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Abstract. The BaBar detector at SLAC PEP-II asymmetric B-Factory has collected
between 1999 and 2002 a data sample of 88 millions Υ (4S) → BB̄ decays. We present
here recent measurements of branching fractions and time-dependent CP-violating
asymmetries of neutral B mesons decays to several CP eigenstates. We present the
results on the decays to (cc̄) K0

S / K0
L, which are related in the Standard Model to

the angle β of the Unitarity Triangle of the Cabibbo-Kobayashi-Maskawa quark mix-
ing matrix. Moreover we present the branching fractions and the CP-asymmetries of
charmless two body decays related to the angle α.

1 Introduction

The source of CP symmetry violation within the Standard Model of electroweak
interactions is provided in an elegant way by one non-negligible complex phase in
the three generation Cabibbo-Kobayashi-Maskawa quark mixing matrix (CKM)
[1]. In a convenient parameterization of the matrix due to Wolfenstein [2], the
phase is placed in the Vtd and Vub elements. The unitarity of the CKM matrix,
among the various relations between its rows and columns, implies in particu-
lar that VtdV

∗
tb + VcdV

∗
cb + VudV

∗
ub = 0, which can be visualized as the closure

relation of a triangle in the complex plane. This triangle is called Unitarity Tri-
angle(U.T.). The CP symmetry is violated if that triangle has non-zero area or,
which is the same, its angles, called in the literature (α, β and γ), are different
from zero or π.

The measurement of CP-violating time dependent asymmetries in neutral
B meson decays to CP eigenstates with charm provides a theoretically clean
determination of sin 2β [3], where β = arg(−VcdV

∗
cb/VtdV

∗
tb), i.e. one of the

angles of the Unitarity Triangle. Asymmetry in the B0 → ππ decay, instead,
allows, although in a less direct way, the extraction of sin 2α, where α =
arg(−V ∗

tbVtd/V
∗
ubVud). The ratios of the branching fractions and the CP asym-

metries for ππ and Kπ modes are sensitive to γ = π−α−β, if the CKM picture
of CP violation is correct.

2 The BaBar Detector

The BaBar detector has been built and is operated by a large international team
of scientists and engineers. It is taking data at the SLAC PEP-II B Factory,
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Fig. 1. BaBar detector longitudinal section.

which is an asymmetric e+e− collider designed to operate at a luminosity of
3 × 1033cm−2s−1, at a center of mass energy of 10.58 GeV, the mass of the
Υ (4S). The resonance decays exclusively in B0B̄0 and B+B− pairs, providing a
clean environment for B physics studies. The results reported in this paper are
based on the data set collected between 1999 and June 2002, corresponding to
88 millions Υ (4S) → BB̄ decays.

The electron beam of 9.0 GeV collides on with a positron beam of 3.1 GeV;
because of the different beam energies, the center of mass frame moves in the
laboratory frame with a Lorentz boost of βγ = 0.56. The boost makes it possible
to reconstruct the decay vertices of the two B mesons, in order to measure the
relative decay times and, consequently, the time dependent asymmetries.

The very small branching fractions of B mesons to CP eigenstates, the need
of full reconstruction of final states, including charged and neutral particles, and
the need of the measurement of the flavor of the companion B meson (B tagging),
put stringent requirements in term of efficiencies and resolutions of the detector
subsystems.

The detector, shown in figure 1, is divided in five subsytems: a vertex de-
tector (SVT), a central drift chamber (DCH), a Cherenkov detector (DIRC), an
electromagnetic calorimeter (EMC) and the muon and neutral hadron subsystem
(IFR). A detailed description of the BaBar detector and PEP-II can be found
in references [4] and [5].



BaBar Experiment Status and Recent Results 3

3 Time Dependent CP Asymmetries

The positrons and electrons beams of PEP-II collides on with a total energy
equal to the mass of the Υ (4S). Therefore the B mesons at PEP-II are produced
in pairs via the decay Υ (4S) → BB̄. Since the Υ (4S) is a spin 1 particle and the
B meson has spin 0, the BB̄ pair is produced in a p-wave. Bose statistics, thus,
enforces that they oscillate coherently: if the flavor of one B is measured at any
time t, the flavor of the companion B meson must be the opposite, at the same
instant of time.

