
EUROPEAN LABORATORY FOR PARTICLE PHYSICS

CERN-PPE/96-150

17 October 1996

Measurements of jVcbj, form factors

and branching fractions in the decays

B
0
! D

�+
`
�
�` and B

0
! D

+
`
�
�`

The ALEPH Collaboration 1

Abstract

Two samples of exclusive semileptonic decays, 579 B
0
! D�+`��` events

and 261 B
0
! D+`��` events, are selected from approximately 3.9 million

hadronic Z decays collected by the ALEPH detector at LEP. From the recon-
structed di�erential decay rate of each sample, the product of the hadronic
form factor F(!) at zero recoil of the D(�)+ meson and the CKM matrix
element jVcbj are measured to be

FD�+(1)jVcbj = (31:9� 1:8stat � 1:9syst)� 10�3;

FD+(1)jVcbj = (27:8� 6:8stat � 6:5syst)� 10�3:

The ratio of the form factors FD+(1) and FD�+(1) is measured to be

FD+(1)=FD�+(1) = 0:87� 0:22stat � 0:21syst:

A value of jVcbj is extracted from the two samples, using theoretical con-
straints on the slope and curvature of the hadronic form factors and their
normalization at zero recoil, with the result

jVcbj = (34:4� 1:6stat� 2:3syst � 1:4th)� 10�3:

The branching fractions are measured from the two integrated spectra to be

Br(B
0
! D�+`��`) = (5:53� 0:26stat � 0:52syst)%;

Br(B
0
! D+`��`) = (2:35� 0:20stat � 0:44syst)%:
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1 Introduction

The Heavy Quark E�ective Theory (HQET) is a well established theoretical frame-

work in which heavy hadron properties and related observables can be studied reli-

ably in a well de�ned limit of QCD [1, 2, 3]. HQET relates all hadronic form factors

in B semileptonic decays to a single universal form factor, the Isgur-Wise function,

and �xes its normalization at zero recoil of the charm meson. This property allows

for an almost model-independent determination of the CKM matrix element jVcbj

from the study of exclusive semileptonic B meson decays.

To date all measurements of jVcbj based on exclusive semileptonic B decays have

been performed from the di�erential decay rate of B
0
! D�+`��` [4, 5, 6, 7]. In the

limit of zero lepton mass, the di�erential decay rate is:

d�D�+

d!
(!) =

G2
F

48�3
m3

D�+(mB0 �mD�+)2K(!)(!2
� 1)1=2F2

D�+(!)jVcbj
2
; (1)

where !, the scalar product of the two meson four-velocities, is related to q2, the

mass squared of the `�` system: ! = (m2
B0 + m2

D(�)+ � q2)=(2mB0mD(�)+). K(!) is
a known kinematic function and FD�+(!) is the hadronic form factor of the decay

B
0
! D�+`��`.

The strategy used [8] is to measure FD�+(1)jVcbj from d�=d! by extrapolation
to ! = 1 (point of zero recoil of the D�+ meson) and to determine jVcbj using the
theoretical prediction of FD�+(1). The theoretical uncertainty in this determination
is of order 3% [9].

The semileptonic decay B
0
! D+`��` can also be used to measure jVcbj, though

it is more di�cult experimentally. In the limit of zero lepton mass the di�erential

decay rate of B
0
! D+`��` is:

d�D+

d!
(!) =

G2
F

48�3
m3

D+(mB0 +mD+)2(!2
� 1)3=2F2

D+(!)jVcbj
2
: (2)

At zero recoil, d�D+=d! is much more suppressed than d�D�+=d! due to helicity
mismatch between initial and �nal states. The strategy to extract FD+(1)jVcbj is

identical to that used for the decay B
0
! D�+`��` and the theoretical uncertainty

in the determination of jVcbj is of the same order [10].

In this letter an update of a previous measurement [6] of FD�+(1)jVcbj from the

decay B
0
! D�+`��` is presented and a measurement of FD+(1)jVcbj based on the

study of the decay B
0
! D+`��` is reported. The new analysis allows a comparison

of the form factors FD�+(!) and FD+(!) which are predicted to be identical in the
in�nitely heavy quark limit. The value of the ratio FD�+(1)=FD+(1) provides an

important test of the predictions of HQET. A value of jVcbj is also extracted by
combining both decays and using constraints [9] on the slope and curvature of the

hadronic form factors FD�+(!) and FD+(!).
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2 The ALEPH detector

The ALEPH detector and its performance are described in detail in Ref. [11, 12]:

only a brief description of the apparatus properties is given in this section. Charged

particles are detected in the central part of the detector with three concentric devices,

a precision vertex detector (VDET), a multi-wire drift chamber (ITC) and a large

time projection chamber (TPC). Surrounding the beam pipe, the VDET consists of

two concentric layers of double-sided silicon detectors, positioned at average radii

of 6.5 cm and 11.3 cm, and covering 85% and 69% of the solid angle, respectively.

