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

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

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

7Ruhr Universität Bochum, Institut für Experimentalphysik 1, D-44780 Bochum, Germany
8University of Bristol, Bristol BS8 1TL, United Kingdom

9University of British Columbia, Vancouver, BC, 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, CA 92697, USA

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

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

17California Institute of Technology, Pasadena, CA 91125, USA
18University of Cincinnati, Cincinnati, OH 45221, USA



3

19University of Colorado, Boulder, CO 80309, USA
20Colorado State University, Fort Collins, CO 80523, USA

21Technische Universität Dresden, Institut für Kern- und Teilchenphysik, D-01062 Dresden, Germany
22Ecole Polytechnique, LLR, F-91128 Palaiseau, France

23University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
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27Università di Genova, Dipartimento di Fisica and INFN, I-16146 Genova, Italy
28Harvard University, Cambridge, MA 02138, USA

29Imperial College London, London, SW7 2BW, United Kingdom
30University of Iowa, Iowa City, IA 52242, USA

31Iowa State University, Ames, IA 50011-3160, USA
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71Università di Torino, Dipartimento di Fisica Sperimentale and INFN, I-10125 Torino, Italy
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We present a measurement of time-dependent CP asymmetries and an updated determination of
the CP -odd fraction in the decay B0 → D∗+D∗− using a data sample of 88× 106BB̄ pairs collected
by the BABAR detector at the PEP-II B Factory at SLAC. We determine the CP -odd fraction to be
0.063± 0.055(stat) ± 0.009(syst). The time-dependent CP asymmetry parameters Im(λ+) and |λ+|
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are determined to be 0.05 ± 0.29(stat) ± 0.10(syst) and 0.75 ± 0.19(stat) ± 0.02(syst), respectively.
The Standard Model predicts these parameters to be − sin2β and 1, respectively, in the absence of
penguin diagram contributions.

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

The symmetry for combined charge conjugation (C)
and parity (P) transformations is violated in B decays.
Measurements of CP asymmetries by the BABAR [1] and
BELLE [2] collaborations established this effect and are
compatible with the Standard Model expectation based
on the current knowledge of the Cabibbo-Kobayashi-
Maskawa [3] quark-mixing matrix. As a result of the
interference between direct B decay and decay after fla-
vor change, a CP -violating asymmetry is expected in the
time evolution of the decays B0 → D∗+D∗− [4] within
the framework of the Standard Model [5]. This CP asym-
metry is related to sin2β when corrections due to theo-
retically uncertain penguin diagram contributions are ne-
glected [6, 7]. Penguin-induced corrections are predicted
to be small in models based on the factorization approxi-
mation and heavy-quark symmetry; an effect of about 2%
is predicted by Ref. [8]. A comparison of measurements
of sin2β from b → cc̄s modes such as B0 → J/ψK0

S [9]
with that obtained in B0 → D∗+D∗− is an important
test of these models and the Standard Model.

The B0 → D∗+D∗− mode is a pseudoscalar decay to
a vector-vector final state, with contributions from three
partial waves with different CP parities: even for the S-
and D-waves, odd for the P -wave. The CP -odd contri-
bution is predicted to be about 5.5% in Ref. [10]. We
present an updated [11] determination of the CP -odd
fraction, R⊥, based on a one-dimensional time-integrated
angular analysis. We also present a measurement of the
time-dependent CP asymmetry, obtained from a com-
bined analysis of the time dependence of flavor-tagged
decays and the one-dimensional angular distribution of
the decay products. The data used in this analysis were
collected with the BABAR detector at the PEP-II stor-
age ring. The BABAR detector is described in detail
elsewhere [12]. The data sample corresponds to about
88 × 106 e+e− → Υ (4S) → BB̄ events.

B0 mesons are exclusively reconstructed by combin-
ing two charged D∗ candidates reconstructed in the
modes D∗+ → D0π+ and D∗+ → D+π0. We in-
clude the D∗+D∗− combinations (D0π+,D0π−) and
(D0π+, D−π0), but not (D+π0, D−π0) due to the smaller
branching fraction and larger backgrounds. Prior to
forming a B0, the D∗ candidates are subjected to a mass-
constrained fit and vertex fit that includes the position
of the beam spot.

The reconstructed D0 and D+ modes are D0 →
K−π+, K−π+π0, K−π+π+π−, K0

Sπ
+π−, and D+ →

K−π+π+, K0
S
π+, K−K+π+. The reconstructed mass

of the D0 (D+) candidates is required to be within
20 MeV/c2 of the nominal D0 (D+) mass [13], except

for D0 → K−π+π0, which has a looser requirement of
35 MeV/c2. The D candidates are subjected to a mass-
constrained fit prior to forming D∗ candidates.