This nice circumstance is exploited in the measurement of time dependent CP
asymmetries in the B meson decays. More precisely the experimental technique
proceeds as follows [6]:

• The final state of interest is fully reconstructed. All the kinematics con-
straints are taken into account to select an high purity sample of events
containing this decay (i.e. a sample as much free of background as possible).

• In order to measure the flavor of the reconstructed B meson( BCP ), the
flavor of the recoiling B meson (Btag) is determined, examining signatures
of flavor in the rest of the event. The Bose statistics argument given above
guarantees that, at the same time ttag at which the Btag decayed, the BCP

meson had the opposite flavor.
• Being interested in the time evolution of the BCP decay rate, the time differ-

ence ∆t = tCP −ttag has to be measured. This is accomplished by measuring
the distance between the vertices of the two decays. The zCP measurement
is provided by means of a fit to a common vertex of the charged tracks in the
CP final state, which takes into account all useful topological and kinematic
constraints as well (intermediate state masses, decay vertices, non-negligible
flight length of long-lived particles). The remaining charged particles in the
event are used as input for a dedicated vertexing algorithm to provide the
other needed position measurement ztag. Of course, the latter measurement,
being less constrained, dominates the uncertainty on the measurement of the
distance between these two vertices. Relativistic kinematics connects this po-
sition measurements to a time measurement (to a very good approximation
∆t = ∆z/γβc).

The decay rate distributions f+(∆t) ( f−(∆t) ) of B decays to a CP eigenstate
f, when the companion B is a B0 ( B̄0 ), are given by [7]

f±(∆t) =
e−|∆t|/τB0

4τB0
(1 ± Sf sin∆md∆t∓ Cf cos∆md∆t) , (1)

where ∆t = tCP − ttag is the difference between the proper decay times of the
B → f (BCP ) and the companion B meson (Btag), τB0 is the B0 lifetime and
∆md is the B0-B̄0 oscillation frequency.

The Sf and Cf coefficients in equation 1 are defined in terms of a complex
parameter λf :

Sf = 2
Imλf

1 + |λf |2 , (2a)
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Cf =
1 − |λf |2
1 + |λf |2 , (2b)

and they vanish if CP is conserved.
If the imaginary part of λf , and thus Sf , is different from zero, there is CP

violation in the interference between mixing and decay; if the absolute value
of λf is different from unity, and thus Cf is non-zero, there is CP violation
in decay, or direct CP violation. While the first type of CP violation has been
already estabilished in the B meson system by the BABAR [8] and BELLE [9]
collaborations, direct CP violation has not yet been observed only outside the
neutral kaons system [10] [11].

The Standard Model predictions of CP violation can be tested determining
the CP violation parameters Cf and Sf for various final states f, by means of
the difference between B0 and B̄0 tagged decay rates in the same CP final state
f, as a function of the time difference ∆t:

ACP (∆t) =
f+(∆t) − f−(∆t)
f+(∆t) + f−(∆t)

. (3)

3.1 Selection of the CP sample

The first step in the measurement of the time dependent asymmetry in equation
3 is the selection of the events containing the decay mode B → f regardless of
the flavor of the parent B. This is accomplished by fully reconstructing all the
particles present in the decay chain ( after a preselection of multi-hadron events
and basic cuts on event shape in order to suppress the background from non
BB̄ events). Since the final state f is completely reconstructed, all the available
kinematic constraints (invariant masses of the intermediate non stable particles),
topological constraints (vertexing of the charged tracks) and particle identifica-
tion information (at various level of efficiency/purity optimized to the specific
mode reconstructed) are used. This allows an accurate estimate of the B meson
candidate four momentum. Moreover, since the B meson is produced in the pro-
cess e+e− → Υ (4S) → BB̄, the selection can take advantage of the two body
kinematics of the Υ (4S) decay and from the fact that the beam energy is well
measured. Therefore, the analyses in BaBar which perform a full reconstruction
of the B use the following two kinematic variables:

mES =

√(
s/2 + pi · pB

Ei

)2

− p2
B , (4a)

