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Abstract

Using 3.1 fb−1 of Υ(4S) data (roughly 3 × 106 B pairs) collected with

the CLEO detector at the Cornell Electron-positron Storage Ring, we have

measured the helicity amplitudes of the decays B0 → D∗−ρ+ and B+ →

D
∗0

ρ+. Our results show the longitudinal polarization in B0 → D∗−ρ+ is

similar to that B0 → D∗−l+νl at q2 = m2
ρ as expected from factorization. Also

there are indications for non-trivial complex phases in helicity amplitudes for

both decay modes.
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FIG. 1. Feynman diagrams for the decays B0 → D∗−ρ+ and B+ → D
0
ρ+

I. INTRODUCTION

Hadronic weak decays of heavy flavor meson are complicated by strong interactions which
are not exactly solvable. Hard gluon scattering among final states (final state interactions)
can significantly modify the decay dynamics. In the factorization approximation it is assumed
that the decay matrix element factorizes into a product of two current matrix elements [1], [2].
This is expected to be a good approximation in a two body B decay to a D and a light meson,
because the light meson, with a large velocity escapes the interaction region before final state
interactions are effective. One sensitive test of this hypothesis is to compare polarization
in B meson decay into two vector mesons to a similar semileptonic decay [4]. Since in
the semi-leptonic decay there is only one hadronic current, it provides a clean reference to
compare with hadronic decays. If the factorization hypothesis is valid one should see similar
polarizations in the corresponding hadronic decay. For instance the longitudinal polarization,
ΓL in B0 → D−ρ+ should be equal to that of B0 → D∗+l−ν evaluated at q2 = m2

ρ.

ΓL

Γ
(B0 → D∗−ρ+) =

ΓL

Γ
(B0 → D∗−l+ν)|q2=m2

ρ
. (1)

In this analysis we study the decay modes B0 → D−ρ+ and B+ → D
0
ρ+ using CLEO II

data and look for the presence of final state interactions and the validity of factorization.
Figure 1 shows the Feynman diagrams for the decays. B0 → D−ρ+ has only an outer

spectator contribution, B+ → D
0
ρ+ has both outer and inner spectator contributions.

The angular distribution of B → D
∗
ρ can be described by three angles (Fig. 2): the

polar angle θ∗D of D0 in the D∗ rest frame, polar angle θρ of π+ in the ρ+ rest frame and
the angle χ between the decay planes of D∗ and ρ+ in the B rest frame. The final state of
the decay is a coherent sum of three possible helicity states where both D∗ and ρ can be in
helicy 0 states, both in helicity +1 state and both in helicity -1 state. In terms of the angles
defined above, the angular distribution is given by

(

9

32π

)

|2H0 cos θD∗ cos θρ− + H+ sin θD∗ sin θρ−eiχ + H− sin θD∗ sin θρ−e−iχ|2 (2)
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FIG. 2. Definition of decay angles θρ, θD∗ and χ.

where the complex amplitudes H+ , H0 and H− represent the contribution of helicity +1, 0,
-1 states. After expanding and rearranging terms

dΓ

d cos θD∗d cos θρdχ
∝

4|H0|
2 cos2 θD∗ cos2 θρ + (|H−|

2 + |H+|
2) sin2 θD∗ sin2 θρ

+ 2[<(H+H∗
−) cos 2χ − =(H+H∗

−) sin 2χ] sin2 θD∗ sin2 θρ

+ [<(H+H∗
0 + H−H∗

0 ) cos χ − =(H+H∗
0 − H−H∗

0 ) sin χ] sin 2θD∗ sin 2θρ

(3)

The normalization
(

9

32π

)
∫

|2H0 cos θD∗ cos θρ− + H+ sin θD∗ sin θρ−eiχ + H
−

sin θD∗ sin θρ−e−iχ|2dΩ = 1 (4)

requires

|H0|
2 + |H−|

2 + |H+|
2 = 1 (5)

The longitudinal and transverse polarizations are defined by

ΓL

Γ
=

|H0|
2

|H0|2 + |H−|2 + |H+|2
(6)

and

ΓT = Γ − ΓL (7)

respectively.
Expression 2 is symmetric under H± → H∗

∓ so it is not possible to determine which
amplitude is the physical H− or H+. Nevertheless for a weak decay we expect H− to be
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larger, so we assign the larger value for H− in our results. For the B decay amplitudes are
H∗

λ. Assuming CP conservation

H∗
± → H∓ and H∗

0 → H0 (8)

this is equivalent to changing χ to −χ for the anti-particle in Eq. 2. Accordingly we flip the
sign of χ for the anti-particle decay in our analysis.

