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Abstract

Using a sample of 2:6 � 106 �(4S) ! B �B events collected with the CLEO

II detector at the Cornell Electron Storage Ring, we have measured the form

factors for �B0
! D�+`��. We perform a three-parameter �t to the joint

distribution of four kinematic variables to obtain the form factor ratios R1 =

1:18 � 0:30 � 0:12 and R2 = 0:71 � 0:22 � 0:07; and the form-factor slope

�2A1
= 0:91�0:15�0:06; which is closely related to the slope of the Isgur-Wise

function. The form factor ratios are consistent with predicted corrections to

the heavy-quark symmetry limit of R1 = R2 = 1.

PACS numbers: 13.20.He, 12.39.Hg, 12.38.Qk
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Semileptonic decays of hadrons containing a bottom quark provide a means both to
measure fundamental parameters of the standard model|the magnitudes of the Cabibbo-
Kobayashi-Maskawa mixing angles Vcb and Vub|and to understand the e�ects of strong in-
teractions on the underlying weak decays. These two problems are related, because accurate
determination of CKM elements requires a good understanding of the decay dynamics [1].
The decay B ! D�`� is a key process for these studies. It has been analyzed in detail [2{9]
in the framework of heavy quark e�ective theory (HQET), in which the decay amplitude
is expanded in powers of 1=mb and 1=mc. Because the charm and bottom quark masses
are reasonably large compared with the energies associated with strong interactions in the
decay, both the masses and the spins of the heavy quarks are expected to play little role in
the dynamics. These considerations lead to symmetry relations that signi�cantly simplify
the description of the process. For B ! D�`�, HQET yields numerous predictions, some of
which we are able to test using the detailed studies of decay distributions presented in this
paper.

In calculations of exclusive semileptonic decays, the amplitude is expressed in terms
of the available four vectors and one or more form factors, which are Lorentz-invariant
functions that depend only on q2, the square of the mass of the virtualW . The form factors
parametrize the e�ect of strong interactions on the decay. The decay B ! D�`� (` = e, �)
depends on three form factors. Although HQET does not predict their q2 dependence, it
does relate these form factors, up to relatively small corrections, to a single, universal form
factor, called the Isgur-Wise function, which is predicted by nonperturbative methods such
as lattice QCD and QCD sum rules [10]. The goal of this analysis is to test the predictions
of both HQET and these nonperturbative methods.

We study the form factors for �B0 ! D�+`�� (charge-conjugate modes are implied
throughout this paper) using the channelD�+ ! D0�+ withD0 ! K��+ orD0 ! K��+�0:
The integrated luminosity of the data sample is 2:404 fb�1 on the �(4S), which corresponds
to (2:579 � 0:018) � 106 B �B pairs. The data were collected using the CLEO II detector,
which is described elsewhere [11].

The di�erential decay rate for �B0 ! D�+`��, D�+ ! D0�+ can be expressed in terms
of three q2-dependent helicity amplitudes H�(q

2) and H0(q
2); where the subscripts refer to

the helicity of either the virtual W or the D�+. The rate is given by

d�( �B0 ! D�+`��; D�+ ! D0�+)

dq2 d cos �` d cos �V d�
=

3G2
F jVcbj2 PD� q2

8(4�)4M2
B(D�+ ! D0�+)�

f[(1� cos �`)
2jH+(q

2)j2 + (1 + cos �`)
2jH�(q

2)j2] sin2 �V
+4 sin2 �` cos

2 �V jH0(q
2)j2 � 2 sin2 �` sin

2 �V cos(2�)H+(q
2)H�(q

2)

+4 sin �` sin �V cos �V cos�H0(q
2)[cos �`(H�(q

2) +H+(q
2)) + (H�(q

2)�H+(q
2))]g;

(1)

where M is the mass of the B meson; PD� is the momentum of the D� in the B rest frame
and is a function of q2; B(D�+ ! D0�+) is the branching fraction for D�+ ! D0�+; �` is
the decay angle of the lepton in the virtual W rest frame; �V is the decay angle of the D0 in
the D� rest frame; and � is the angle between the decay planes of the W and the D� in the
B rest frame [1]. Although the distributions of some of these variables have been studied
previously [12{15], our analysis is the �rst to use all four variables (q2, cos �`, cos �V , and
�), and it is the �rst to use their correlations, which are quite powerful.
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The helicity amplitudes H� and H0 can be expressed in terms of two axial-vector form
factors, A1(q

2) and A2(q
2), and a vector form factor V (q2) :