Charged kaon candidates are required to be incon-
sistent with the pion hypothesis, as inferred from the
Cherenkov angle measured by the Cherenkov detector
and the specific ionization measured by the charged-
particle tracking system. No particle identification re-
quirements are made for the kaon from the decay D0 →
K−π+. The reconstructed mass of K0

S
→ π+π− candi-

dates is required to be within 25 MeV/c2 of the nominal
K0

S
mass. The angle between the flight direction and

the momentum vector of the K0
S

is required to be less
than 200 mrad, and the transverse flight distance from
the primary event vertex must be greater than 2 mm.
A mass-constrained fit is applied to each K0

S candidate.
Neutral pion candidates are formed from two photons de-
tected in the electromagnetic calorimeter, each with en-
ergy above 30 MeV; the mass of the pair must be within
20 MeV/c2 of the nominal π0 mass, and their summed en-
ergy must be greater than 200 MeV. A mass-constrained
fit is applied to these π0 candidates. The mass of the
π0 from D∗+ → D+π0, however, is required to be within
35 MeV/c2 of the nominal π0 mass, and the momentum
in the Υ (4S) frame in the interval 70 < |p∗| < 450 MeV/c,
with no requirement on the photon energy sum.

We construct a mass likelihood LMass that includes the
mass and mass uncertainty of the D and D∗ candidates.
The D mass resolution is modeled by a Gaussian whose
variance is determined on a candidate-by-candidate ba-
sis. The D∗ – D mass difference resolution is modeled
by a double-Gaussian distribution whose parameters are
determined from simulated events. The value of LMass is
used to select B0 candidates, with a different requirement
used for each D decay mode combination. In an event
where more than one B0 candidate is reconstructed, the
candidate with the largest LMass value is chosen.

The primary variables used to distinguish signal from
background are the energy-substituted mass, mES ≡√

E2
Beam − p2

B, and the difference of the B candidate
energy from the beam energy, ∆E ≡ EB − EBeam,
where all variables are evaluated in the Υ (4S) center-
of-mass frame. The B0 candidates are required to have
−39 < ∆E < 31 MeV and mES > 5.2 GeV/c2.

To reject backgrounds from the e+e− → cc continuum
process, events are required to have a ratio of second
to zeroth Fox-Wolfram moments [14] of less than 0.6.
We also require that the cosine of the angle between the
thrust axis of the reconstructed B and the thrust axis of
the rest of the event be less than 0.9.
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After all selection criteria have been applied, a fit to
the mES distribution using a Gaussian and an ARGUS
function [15] for the signal and background, respectively,
results in a signal yield of 156 ± 14(stat) events. In the
region mES > 5.27 GeV/c2, the signal purity is 73%.

We perform a one-dimensional angular analysis to de-
termine the fraction, R⊥, of the P -wave, CP -odd com-
ponent of the B0 → D∗+D∗− decay. In the transversity
basis [5], the following three angles are defined: the an-
gle θ1 between the momentum of the slow pion from the
D∗− in the D∗− rest frame and the direction of flight of
the D∗− in the B rest frame; the polar angle θtr between
the normal to the D∗− decay plane and the direction of
flight of the slow pion from the D∗+ in the D∗+ rest
frame; and the corresponding azimuthal angle φtr. The
time-dependent angular distribution of the decay prod-
ucts is given in Ref. [16].

The dependence of the detector efficiency on the de-
cay angles can introduce a bias in the measured value of
R⊥. Including the efficiency explicitly in the decay rate
and then integrating over time and the angles θ1 and φtr

results in the one-dimensional differential decay rate:

1
Γ

dΓ
d cos θtr

=
9

32π
[
(1 −R⊥) sin2 θtr

×
{

1 + α

2
I0(cos θtr) +

1 − α

2
I‖(cos θtr)

}

+ 2R⊥ cos2 θtr × I⊥(cos θtr)
]
, (1)

where R⊥ = M2
⊥/(M2

0 + M2
‖ + M2

⊥), α = (M2
0 −

M2
‖ )/(M2

0 +M2
‖ ), and (M0,M‖,M⊥) are the magnitudes

of the amplitudes in the transversity basis. The three
efficiency moments, Ik (k = 0, ‖,⊥), are defined as

Ik(cos θtr) =
∫

dcos θ1 dφtr gk(θ1, φtr) ε(θ1, θtr, φtr), (2)

where g0 = 4 cos2 θ1 cos2 φtr, g|| = 2 sin2 θ1 sin2 φtr, g⊥ =
sin2 θ1, and ε is the detector efficiency. The efficiency
moments are determined using simulated events. The
efficiency moments are fit to second-order even polyno-
mials in cos θtr, the parameters of which are fixed in the
subsequent likelihood fit to the cos θtr distribution.