∆E =
√
s/2 − EB , (4b)

where
√
s is the center of mass energy, (EB ,pB) is the B reconstructed four

momentum and (Ei,pi) is the initial state four momentum in the laboratory
frame. The beam energy substituted mass variable mES is the invariant mass of
the B candidate evaluated from the known initial state total energy, to determine
the energy of the B candidate, and from the total momentum of the B candidate



BaBar Experiment Status and Recent Results 5

decay products to determine the momentum. Since in this definition only the
beam energy and the momenta of the particles appear, the mES variable does
not depend on the mass hypotheses of the particles from which the B meson is
reconstructed. Signal yields and sample purities are extracted from fits to the
mES distributions of B candidates. Signal events follows a Gaussian distribution
peaked at the B meson nominal mass, with a resolution dependent from the decay
products. Combinatorial background, which arises from random combination of
charged tracks and neutral showers from both the B mesons in BB̄ events or
from continuum events, follows an ARGUS distribution [12], whose shape has
the following functional form:

A(mES ;m0, ξ) = ABmES

√
1 − x2

ESe
ξ(1−x2

ES), (5)

where xES = mES/m0, where m0 represents a kinematic limit fixed by the beam
energy at 5.291 GeV/c2, and ξ and AB are free parameters.

The∆E distribution is the difference between the energy of the reconstructed
B candidate and the energy of the B expected from the beam, and it is distributed
following a Gaussian distribution for signal events, peaked at zero if all the mass
hypotheses of the B meson candidate decay products are correct.

Signal region and background sidebands are delimited in the plane defined
by this two uncorrelated variables, in order to select the CP sample and to
study its backgrounds. Moreover, the same technique is used to select samples
of events containing charged and neutral B decays, which have been completely
reconstructed, in order to measure vertexing resolutions, tagging performances
or to perform branching ratios measurements.

3.2 B Flavor Tagging and ∆t Resolution

Several signatures of flavor can be found examining the decay products of the
recoiling B meson. The most powerful is the charge of the primary leptons from
the B semileptonic decays. Indeed, in the b → clν transition of the b quark
(charge -1/3) to the c quark (charge +2/3) proceeds by the emission of an
intermediate virtualW−, which decays to a negative lepton and an anti-neutrino.
The charge of the lepton is the same of the charge of the b quark inside the B
meson, tagging the B meson flavor. Similarly, charm decays determine flavor,
as well: the charge of the best identified kaon, coming from a secondary decay
b → c → s is correlated to the B flavor; or, evidence of charm in the event can
be found detecting the soft pion produced in the D�+ decay D�+ → D0π+

soft; in
this case the pion charge is correlated to the B meson flavor.

In the BaBar experiment, multivariate tagging algorithms are defined to
identify the flavor of the tagged B [6]. A neural network combines all the infor-
mation from these physics based tagging algorithms in order to exploit all the
correlations between the different sources of tagging information.

If the tagging algorithm incorrectly determines the flavor with a probability
w, the amplitudes of the observed B0B̄0 oscillations and CP asymmetries are
reduced by a dilution factor D = 1 − 2w.
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Table 1. Efficiencies εi, average mistag fraction wi, mistag fraction differences ∆wi =
wi(B

0) − wi(B̄
0), measured for each tagging category form the combined Bflav and

BCP samples, in sin 2β analysis.

Cetegory 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

Total 65.6 ± 0.5 28.1 ± 0.7

On the basis of the output of the physics-oriented algorithms and the esti-
mated mistag probability, each event is assigned to one of four hierarchical and
mutually exclusive categories. The Lepton category contains events with a well
identified lepton and a supporting kaon tag, if present. Events with a kaon tag
and a soft pion with opposite charge and consistent flight direction are assigned
to the Kaon-I category. Events with a kaon without a soft pion are assigned to
the Kaon-I or to the Kaon-II category on the basis of the estimated mistag prob-
ability. The rest of the events are excluded or assigned to the Inclusive category
depending on the estimated mistag probability. The quality of the tag depends
on both its efficiency ε (how many times the algorithm is able to give an answer)
and its mistag probability (how many times the output is wrong). The quantita-
tive figure of merit is the effective tagging efficiency Q =

∑
i εi(1 − 2wi)2, since

the contribution to the statistical uncertainty in the asymmetry measurement
is σasym = σ0/

√
NQ. The performances of the tagging algorithms in the sin 2β

analysis are summarized in table 1.
Another important effect that must be taken into account is the finite reso-

lution of the detector in the measurement of the time difference ∆t. The time
evolution of the rates of tagged events f±(∆t) must be convolved with a reso-
lution function R(δt = ∆t −∆ttrue; a), where ∆t and ∆ttrue are the measured
and true time difference between the tagging B decay and reconstructed B decay
and a are the parameters of the resolution function.