H�(q
2) = (M +m)A1(q

2)� 2M PD�

(M +m)
V (q2);

H0(q
2) =

1

2m
p
q2

h
(M2 �m2 � q2)(M +m)A1(q

2)� 4M2 P 2
D�

(M +m)
A2(q

2)
i
;

(2)

where m is the mass of the D� meson.
In the heavy-quark symmetry limit (mc; mb ! 1), the form factors are related to the

Isgur-Wise function �:

V (q2) = A2(q
2) =

A1(q
2)"

1� q2

(M +m)2

# =
(M +m)

2
p
Mm

�(w); (3)

where w = (M2+m2� q2)=(2Mm). The variable w is simply the relativistic factor 
 of the
D� in the B-meson rest frame and is sometimes called y. Following Neubert [6], we de�ne
the form factor ratios

R1(w) �
"
1� q2

(M +m)2

#
V (q2)

A1(q2)
;

R2(w) �
"
1� q2

(M +m)2

#
A2(q

2)

A1(q2)
: (4)

These ratios are predicted to be unity, independent of w, in the heavy-quark symmetry limit.
To allow departures from the heavy-quark symmetry limit but still express the form

factors in a manner that makes this limit transparent, one can use

A1(q
2) =

M +m

2
p
Mm

�
1� q2

(M +m)2

�
hA1

(w);

A2(q
2) =

M +m

2
p
Mm

R2(w)hA1
(w);

V (q2) =
M +m

2
p
Mm

R1(w)hA1
(w); (5)

where hA1
(w) ! �(w), R1(w) ! 1, and R2(w) ! 1 in the heavy-quark symmetry limit,

recovering Eq. (3). Departures from this limit produce two e�ects: deviations of R1(1) and
R2(1) from unity and a slight variation of R1 and R2 with w.

Since the range of D� recoil velocities is small (w�1 � 0:5), the form factors are expected
to have approximately linear behavior. We �t for the slope of hA1

(w), assuming the linear
form

hA1
(w) = hA1

(1)[1� �2A1
(w � 1)]: (6)

We assume that R1 and R2 are constant, so that the free parameters in the �t are R1, R2,
and �2A1

. In reality, R1 and R2 are expected to have a mild dependence on w [6,9]. We will
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test the sensitivity of our results to these assumptions by performing alternative �ts using
di�erent forms for R1(w), R2(w), and hA1

(w).
We select events with at least one electron candidate with momentum in the range

1:0 GeV=c to 2:45 GeV=c, or at least one muon candidate with momentum in the range
1:4 GeV=c to 2:45 GeV=c: We reconstruct D�+'s in the mode D�+ ! D0�+ with D0 !
K��+ or D0 ! K��+�0; the reconstructed D�+{D0 mass di�erence, �m, is required to be
within 2 MeV/c2 of the nominal value. Complete details of the event selection will be given
elsewhere [16].

Table I lists the estimated number of events from each background and the signal. The
largest background, fake D�'s (combinatorial background under the D� peak), is only 10%
of the signal. The background from B ! D��`�, D�� ! D�+�, though even smaller, has a
larger uncertainty, since there are several D�� states, and their contributions have not been
well measured. Our model for this background source is based on a combination of mea-
surements from ALEPH [17] and predictions from the ISGW2 model [18]. The background
from events in which the lepton and the D�+ are produced in the decay chains of di�erent
B's (uncorrelated background) was determined directly from the data and is small. Fake
lepton backgrounds are determined from measured probabilities for hadrons to fake lepton
signatures, and the continuum background is determined using o�-resonance data.

The joint distribution in q2, cos �`, cos �V , and � is �t using the unbinned maximum
likelihood method. To incorporate detector smearing and acceptance e�ects, we use a Monte
Carlo technique [19] to evaluate the likelihood function.

Since fake D�'s are the largest background they are explicitly included in the �t, as is
the background from the uncorrelated D�{lepton events. The B ! D��`� background is
treated di�erently: a term is not included directly in the �tting function, but we use Monte
Carlo events to evaluate a small systematic shift that is caused by omitting this background
in the �t.

Figures 1(a) and 1(b) show the data and �t distributions for q2 and cos �`. Figures 1(c)
and 1(d) show the distributions that would be observed by a perfect detector, assuming the
values of the parameters obtained from the �t.

