Figure 10 shows themES

distribution enhanced in signal using a cut on the likelihood for each event. In this

region, we observe 66 signal candidates with a purity of approximately 50%.

We measure

sin2β = −0.19+0.52
−0.50(stat) ± 0.09(syst), (15)

where the errors are statistical and systematic.

7 CP asymmetry measurement inB0 → π+π−

The time-dependentCP -violating asymmetry in the decayB0 → π+π− is related to

the angleα, and ratios of branching fractions for variousππ andKπ decay modes are

sensitive to the angleγ. Here we present results for theCP -violating asymmetries in

B0 → π+π−. More details on the analysis technique are given elsewhere.27

We reconstruct a sample of neutralBmesons (Brec) decaying to theh+h′− final state,
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whereh andh′ refer toπ orK. Signal yields are determined with a maximum likelihood

fit including kinematic, topological, and particle identification information. The fitted

signal yields are157 ± 19 ± 7 for B0 → π+π− and589 ± 30 ± 17 for B0 → K+π−.

In addition we determineAK+π− = −0.102 ± 0.050 ± 0.016.

The parametersSππ andCππ are determined from a second fit including tagging and

∆t information, where theBflav sample is included to determine the signal parameters

describing tagging information and the∆t resolution function. A total of76 parameters

are varied in the fit, including the values ofSππ andCππ (2); signal and background

yields(5);Kπ charge asymmetries(2); signal and background tagging efficiencies(16)

and efficiency asymmetries(16); signal mistag fraction and mistag fraction differences

(8); signal resolution function(9); and parameters for the background shapes inmES (5),

∆E (2), F (5), and∆t (6). We assume zero events fromB0 → K+K− decays and we

fix τB0 and∆md to their world average values.17 As a means of validating the analysis

technique, we determineτ and∆md in theBrec sample and findτ = (1.56 ± 0.07) ps

and∆md = (0.52 ± 0.05) ps−1.

The combined fit to theBrec andBflav samples yields

Sππ = 0.02 ± 0.34 (stat) ± 0.05 (syst) [−0.54,+0.58] ,

Cππ = −0.30 ± 0.25 (stat) ± 0.04 (syst) [−0.72,+0.12] ,

where the range in square brackets indicates the90% C.L. interval taking into account

the systematic errors. The correlation betweenSππ andCππ is −10%.

Systematic uncertainties onSππ andCππ are dominated by imperfect knowledge of

the PDF shapes and possible fit bias. Using theBABAR upper limit onB(B0 → π0π0)

and the isospin relations forB → ππ28 we find

|αeff − α| < 51◦ (16)

at 90% confidence level.

8 CP asymmetry measurement inB0 → ρπ andB0 →

ρK

We investigateCP violation using charmlessB0/B0 decays toπ+π−π0 andK∓π±π0

dominated by theρ±h∓ intermediate state, whereh = π or K. As in the case of

π+π−, theρπ mode provides a probe of both directCP violation andCP violation in
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the interference between mixing and decay amplitudes. The latter type ofCP violation

is related to the angleα. In contrast toπ+π−, ρ±π∓ is not aCP eigenstate and four

configurations(B0(B0) → ρ±π∓) have to be considered. Although this leads to a more

complex analysis,29 it benefits from a higher branching fraction(20 − 30 × 10−6).30,31

Theρ resonance is broad (150 MeV/c2) and theρ±π∓ state may receive contributions

at the amplitude level from other decay channels (e.g.,B0 → ρ′+π−). For this analysis,

we restrict ourselves to the two regions of theh±π∓π0 Dalitz plot dominated byρh

and assign a label,ρ+h− or ρ−h+, to each event depending on the kinematics of the

h±π∓π0 final state. In the following, we will use theρ+h− or ρ−h+ labels with the

above meaning.