In order to measure the wi mistag rates and the ai parameters of the ∆t
resolution functions, a data sample of events with a neutral B meson fully re-
constructed in B0 → D(∗)−π+/ρ+/a+

1 or B0 → J/ψK∗0(K∗0 → K+π−), and
the corresponding flavor conjugates modes, has been used (Bflav). In these de-
cays, the flavor of the reconstructed B meson is correlated to the sign of the D
meson or the kaon in the final state. Therefore, the dilutions due to mistagging
can be extracted studying the time dependent rate of the B0B̄0 oscillations on
these data sample.

The mistag rates wi and the ∆t resolution parameters ai, for each tagging
category i, can be extracted performing an unbinned maximum likelihood fit to
the time distribution of the fully reconstructed Bflav sample:
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lnLmix =
tagging∑

i

[ ∑
unmixed

lnh+(∆t;wi,ai) +
∑

mixed

lnh−(∆t;wi,ai)

]
⊗R(δt,a),

(6a)

h± =
e−|∆t|/τ0

B

4τB0
[1 ± (1 − 2w) cos∆md∆t] , (6b)

where the sum is over the taging category i, mixed (unmixed) is for events in
which the B mesons pair is found to have opposite (same) flavor, and the h∓ are
the probability to find the pair in opposite (same) flavor, as a function of the
decay time difference, according to the known phenomenon of flavor oscillations.

In the limit of no dependence from the reconstructed side, the same mistag
rate parameters wi and resolution parameters ai can be used for the CP asym-
metry measurement, and the functions f± in equation 3, describing the decay
rates have to be substituted by the following function which take into account
the experimental effects ( f± → F± ):

ACP (∆t) =
F+(∆t) −F−(∆t)
F+(∆t) + F−(∆t)

, (7a)

F±(∆t;w,a) =
e−|∆t|/τB0

4τB0

[
1 ±D

(
2Imλ

1 + |λ|2 sin∆md∆t− 1 − |λ|2
1 + |λ|2 cos∆md∆t

)]
(7b)

The value of the free parameter λ can be extracted using the BCP sample
with the tagging and vertexing requirements by maximizing the likelihood:

lnLCP =
tagging∑

i

⎡
⎣ ∑

B0tagged

lnF+(∆t;wi,ai, λ) +
∑

B̄0tagged

lnF−(∆t;wi,ai, λ)

⎤
⎦

⊗R(δt,a) (8)

where B0 tagged and B̄0 tagged is for events identified by the tagging algorithm
as containing a recoiling B0 or B̄0. In practice, the fit is performed simultane-
ously on the combined Bflav and BCP sample with a likelihood constructed with
the sum of the likelihoods in equations 6a and equation 8, to determine the CP
violating parameter, the mistag fractions, the vertex resolution parameters, in-
cluding additional terms to account for backgrounds and their time dependence.

4 Measurement of the CP-violating Asymmetry
Amplitude sin 2β

In the Standard Model the most abundant decays of neutral B meson, sensitive
to the value of the β angle of the Unitarity Triangle, are due to the quark
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Fig. 2. (a) Tree level (a) and penguin (b) amplitudes for b → cc̄s(d) transition and
corresponding particles in the final state. (b) Penguin amplitude for

level process b → cc̄s, whose Feynman diagrams are shown in figure 2. The
corresponding final states are a cc̄ resonance (J/ψ, ψ(2S), χc, ηc, etc.) and a K0

or a K∗0.
The penguin amplitude, which, in principle, contributes to these decays, ac-

tually does not modify the value of the parameter λ, since it shares the same
weak phase with the leading tree amplitude. Therefore, λ can be written in terms
of CKM matrix elements as:

λf = ηCP
f ×

(
V ∗

tbVtd

VtbV ∗
td

)
×
(
V ∗

csVcb

VcsV ∗
cb

)
×
(
V ∗

cdVcs

VcdV ∗
cs

)
, (9)

where the three CKM factors are due to CP violation in the B0B̄0 mixing, which
is dominated by the top quark loop, to CP violation in the b→ cc̄s and b̄→ cc̄s̄
amplitudes, and to the amplitude of K0 − K̄0 mixing.