Figures 2(a) and 2(b) show the observed distributions for cos �V in two q2 bins. At low
q2, the lepton and neutrino are nearly parallel, forcing the D� to have helicity zero; this in
turn introduces a strong cos2 �V component in this region of phase space. As q2 increases,
the other helicity components contribute as well, and at q2max the D

� must be unpolarized.
Figures 2(c) and 2(d) show an interesting correlation between cos �V and �, produced by

the interference term proportional to (H+(q
2)�H�(q

2))H0(q
2). The di�erence between H+

and H� results from the higher probability for the daughter c-quark to have helicity �1=2
than helicity +1=2. If the coupling at the W vertices were (V �A)� (V �A) the slopes in
Figures 2(c) and 2(d) would be reversed; for (V � A)� (V � A) the slopes would be as we
observe.

All observed distributions are described well by the �t. The values of R1, R2, and �
2
A1

that
we obtain are given in the �rst entry in Table II. The other entries in Table II summarize
the results of the alternative �ts. Alternative forms of hA1

(w) yield higher values of �2A1

(which speci�es the slope at w = 1 in all cases), while the extracted values of R1 and R2 are
only mildly changed for the �ts with alternative forms of hA1

(w).
The systematic errors on the �t results are given in Table III. The uncertainty on the
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slow-pion e�ciency primarily a�ects the q2 distribution, which in turn a�ects �2A1
. To eval-

uate the likelihood function, we count weighted Monte Carlo events in a four-dimensional
volume constructed around each data point. This method results in a small bias due to the
nonzero volume size. We correct for this bias and include an uncertainty in the correction.
We also include an uncertainty due to the �nite size of the Monte Carlo sample. The un-
certainty in modeling B ! D��`� a�ects R1, since the soft lepton spectrum of these events
modi�es the cos �` distribution. The uncertainty on the lepton-identi�cation e�ciency as
a function of momentum is quite small, as is the uncertainty associated with the uncorre-
lated background. Finally, there is an uncertainty in using the �m sideband to model the
combinatorial background under the D� peak.

From these results, we can derive �AFB, the lepton forward-backward asymmetry, and
�Apol, the D

� polarization, which are both de�ned in Ref. [6]. Using the values from the
linear �t, we obtain �AFB = 0:197� 0:033� 0:016 and �Apol = 1:55� 0:26� 0:13, consistent
with, but more precise than previous results [12,14]. For the value �2A1

= 0:9, Neubert
calculates [6] �AFB = 0:22 and �Apol = 1:40.

In conclusion, we have measured the form factors for the process �B0 ! D�+`�� using an
unbinned maximum likelihood �t. We obtain the form factor ratios R1 = 1:18� 0:30� 0:12
and R2 = 0:71� 0:22� 0:07; which can be compared with the heavy-quark symmetry limit
of R1 = R2 = 1. Our values agree with the predictions of Neubert [6], R1(1) = 1:35 and
R2(1) = 0:79, Close and Wambach [9], R1(1) = 1:15 and R2(1) = 0:91, and the ISGW2
model [18], R1(1) = 1:27 and R2(1) = 1:01. In the same �t, we determine the slope of
hA1

(w) to be �2A1
= 0:91 � 0:15 � 0:06. Since we assume a linear form, this parameter

measures the average slope over the w range. This value is in the range expected from
lattice QCD and QCD sum rules [10]. We also �nd that R1 and R2 are not sensitive either
to the form of hA1

(w) or the w dependence, as indicated by theory, of the form factor ratios.
However, �2A1

is found to be sensitive to the form of hA1
(w) used. Alternative forms, with

positive curvature, give higher values of �2A1
, the slope at w = 1.

The comparison of this measurement of �2A1
with that from the CLEO II jVcbj measure-

ment [15] using B ! D�`� requires some care. That measurement uses a procedure in which
the d�=dq2 distribution is �t to a function that assumes R1 = R2 = 1: For this reason, it
is common to refer to the slope parameter obtained from this procedure as �̂2. Neubert
provides a relation [7] between �̂2 and �2A1

as a function of R1 and R2, from which we obtain
�2A1

� �̂2 + 0:22. The CLEO II value of �̂2 is 0:84 � 0:13 � 0:08; which would correspond
to a value of �2A1

around 1:06. Thus, the CLEO II �2A1
and �̂2 measurements, which are

essentially statistically independent, are consistent.
One of the results of our �t is that the corrections to the heavy-quark symmetry limit

do indeed appear to be fairly small. This result provides some con�dence in the use of
heavy-quark symmetry as a starting point for the extraction of jVcbj from B ! D�`�.