The measurement of R⊥ is based on a combined un-
binned maximum likelihood fit of the cos θtr and mES

distributions. The probability density function (pdf) for
the mES distribution is given by the sum of ARGUS and
Gaussian functions. The background shape is modeled
by an even second-order polynomial in cos θtr. The pdf
used for signal events is given by Eq. 1. The experimen-
tal resolution of θtr is not negligible and is accounted
for by convolving the signal pdf with a double Gaussian.
Also, the resolution of θtr has significant tails caused by
mis-reconstructed events. The effect of these tails is ac-
counted for by an additional term in the signal pdf. The
parameterization of the θtr resolution is determined from
simulations.

We categorize our events in three types: D∗+D∗− →
(D0π+,D0π−), (D0π+, D−π0), and (D+π0,D0π−) be-
cause events with a neutral slow pion and events with a
charged slow pion have different background levels, de-
tection efficiencies, and cos θtr resolutions. Thus, the pa-
rameters determined in the likelihood fit are three signal
fractions, the cos θtr background shape parameter, three
mES parameters (σ and mean of the Gaussian, and κ from
the ARGUS function), and R⊥. The fit to the dataset
yields a value of

R⊥ = 0.063 ± 0.055(stat) ± 0.009(syst). (3)

Figure 1 shows the distribution of cos θtr for events in the
range mES > 5.27 GeV/c2. The value of α is fixed to zero
in the fit, incurring a (negligible) systematic uncertainty.
The largest systematic uncertainties arise from the pa-
rameterization of the angular resolution (0.005) and the
determination of the efficiency moments (0.005).
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FIG. 1: Measured distribution of cos θtr and fit results. The
data points are from the region mES > 5.27 GeV/c2 and the
solid line is the projection of the fit result in the same region.
The dotted line represents the background component.

In addition to the time-independent measurement of
the CP -odd fraction, we perform a combined analysis of
the cos θtr distribution and the time dependence in order
to determine the time-dependent CP asymmetry, using
the sample of B0 → D∗+D∗− events described previ-
ously. We also use information from the other B meson
in the event to tag its flavor as either a B0 or B0.

Although factorization models predict a small penguin
contamination in the weak phase difference in Im(λf ) =
− sin 2β [8], a sizable penguin contribution cannot a pri-
ori be excluded. Thus, the value of λf = ηCP

q
p

Ā(f)
A(f) [16]

can be different for the three transversity amplitudes
(f =⊥, 0, ‖) because of possible different penguin-to-tree
ratios. This possibility is explicitly included in the pa-
rameterization of the decay rates described here.

The decay rate F+(F−) for a neutral B meson tagged
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as a B0(B0) is given by

F±(∆t) =
e−|∆t|/τB0

4τB0

{
G(1 − 1

2∆D) ∓

D [S sin (∆md∆t) + C cos (∆md∆t)]
}
,(4)

where ∆t = trec−ttag is the difference between the proper
decay time of the reconstructed B meson (Brec) and of
the tagging B meson (Btag), τB0 is the B0 lifetime, and
∆md is the mass difference determined from the B0-B0

oscillation frequency. The dilution factor, D = 1 − 2ω,
where ω is the average mistag fraction, describes the ef-
fect of incorrect tags, and ∆D accounts for possible dif-
ferences in the mistag probabilities for B0 and B0. The
G, C and S coefficients are defined as

G = 3
4 [(1 −R⊥) sin2 θtr + 2R⊥ cos2 θtr], (5)

C = 3
4 [(1 −R⊥)1−|λ+|2

1+|λ+|2 sin2 θtr + 2R⊥
1−|λ⊥|2
1+|λ⊥|2 cos2 θtr],

S = − 3
4 [(1 −R⊥)2Im(λ+)

1+|λ+|2 sin2 θtr − 2R⊥
2Im(λ⊥)
1+|λ⊥|2 cos2 θtr].