Using unitarity relations and the definition of the β angle, the expression
simplifies to:

λf = ηCP
f e−2iβ , (10)

where ηCP
f is the CP eigenvalue of the final state f, equal to -1 if the neutral

kaon is a K0
S , or equal to +1 if the neutral kaon is a K0

L; the final state in K∗0

is not a pure CP eigenstate, and requires an angular analysis, to separate the
CP even and CP odd components and extract the CP violation parameter λ.

Since λ is a pure phase, the CP violating parameters of equations 2a and 2b,
and the time dependent CP asymmetry of equation 3 become:

Cf = 0
Sf = −ηCP

f sin 2β

ACP (∆t) = −ηCP
f sin 2β sin(∆md∆t), (11)

In figure 3 are shown the mES distributions for the events containing a K0
S

or a K∗0 and the ∆E distribution for the J/ψK0
L candidates. In the latter case,

the background distribution is taken from Monte Carlo simulation for the B0 →
J/ψX background, and from sidebands in data for the fake J/ψ background.

The measurement of sin 2β is performed following the method described in
section 3. The value of sin 2β is extracted from an unbinned maximum likelihood
fit. The used Likelihood function is the sum of the likelihoods in equation 6a and
8, assuming |λ| = 1, maximized simultaneously on the combined BCP and Bflav

samples:
lnL = lnLCP + lnLmix. (12)
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L mode.

There are 34 free parameters in the fit: On the signal side the sin 2β parameter
itself (1), the average mistag fraction w and the differences δw between mistag
probability in B0 and B̄0 for each tagging category (8), the parameters for the
∆t resolution(8); on the background side parameters for the background time
dependence (6), ∆t resolution (3), and mistag fraction (8). The extracted value
of sin 2β is [13]:

sin 2β = 0.741 ± 0.067(stat.)± 0.033(syst.). (13)

The distributions of B0 and B̄0 tagged decays as a function of ∆t and the
asymmetry, together with the fit result, are shown in figure 4. The dominant
sources of systematic uncertainty are:

• uncertainties in the level, composition and CP asymmetry of the background
(0.023);

• the assumed parameterization of the ∆t resolution function (0.017) due to
residual uncertainties in the vertex detector alignment;

• differences between the flavor and the CP sample mistag fraction (0.012).

The large size of the BCP sample allows several consistency checks. This
includes comparing the fit results by decay mode, tagging category, and Btag
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Table 2. Number of eventsNtag after tagging and vertexing requirements, signal purity
P and fitted value of sin 2β for various subsamples of the BCP , Bflav and charged B
control sample

Sample Ntag P (%) sin 2β

(cc̄)K0
S 1506 94 0.76 ± 0.07

J/ψK0
L 988 55 0.72 ± 0.16

J/ψK∗0(K∗ → K0
Sπ

0) 147 81 0.22 ± 0.52

Full CP Sample 2641 78 0.74 ± 0.07

(cc̄)K0
S only

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 220 98 0.79 ± 0.11
Kaon I 400 93 0.78 ± 0.12
Kaon II 444 93 0.73 ± 0.17
Inclusive 442 92 0.45 ± 0.28

B0 tags 740 94 0.76 ± 0.10
B̄0 tags 766 93 0.75 ± 0.10

Fully Reconstructed Sample

Bflav 25375 85 0.02 ± 0.02
B+ 22160 89 0.02 ± 0.02

flavor. The results of fits to these subsamples are found to be statistically con-
sistent. Fits to the control samples of non-CP decay modes (the Bflav sample
and fully reconstructed charged B decays sample) indicated no statistically sig-
nificative asymmetry, as expected. This breakdown of the data sample and the
results of checks are reported in table 2.