We gratefully acknowledge the e�ort of the CESR sta� in providing us with excellent
luminosity and running conditions. This work was supported by the National Science Foun-
dation, the U.S. Department of Energy, the Heisenberg Foundation, the Alexander von
Humboldt Stiftung, the Natural Sciences and Engineering Research Council of Canada, and
the A.P. Sloan Foundation.
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TABLES

K� e K� � K��0 e K��0 � Total

Raw yield 267�16 292�17 192�14 189�14 940�31

Fake D� 17� 3 21� 4 20� 4 21� 4 79� 8

B ! D��`� 12� 7 17� 8 8� 5 11� 5 48�25

Uncorrelated 7� 4 3� 3 6� 3 0� 2 16� 6

Fake leptons 1� 1 6� 3 1� 1 5� 3 13� 6

Continuum 2� 2 3� 3 0� 2 0� 2 5� 5

Signal 228�18 242�20 157�16 152�16 779�42

TABLE I. The yields in the K� and K��0 channels and the estimated background contribu-

tions. The di�erent sources of background are explained in the text.

hA1
(w)=hA1

(1) R1(w) R2(w) R1 R2 �2A1

1� �2A1
(w � 1) R1 R2 1:18� 0:30� 0:12 0:71� 0:22� 0:07 0:91� 0:15� 0:06

1� �2A1
(w � 1) RNeub1 (w) RNeub2 (w) 1:24� 0:30� 0:12 0:65� 0:22� 0:07 0:91� 0:15� 0:06

1� �2A1
(w � 1) RCW1 (w) RCW2 (w) 1:20� 0:30� 0:12 0:70� 0:22� 0:07 0:91� 0:15� 0:06

exp[��2A1
(w � 1)] R1 R2 1:21� 0:32� 0:12 0:72� 0:22� 0:07 1:27� 0:29� 0:12

2

w+1
exp[(1� 2�2A1

)w�1
w+1

] R1 R2 1:21� 0:32� 0:12 0:71� 0:22� 0:07 1:53� 0:36� 0:14

( 2

w+1
)2�

2

A1 R1 R2 1:21� 0:32� 0:12 0:70� 0:22� 0:07 1:42� 0:32� 0:13

RNeub1 (w) = R1[1� 0:16(w � 1) + 0:07(w � 1)2] RNeub2 (w) = R2[1 + 0:19(w � 1) + 0:05(w � 1)2]

RCW1 (w) = R1[1� 0:06(w � 1)] RCW2 (w) = R2[1 + 0:04(w � 1)]

TABLE II. Fits for the form factors with alternative forms of hA1
(w). The �rst entry in

the table is the standard �t with a linear form of hA1
(w) and constant form factor ratios. The

errors on the extracted parameters are correlated, the estimated correlations are �R1R2
= �0:82,

�R1�2 = 0:60, and �R2�2 = �0:80. The next two entries have w dependent form factor ratios

according to theoretical predictions. The last three entries use alternative forms of hA1
(w); the

extracted values of �2A1
are sensitive to these forms. The form factor ratios are not very sensitive

to the form of hA1
(w).
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R1 R2 �2A1

Slow-pion e�ciency 0.01 0.01 0.04

Finite volumes 0.05 0.04 0.03

Finite MC statistics 0.03 0.01 0.01

B ! D��`� 0.08 0.04 0.02

Lepton e�ciency 0.02 0.02 0.01

Uncorr. Background 0.03 0.01 0.01

�m-sideband 0.05 0.03 0.03

Total 0.12 0.07 0.06

TABLE III. Systematic errors on R1, R2, and �2A1
for the linear form of hA1

(w).
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FIG. 1. The distributions of (a) q2 and (b) cos �` for data (points with error bars) and the �t

(dotted histogram). The dashed line shows the contribution of the two backgrounds included in

the �t. These histograms include both D0
! K��+ and D0

! K��+�0 channels, electrons and

muons. In (c) and (d), we show the distributions that would be observed by a perfect detector

(solid) and the shapes of the acceptance for electrons (dashed curves) and muons (dotted curves).

In (c) and (d) the vertical scale is arbitrary.
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FIG. 2. Distributions of cos �V for the (a) lower half and (b) upper half of the q2 range. The

dotted lines in the histograms show the result of the �t, and the dashed lines show the background.

The lack of symmetry in cos �V is due to poor acceptance for very slow pions. Figures (c) and (d)

show the � distributions for cos �V < 0 and cos �V > 0, respectively.
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