Because the two CP -even transversity amplitudes pro-
duce the same distribution in cos θtr, we are only sensitive
to λ+, the appropriate average of λ‖ and λ0:

Im(λ+)
1 + |λ+|2 =

Im(λ‖)

1+|λ‖|2M
2
‖ + Im(λ0)

1+|λ0|2M
2
0

M2
‖ + M2

0

,

1 − |λ+|2
1 + |λ+|2 =

1−|λ‖|2
1+|λ‖|2M

2
‖ + 1−|λ0|2

1+|λ0|2M
2
0

M2
‖ + M2

0

. (6)

If angular acceptance effects are not taken into account
and the CP -odd fraction is allowed to float in the fit, then
no bias is seen in the resulting value of λ+ based on sim-
ulations. Hence, a dedicated method to correct for detec-
tor efficiency is not required. The value of R⊥ obtained
is therefore an effective value, which is not identical to
the acceptance-corrected value from the time-integrated
measurement.

The time interval ∆t is calculated from the measured
separation ∆z between the decay vertex of the recon-
structed B meson and the vertex of the flavor-tagging
B meson along the collision axis. Events with a ∆t un-
certainty < 2.5 ps, and a measured |∆t| < 20 ps are ac-
cepted. The mistag fractions and ∆t resolution functions
are determined from a sample of neutral B decays to fla-
vor eigenstates, Bflav, as in the sin2β measurement using
charmonium decays [9]. Vertex reconstruction, the deter-
mination of ∆t, and the algorithms used for the determi-
nation of the flavor of Btag are described in Refs. [9, 17].

We determine the parameters Im(λ+) and |λ+| with
a simultaneous unbinned maximum likelihood fit to the
∆t distributions of the Brec and Bflav tagged samples
(Fig. 2). The ∆t distribution of the Bflav sample evolves
according to the known frequency for flavor oscillations

in neutral B mesons. The observed magnitude of the CP
asymmetry in the Brec sample and the flavor oscillation
in the Bflav sample are reduced by the same factor D due
to flavor mistags. The ∆t distributions for the Brec and
Bflav samples are both convolved with a common ∆t res-
olution function. The θtr angular resolution is accounted
for in the same way as described previously. Events are
assigned signal and background probabilities based on
their mES values. Backgrounds are incorporated with an
empirical description of their ∆t distributions, contain-
ing prompt (zero lifetime) and non-prompt components
convolved with a separate resolution function [9].

A total of 38 parameters are varied in the fit: the val-
ues of Im(λ+) and |λ+| (2), the effective CP -odd frac-
tion (1), the average mistag fraction w and the difference
∆w between B0 and B0 mistags for each tagging cat-
egory (8), parameters for the signal ∆t resolution (9),
and parameters for the background time dependence (7),
∆t resolution (3), and mistag fractions (8). Because the
CP -odd fraction is small, we have little sensitivity to the
parameters |λ⊥| and Im(λ⊥). Therefore they are fixed
to 1.0 and −0.741 [9] respectively. These are the values
expected if direct CP violation and contributions from
penguin diagrams are neglected. The changes in the fit-
ted values of Im(λ+) and |λ+| for different input values of
Im(λ⊥) (varied between −1.0 and 1.0) and |λ⊥| (varied
between 0.7 and 1.3) are taken into account as systematic
uncertainties. The results obtained from the fit (Fig. 2)
are

Im(λ+) = 0.05 ± 0.29(stat) ± 0.10(syst) (7)
|λ+| = 0.75 ± 0.19(stat) ± 0.02(syst). (8)

The dominant sources of systematic uncertainty come
from the variation of the value of λ⊥ (0.056 and 0.008,
respectively, for Im(λ+) and |λ+|), and the level, compo-
sition, and CP asymmetry of the background (0.078 and
0.005).

If the B → D∗+D∗− transition proceeds only through
the b → cc̄d tree amplitude, we expect that Im(λ+) =
− sin 2β and |λ+| = 1. To test this hypothesis, we fix
Im(λ+) = −0.741 [9] and |λ+| = 1 and repeat the fit.
The observed change in the likelihood corresponds to 2.5
standard deviations (statistical uncertainty only).

In summary, we have reported a measurement of the
CP -odd fraction and measurements of time-dependent
CP asymmetries for the decay B0 → D∗+D∗−. The
measurement of R⊥ supersedes the previous BABAR re-
sult [11], with a factor of three reduction in the statistical
uncertainty, and indicates that B0 → D∗+D∗− is mostly
CP -even. The time-dependent asymmetries are found to
differ slightly from Standard Model predictions with pen-
guin amplitudes ignored.
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chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated effort from the computing
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FIG. 2: From top to bottom: Number NB0 (NB0) of candi-

date events in the region mES > 5.27 GeV/c2 with a B0 (B0)
tag, and the raw asymmetry (NB0 − NB0)/(NB0 + NB0), as
functions of ∆t. The solid curves represent the result of the
combined fit to the full sample. The shaded regions represent
the background contributions.
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∗ Also with Università di Perugia, Perugia, Italy
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