II. EVENT SELECTION

A data sample of 3.1 fb−1 integrated luminosity accumulated with the CLEO II detector
at the Cornell Electron Storage Ring (CESR), running at center of mass energy at the Υ(4S)

resonance. The CLEO II detector is described elsewhere [3]. B0 → D∗−ρ+ and B+ → D
∗0

ρ+

candidates were found following the decay sequences,

B0 → D∗−ρ+

?

π+π0 → γγ

?

D
0
π−

?

K+π−, K+π−π0, K+π−π+π−

B+ → D
∗0

ρ+

?

π+π0 → γγ

?

D
0
π0 → γγ

?

K+π−, K+π−π0, K+π−π+π−

No cuts were applied for the slow pion from D∗+. All other tracks were required to have a
momentum above 100 MeV and drift chamber dE/dx was used to identify pions and kaons.

Candidate D0s decaying to K−π+, K−π+π0, and K−π+π−π+, were required to have
their invariant masses respectively within 20 MeV, 25 MeV and 25 MeV of the nominal D0

mass. Candidate D∗+ and D∗0 were reconstructed combining candidate D0s with a remaining
charged track. Mass difference cuts on candidate D∗ and D0, |M(D0π)−M(D0)− 142.4| <
1.2GeV was applied for both D∗+ and D∗0.

The π0 candidates were formed by combining two showers whose invariant mass is within
2.5 standard deviations of the nominal π0 mass. Candidate ρ+ mesons were selected from
π+π0 combinations with invariant mass within 0.15 GeV of the nominal ρ mass of 0.77 GeV.

Reconstructed D∗ and ρ+ were combined to form B candidates. The reconstructed energy
of the B candidate was required to be within 50 MeV (60 MeV for D0 → K+π−π0 ) of the
beam energy. To improve the B mass resolution, the beam constrained mass

MBC =
√

E2
beam − (~p)2) (9)

was calculated constraining the B energy to the beam energy. A cut

| cos θB| < 0.95 (10)

was imposed on the polar angle of the B to take advantage of the sin2(θB) distribution of
the decay of the Υ(4S).

To suppress backgrounds a cut on the cosine of the ‘sphericity angle’ θS was applied. The
sphericity angle is defined as the angle between the sphericity axis of B and that of the rest
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of the event. | cos θS| <0.9, 0.8 and 0.7 were applied on candidates with D0 decaying in to
K−π+, K−π+π0 and K−π+π−π+ respectively.

About 20% of time there were multiple candidates per event passing the event selection
criteria above(mostly coming from misreconstructed ρ+). In such cases, the candidate with
the smallest |∆E| was chosen. Figure 3 shows the constrained B mass distributions for the

final B
0
→ D∗−ρ+ and B+ → D

∗0
ρ+ event samples.

III. ANGULAR FIT TO DATA

An unbinned maximum likelihood fit was performed to extract helicity amplitudes from
data. The likelihood function L has the form

L =
e−ννn

n!

n
∏

i=1

Pi (11)

where Pi is the probability of event i occurring , n is the number of events in the data sample
and ν number of events estimated by the fit.
The event probability Pi is

Pi =
S · εiPiS + B · εiPiB

S + B
(12)

S, B are number of signal and background events (ν = S + B ), PiS, PiB are signal and
background probability density functions (p.d.f) which are normalized such that

∫

εiPiSd cos θ∗Dd cos θρdχ = 1 (13)

and
∫

εiPiBd cos θ∗Dd cos θρdχ = 1 (14)

εi is the detector acceptance which is assumed to be the same for both background and the
signal.

The signal probability function, PiS is assumed to have a Gaussian distribution in B
invariant mass, Breit-Wigner shape for ρ and an angular distribution given by Eq. 2. The
normalization integral (Eq. 13) was evaluated numerically by summing the signal p.d.f. over
signal Monte Carlo events which passed the event selection criteria,

∫

εiA(θD∗θρχ)d cos θD∗d cos θρdχ =
MC generated

∑

i

εi(θD∗θρχ)A(θD∗θρχ)iS

=
MC accepted

∑

i

A(θD∗θρχ)iS. (15)

The background probability is assumed to have a linear shape in B invariant mass in
the side band and a quadratic shape under the B signal. The angular distribution of the
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FIG. 3. Beam-constrained mass distributions for B0 → D∗−ρ+ and B+ → D
∗0

ρ+ candidates.