The decay rate distributions can be written as32

fρ
±h∓

B0tag(∆t) = (1 ± AρhCP )
e−|∆t|/τ

4τ

[

1 +

(

(Sρh ± ∆Sρh) sin(∆md∆t)

− (Cρh ± ∆Cρh) cos(∆md∆t)

)]

,

fρ
±h∓

B0tag
(∆t) = (1 ± AρhCP )

e−|∆t|/τ

4τ

[

1 −

(

(Sρh ± ∆Sρh) sin(∆md∆t)

− (Cρh ± ∆Cρh) cos(∆md∆t)

)]

,

(17)

where∆S and∆C are insensitive toCP violation.

An unbinned maximum likelihood fit is used to distinguishB → ρh signal events

from background as well asρπ events fromρK events. In addition to∆t, the variables

mES, ∆E and the output of a neural network algorithm discriminate signal from back-

ground, while the Cherenkov angle and, to a lesser extent,∆E constrain the relative

amount ofB → ρπ andB → ρK.

We measure

AρKCP = 0.19 ± 0.14 (stat) ± 0.11 (syst),

AρπCP = −0.22 ± 0.08 (stat) ± 0.07 (syst),

Cρπ = 0.45 +0.18
−0.19 (stat) ± 0.09 (syst),

Sρπ = 0.16 ± 0.25 (stat) ± 0.07 (syst).

∆Cρπ = 0.38 +0.19
−0.20 (stat) ± 0.11 (syst),

∆Sρπ = 0.15 ± 0.26 (stat) ± 0.05 (syst). (18)
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where the errors are statistical and systematic, respectively. The dominant source of

systematic error is backgrounds fromB decays. We use a Monte Carlo simulation to

estimate this background source including either measured branching fractions or upper

limits where available, or estimates based on related measured decay modes. A large

source ofB related backgrounds are from other charmless decay modes such asB → ρρ

andB± → ρ0π±.
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Fig. 15. Time distribution and asymmetry forB0
tag andB0

tag decaying toρπ, in the

Lepton andKaon categories. The sample was enriched in signal events by applying a

cut on the signal-to-continuum likelihood ratio. The solid curve is a likelihood projection

of the result of the full fit, and is normalized to the expected number of events according

to that fit (71 signal events, 36 continuum background events and 10B background

events). The dotted line is the contribution fromB-related backgrounds and the dashed

line is the totalB and continuum background contribution. The depression around zero

in the asymmetry plot is due to the relatively large fraction of continuum events in this

region of∆t. The non-zero central value for theCP parameter§ρπ induces a small

contribution to the asymmetry that is odd in∆t.
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9 Conclusion

We have presented results on a number of time-dependentCP asymmetries in neutral

B decays using a data sample of approximately 88 millionBB̄ pairs collected by the

BABAR detector. Our measurement ofsin2β usingB0 → (cc̄)K0
S

andB0 → J/ψK0
L

decays agrees well with the Standard Model expectation. Other measurements are

currently statistics limited, but with higher statistics will soon provide important tests

of the consistency of the CKM picture.

10 Acknowledgments

We are grateful for the excellent luminosity and machine conditions provided by out

PEP-II colleagues. The author’s work was performed under the auspices of the U. S. De-

partment of Energy by Lawrence Livermore National Laboratory under Contract W-

7405-Eng-48.

TW01



Fig. 16. Time distribution and asymmetryAρ+π−/ρ−π+ betweenρ+π− andρ−π+ for all

the tagging categories. The sample was enriched in signal events by applying a cut on

the signal-to-continuum likelihood ratio. The solid curve is a likelihood projection of the

result of the full fit, and is normalized to the expected number of events according to that

fit (156 signal events, 157 continuum background events and 21B background events).

The dotted line is the contribution fromB-related backgrounds and the dashed line is

the totalB and continuum background contribution. The depression around zero in the

asymmetry plot is due to continuum dilution. In the absence of continuum background,

the asymmetry curve would be flat and equal toAρπCP defined in Eq. 17.
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