The parameter |λ| has been measured as well, repeating the fit procedure,
with |λ| allowed to float, on the ηf = −1 CP sample, for which the effect of the
backgrounds is very limited. In this case, five additional parameters have been
added, to account for differences in tagging and reconstruction efficiencies for
B0 and B̄0, which may simulate an artificial asymmetry. The result of the fit for
|λ| is:

|λ| = 0.948 ± 0.051(stat.)± 0.017(syst.). (14)

which is consistent with the hypothesis of pure phase and consequently no direct
CP violation.

5 Measurement of the CP violating amplitude sin 2α

The time-dependent CP-violating asymmetries in the decay B0 → π+π− are
related to the angle α of the Unitarity Triangle. If the decay proceeds purely
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through the b→ u tree amplitude, the complex parameter λππ, would be

λ(B0 → π+π−) =
(
V ∗

tbVtd

VtbV ∗
td

)(
V ∗

ubVud

VubV ∗
ud

)
. (15)

Similarly to the sin 2β case, it would be Cππ = 0 and Sππ = sin 2α, where
α = arg(−V ∗

tbVtd/V
∗
ubVud).

Unfortunately, b→ d penguins amplitudes can contribute in a significant way
to the total amplitude of the process, so that they cannot be neglected. The tree
and the penguin Feynman diagrams are showed in figure 5. Considering both the
contributions, λ acquires a magnitude different from 1 and a shift in the phase:

λ(B0 → π+π−) = e−2iα 1 + |P/T | eiδeiγ

1 + |P/T | eiδe−iγ
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Cππ ∝ sin δ �= 0,
Sππ =

√
1 − C2

ππ sin 2αeff ,

where δ and γ are the the strong and weak phase differences between the tree
amplitude T and the penguin amplitude P . Therefore, the time dependent CP-
asymmetry permits the observation of αeff , which depends on the magnitudes
of relative strong phase δ and the relative weak phase γ between the tree and
penguins amplitudes. The implication is that the relative magnitudes of the two
contributions have to be determined in order to extract the value of sin 2α. Sev-
eral approaches have been proposed to obtain information on α in the presence
of penguins [14] [15] [16] [17].

Moreover, from the experimental point of view, the smallness of |Vub| makes
small the branching fractions of these decay modes (10−5 ÷ 10−6); the necessity
to suppress an high level of combinatoric background, makes the analysis a great
experimental challenge.

5.1 Sample Selection of the Charmless Decays B0 → h+h−

The yields and the CP parameters are extracted from an unbinned maximum
likelihood fit, which is described in the next section. The probability density
functions used in the Likelihood function are chosen to discriminate between
B0 → h+h− signal and qq̄ background, and among the various signals ( B0 →
ππ/Kπ/KK).

For signal decays the ∆E andmES are Gaussian distributed with a resolution
of 26 MeV and 2.6 MeV, respectively. Since the B candidate energy is determined
in the pion hypothesis, the ∆E is shifted towards negative values, if a kaon is
present in the final state. For example, the shift of mean of the Gaussian proba-
bility density function for Kπ decays is δµ∆E = −γ

(√
m2

K − p2 −√m2
π − p2

)
,

where p is the kaon momentum. The average value of the shift is -45 MeV for
the Kπ case and -91 MeV for the KK case. The parameters of the mES and
∆E distributions are fitted from a sample of B− → D0π− and the systematic
uncertainty is determined by varying the mES peak position and resolution. The
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Fig. 6. Distributions of energy substituted mass mES (left) and energy difference ∆E
(right) for events enhanced in signal. Top plots are B0 → ππ candidate events and
bottom plots are B0 → Kπ candidate events. Solid curve represent the projections of
the maximum likelihood fit, while dashed curves represent the continuum and ππ ↔ Kπ
cross-feed backgrounds.

mES and ∆E distributions for signal, enhanced in B → ππ and B → Kπ, are
shown in figure 6.

Residual background from e+e− → qq̄(q = u, d, s, c), is suppressed by event
topology [18], since in BB̄ events charged tracks and energy releases of neutral
particles are more uniformly distributed over the solid angle with respect to the
more jet-like continuum events.