Events are in the shaded region used in the angular fit.
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background was taken from a binned fit to the side band events (with invariant mass less than
5.265 GeV). Background p.d.f. normalization was calculated similarly to that of the signal
using the same Monte Carlo event sample used to calculate the signal p.d.f. normalization.

The fit minimized:

−2 lnL = −2
data events

∑

i

ln
(

S · PiS + B · PiB

S + B

)

− 2n ln ν + 2ν (16)

where the term −
∑

i(ln εi − ln i), which is independent of fit parameters and a constant for
a given data sample, was ignored. Since only two helicity amplitudes are independent (Eq.
5), the helicity amplitude H0 was fixed to 1 in the fit and H− and H+ (their magnitudes
and phases ) were measured with respect to H0. They were then rescaled to satisfy the
normalization condition given by Eq. 5.

IV. FIT RESULTS

Figures 4 and 5 show the projections of the fit on various mass and angular distributions.
Results of the fit for helicity amplitudes are given in Table I. The first error is statistical and
the second is systematic. Systematic errors include uncertainties due to the background level,
angular distribution of the background and smearing effects.1 Variation due to uncertainty
in background angular distribution is dominant (about 60% of the total error) while variation
due to smearing is small (about 12%).

The helicity amplitudes correspond to a logitudanal polarization (from Eq. 6) of 87.8 ±

3.4 ± 3.0% for B0 → D∗−ρ+ and 85.7 ± 4.7 ± 4.0% for B+ → D
∗0

ρ+

V. CONSISTENCY CHECKS

Several consistency checks were done to verify the fit results.
The ability of the fit to extract correct values was checked by performing the fit on signal

Monte Carlo events with known helicity distributions. Monte Carlo event samples used had
the same number of events as the data sample. Within errors, the fit gave the correct values.

1Smeared angular distribution in the signal p.d.f. was assumed to have the form

Dsi(θD∗ , θρ, χ) =

∫

S(cos θD∗ , cos θρ, χ; cos θ′D∗ cos θ′ρχ
′)A(θ′D∗θ′ρχ

′)d cos θ′D∗d cos θ′ρdχ′

S(θD∗θρχ, θ′D∗θ′ρ−χ′) is the smearing function which was approximated by sum of two Gaussians

for each of cos θD∗ ,cos θρ and χ distributions.
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FIG. 4. Fit projections for B0 → D∗−ρ+. (a)-(c) fit projection on B invariant mass for events

with D0 decaying in to K−π+, K−π+π0 and K−π+π−π+, (d) fit projection on ρ− invariant mass

distribution, (e)-(g) fit projection on cos θD∗ ,cos θρ and χ. (points: data, histogram/curve: fit

projection).
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FIG. 5. Fit projections for B+ → D
∗0

ρ+. (a)-(c) fit projection on B invariant mass for events

with D0 decaying in to K−π+, K−π+π0 and K−π+π−π+, (d) fit projection on ρ− invariant mass

distribution, (e)-(g) fit projection on cos θD∗ ,cos θρ and χ. (points: data, histogram/curve: fit

projection).
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B0 → D∗−ρ+ B+ → D
∗0

ρ+

magnitude phase magnitude phase

H0 0.936 0 0.932 0

H− 0.317 ± 0.052 ± 0.013 0.19 ± 0.23 ± 0.14 0.283 ± 0.068 ± 0.039 1.13 ± 0.27 ± 0.17

H+ 0.152 ± 0.058 ± 0.037 1.47 ± 0.37 ± 0.32 0.228 ± 0.069 ± 0.036 0.95 ± 0.31 ± 0.19

TABLE I. Fit results for helicity amplitudes. The phase and magnitude of the amplitudes H+

and H− are measured with respect to H0. In all results first error is statistical and the second error

is systematic.

B0 → D∗−ρ+ B+ → D
∗0

ρ+

nominal fit −2 lnL 1363.4 1105.6

zero phase fit −2 lnL 1369.2 1116.2

TABLE II. Log likelihood values for the nominal fit and for the fit with zero phases

Longitudinal polarization in both decay modes was independently estimated performing
binned, one dimensional fits to cos θD∗ and cos θρ distributions.2 Although it does not have
the same statistical power as the full fit and does not distinguish signal and backgrounds,
it can be used as an approximate check of fit results. Within errors they gave consistent
results.