Kinematics information from particles in the event, not used to build the B
candidate, are combined in a Fisher discriminant [19]:

F = 0.53 − 0.60 ×
∑

i

p∗i + 1.27 ×
∑

i

p∗i |cos θ∗i |2 , (16)

where p∗i is the momentum of the particle i in the center of mass frame and θ∗i is
the angle between the particle momentum and the B thrust axis in the center of
mass frame. The value of the coefficients of the Fisher discriminant in equation
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Table 3. Summary of the results for the branching fraction B and the asymmetry A
in charmless B decays. The upper limits on B( B0 → K+K−) and B( B0 → π0π0)
corresponds to a 90% C.L.

Mode B(10−6) A A 90% C.L.

π+π− 4.6 ± 0.6 ± 0.2
K+π− 17.9 ± 0.9 ± 0.7 −0.102 ± 0.050 ± 0.016 [-0.188, -0.016]
K+K− < 0.6

π+π0 5.5+1.0
−0.9 ± 0.6 0.03+0.18

−0.17 ± 0.02 [-0.32,0.27]
K+π0 12.8+1.2

−1.1 ± 1.0 −0.09 ± 0.09 ± 0.01 [-0.24,0.06]
K0π0 10.4 ± 1.5 ± 0.8 0.03 ± 0.36 ± 0.09 [-0.58,0.64]
π0π0 < 3.6

16 are, by definition, those which maximize the separation between signal and
background. The shape of F is determined from Monte Carlo for the signal and
mES sideband for background.

Particle identification is required to discriminate between the pion and kaon
hypotheses. This is accomplished using the measurements from the Cherenkov
detector.

The probability density function of the difference between the measured
Cherenkov angle θc and the expected angle in the pion and in the kaon hy-
pothesis, normalized by the error σθc is added to the Likelihood function for
both the two charged particles. The parameters of the function are measured
from a pure data sample of D∗ → D0π+, D0 → K−π+ decays.

5.2 CP asymmetries and Branching Fractions Measurement of the
charmless decays B0 → h+h−

The yields and the CP parameters are extracted from an unbinned maximum
likelihood fit simultaneously on the Bflav and the h+h− sample, as usual. The
sample is assumed to be composed in eight signal and background components:
π+π−, K+π−, π+K−, K+K−. For both signal and backgrounds, Kπ events
are parameterized as the sum NKπ and the asymmetry AKπ = (NK−π+ −
NK+π−)/(NK−π+ +NK+π−). The probability for each event to be a given signal
or background hypothesis is evaluated as the product of the probability density
functions of the variables (mES , ∆E,F , θ+c , θ−c , ∆t).

The Likelihood for a candidate j in the tagging category k is defined to be the
sum for every hypothesis i of the product of the yield Ni , the tagging efficiency
εi,k and the probability Pi,k. The extended likelihood function for the category
k is:

Lk = exp

(
−
∑

i

Niεi,k

)∏
j

(∑
i

Niεi,kPi,k(xj ; αi)

)
. (17)

The total likelihood is the product of the likelihood for each category, and
the free parameter α are determined by minimizing - lnL.
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Fig. 7. Distributions of ∆t for events enhanced in ππ decays tagged as (a) B0, (b)
B̄0 . (c) Distribution of the asymmetry Aππ as a function of ∆t. Solid curve is the
projection of the maximum likelihood fit, dashed curves represent the residual qq̄ and
Kπ events.

In order to minimize the systematic uncertainty, the fit for the branching
fraction measurement is performed not requiring tagging and vertexing of the
recoiling B, and not requiring the ∆t information. In this case the number of
free parameters is 16 and includes the signal and background yields (6), the Kπ
asymmetries (2), and the background shape parameters for mES , ∆E,F (8).
Table 3 shows the summary of the results from the fit.

In order to extract the CP violating parameter Sππ and Cππ, tagging and ∆t
informations are added. Since an asymmetry between tagging B0 and B̄0 events
can result in an artificial asymmetry in the Cππ term, the mistag probabilities
and the tagging efficiencies are included separately for B0 and B̄0. The combined
fit to signal and flavor sample is performed with 76 free parameters:

• The CP violating parameters Sππ and Cππ (2).
• Signal and background yields with NKK fixed to zero (5).
• Kπ asymmetries (2).
• signal and background tagging efficiencies (16).
• signal and background tagging efficiencies asymmetries (16).
• signal mistag and mistag asymmetries (8).
• signal resolution functions (9).
• the background shape parameters for mES (5), ∆E (2), F (5) and ∆t (6).