Our fits give non-trivial phases for helicity amplitudes. As is obvious from the second and
third lines of the Eq. 3, this should give an asymmetric distribution in the χ distribution of
data. χ distributions from our data do not have enough events to show such an asymmetry.
However, it is possible to estimate the coefficients involving helicity amplitudes in Eq. 3 by
calculating the moments of angular terms. Thus, normalized moments of sin χ sin 2θD∗ sin 2θρ

would give the vaue of =(H+H∗
0 − H−H∗

0 ) [5]. Therefore, if one takes the sum of different
angular terms over the data sample with a suitable acceptance correction and normalization,
all the coefficients in the angular distribution can be estimated. Tables III and IV show the
values from the weighted sum compared with values expected from fit results.

Table II shows the fit nominal fit results compared with fits with phases fixed to zero.
Fits with zero phases have noticeably worse log likelihood values.

2Integration of Eq. 3 over χ and θrho results in a angular distribution of the form,

1 +
(

3PL−1

1−PL
− 1

)

cos2 θD∗ . PL is the longitudinal polarization defined by Eq. 6.

12



ang. term coefficient moment value from fit

cos2 θD∗ cos2 θρ − 8

25
H2

0 0.751 ± 0.073 0.859

sin2 θD∗ sin2 θρ −
12

25
H2

+ + H2
− 0.159 ± 0.034 0.140 ± 0.040

sinχ sin 2θD∗ sin 2θρ =(H−H0 ∗ −H+H∗
0 ) 0.042 ± 0.103 0.110 ± 0.074

cosχ sin 2θD∗ sin 2θρ <(H+H∗
0 + H−H∗

0 ) 0.352 ± 0.1044 0.341 ± 0.088

sin 2χ sin2 θD∗ sin2 θρ =(H+H∗
−) 0.057 ± 0.024 0.053 ± 0.021

cos 2χ sin2 θD∗ sin2 θρ <(H+H∗
−) 0.018 ± 0.023 0.023 ± 0.024

TABLE III. Moments of different angular terms for B0 → D∗−ρ+ events compared with values

expected from fit results

ang. term coefficient moment value from fit

cos2 θD∗ cos2 θρ − 8

25
H2

0 0.626 ± 0.074 0.856

sin2 θD∗ sin2 θρ −
12

25
H2

+ + H2
− 0.168 ± 0.036 0.143 ± 0.060

sinχ sin 2θD∗ sin 2θρ =(H−H0 ∗ −H+H∗
0 ) −0.145 ± 0.101 −0.071 ± 0.109

cosχ sin 2θD∗ sin 2θρ <(H+H∗
0 + H−H∗

0 ) 0.193 ± 0.109 0.2504 ± 0.105

sin 2χ sin2 θD∗ sin2 θρ =(H+H∗
−) 0.002 ± 0.027 −0.011 ± 0.032

cos 2χ sin2 θD∗ sin2 θρ <(H+H∗
−) 0.043 ± 0.025 0.068 ± 0.029

TABLE IV. Moments of different angular terms for B+ → D
∗0

ρ+ events compared with values

expected from fit results

VI. CONCLUSIONS

With unbinned likelihood fits to B+ → D
∗0

ρ+ and B0 → D∗−ρ+ data we have measured
helicity amplitudes of the two decays given in Table I. The slight difference between helicity
amplitudes in two modes could be resulting from extra inner spectator contribution in B+ →

D
∗0

ρ+.
The predicted value of the longitudinal polarization for the semi-leptonic decay B0 →

D∗−l+ν at q2 = m2
ρ is 0.85− 0.88[5− 8]. The longitudinal polarization at q2 = m2

ρ estimated
from the CLEO measurement of form factors in B0 → D∗−l+ν [9] is 0.914 ± 0.152 ± 0.089.
Within errors our measured value of 0.878 ± 0.034 ± 0.040 for the longitudinal polarization
in B0 → D∗−ρ+ is consistent with those values.

Our likelihood fits indicate non-trivial phases for helicity amplitudes. However, within the
statistical power of our data set we were unable to demonstrate this in χ distributions. Non-
trivial phases could be due to final state interactions, which can have significant implications
for direct CP violation in B decays.
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