16 Guglielmo De Nardo

Table 4. Expected statistical and systematic uncertainties on the CP violating pa-
rameters sin 2β and sin2αeff at the present moment, and after 500 fb−1 and 2 ab−1

of integrated luminosity.

Parameter Channel σ (stat)/ σ (syst) σ (stat)/ σ (syst) σ (stat)/ σ (syst)
at 81 fb−1 at 0.5 ab−1 at 2.0 ab−1

sin 2β Golden 0.07 / 0.03 0.031/ 0.016 0.018 / 0.015
sin 2αeff π+π− 0.34 / 0.05 0.12 / 0.03 0.06 / 0.03
Cππ π+π− 0.25 / 0.04 0.10 / 0.03 0.05 / 0.03

The fitted decay rates and asymmetry distributions for the B0 → π+π− case
are shown in figure 7. The fitted values for the CP violating parameters Cππ and
Sππ are [20]:

Sππ = 0.02 ± 0.34(stat)± 0.05(syst), (18a)
Cππ = −0.30 ± 0.25(stat)± 0.04(syst). (18b)

The systematic uncertainty on Sππ and Cππ are dominated by the imperfect
knowledge of the probability density functions shapes and fit bias.

Since the extraction of the α angle from the B0 → π+π− CP asymmetry is
complicated by the presence of the penguin amplitudes, additional measurements
of isospin related decays B+ → π+π0 and B0 → π0π0 may help. Moreover, the
measurements of B → Kπ decays branching fractions and asymmetries, can be
related to α and γ angle, by means of various models [14] [21] [22] [23], based
on different theoretical assumptions. The detail of the analysis, which follows
the general method described for h+h− modes, can be found in [24] [25] and the
results are reported in table 3 for completeness.

6 Conclusions

The BaBar experiment has collected a data set of 88 millions Υ (4S) decays from
1999 to June 2002. The new measurement of sin 2β = 0.741±0.067±0.033 shows
that BaBar is starting to provide a precision measurement of this important
parameter of the Standard Model. CP violation is now well established, and at
the present moment it is fully consistent with the Standard Model expectation.

In figure 8 it is shown a comparison [26] between the BaBar sin 2β direct
measurement and the indirect determination of an allowed region of the Uni-
tarity Triangle apex position in the (ρ,η) plane from the measurements of |εK |,
|Vub/Vcb|, ∆md and∆ms. The BaBar and Belle direct measurements differ quali-
tatively from the indirect constraint, because for the former the size of the region
is determined by experimental uncertainties of statistical origin, while the latter
is determined mainly by theoretical uncertainties of more difficult interpretation.

With the present data set, the experiment is already sensitive to more rare
sin 2β modes, like B0 → D∗D∗ [27], J/ψπ0 [28] or ΦK0

S [29], which not only
enrich the sample but may show up new physics, as well.
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Fig. 8. Indirect constraints on the position of the Unitarity Triangle apex in the ρ −
η plane, not including the measurement of sin 2β. The fit procedure is described in
reference [26]. The BaBar measurement of sin 2β is represented by the two hatched
regions corresponding to one and to two standard deviations.

Moreover, the sin 2β measurement on more abundant and clean sample of
golden modes will continue to be not limited by the systematic uncertainties till
0.5 ab−1 of integrated luminosity has been collected. At the expected luminosity
of 1.6×1034cm−2s−1, this would happen in 2006. Before then, the measurement
accuracy will continue to improve with the increasing statistics.

Measurements in the charmless B decays did not show any evidence of CP
violation. Branching fraction of the various charged and neutral modes have been
determined, allowing isospin analyses in order to extract, or put limits on, the
parameter sin 2α.

Table 4 shows the uncertainties on sin 2β, sin 2αeff and Cππ at the present
moment, and after an integrated luminosity of 0.5 ab−1 and 2.0 ab−1, respec-
tively.
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