The intrinsic spatial resolution of the VDET is 12 �m for the r� coordinate and

between 11 �m and 22 �m for the z coordinate, depending on the polar angle

of the charged particle. The ITC, at radii between 16 cm and 26 cm, provides

up to 8 coordinates per track in the r� view while the TPC measures up to 21

three-dimensional points per track at radii between 30 cm and 180 cm. The TPC

also serves to identify charged particle species with up to 338 measurements of the

speci�c ionization (dE/dx). The three detectors are immersed in an axial magnetic
�eld of 1.5 T and together provide a transverse momentum resolution of �(pT )=pT =
0:0006 � pT

L
0:005 (pT in GeV/c).

Electrons and photons are identi�ed in the electromagnetic calorimeter (ECAL),
a lead-proportional chamber sandwich segmented into 0:9� � 0:9� projective tow-
ers which are read out in three sections in depth. Muons are identi�ed in the
hadron calorimeter (HCAL), a 7 interaction length yoke interleaved with 23 layers

of streamer tubes, together with two additional double layers of muon chambers.
The visible energy ow in the detector is determined with an algorithm [12] which
combines measurements from di�erent detector components.

3 Event selection and reconstruction

The analysis presented in this letter is based on approximately 3.9 million hadronic
Z decays recorded with the ALEPH detector from 1991 to 1995 and selected as
described in Ref. [13].

Exclusive semileptonic decays B
0
! D�+`��` and B

0
! D+`��` are selected in

hadronic events where a lepton is associated with a D�+ or D+, respectively, in the

same hemisphere. Throughout this letter, \lepton" refers to either electron or muon,
and charge conjugate reactions are implied.

The lepton identi�cation is described in detail in Ref. [14]. Electrons are identi-
�ed by their shower shape in the ECAL and, when available, by the speci�c ioniza-

tion information from the TPC. Muons are identi�ed from their hit pattern in the

HCAL and from the presence of at least one associated hit in the muon chambers.
Electrons and muons are required to have momentum greater than 2 GeV/c and
3 GeV/c, respectively.

2



3.1 B
0
! D�+`��` event selection

D�+ candidates are reconstructed in the channel D�+
! D0�+ and the D0 candidates

in the three decay modes: D0
! K��+, D0

! K��+���+ and D0
! K0

s�
��+. The

mass di�erence between the D0�+ and the D0 candidates is required to be within 2.1

MeV/c2 (2.5 standard deviations) of 145.4 MeV/c2. The event selection is similar

to that described in Ref. [6].

Charged kaon candidates for which dE/dx information is available are required

to have j�Kj < 2, where �K is the number of standard deviations between the

measured and the expected ionization for the kaon hypothesis. In the channel

D0
! K��+���+, candidate kaons with momenta less than 2 GeV/c are rejected.

Candidate K0
S's are reconstructed in the channel K0

S! ���+. They must have a

momentum larger than 0.5 GeV/c, a decay length larger than 0.5 cm, and a re-

constructed mass within 15 MeV/c2 of the nominal K0
S mass. Reconstructed D0

candidates are required to have a vertex separated from the interaction point by

more than twice the resolution on the D0 reconstructed decay distance.

Reconstructed D�+ candidates are combined with an identi�ed lepton from the
same hemisphere. The angle between the D�+ and the lepton is required to be
less than 45�. The D�+`� system is required to have an invariant mass less than
5.3 GeV/c2. To ensure a good B meson vertex reconstruction, the lepton and at

least two of the D0 tracks are required to have one or more VDET hits. The �2

probabilities of the vertex �t for both D0 and D�+`� vertices2 must be larger than
1%. To ensure a precise measurement of the B meson direction and consequently
a good ! reconstruction, the distance of the D�+`� vertex from the interaction
point projected onto the D�+`� direction is required to be greater than 1 mm. The

selection results in a sample of 1266 D�+`� candidates with a reconstructed D0 mass
within 2.5 standard deviations (� = 10 MeV/c2 for D0

! K��+ and D0
! K0

s�
��+

and 8 MeV/c2 for D0
! K��+���+) of the D0 nominal mass.

3.2 B
0
! D+`��` event selection

D+ candidates are reconstructed in the channel D+
! K��+�+. The momenta of

the two pions are required to be greater than 1 GeV/c for the energetic pion and

greater than 0:5 GeV/c for the other, and candidate kaons are selected as in the
D0
! K��+���+ channel. Reections from D+

s ! K�K+�+ are rejected if the K�K+

mass is within 6 MeV/c2 of the �mesonmass or the K��+ mass is within 100 MeV/c2

of the K
�0
mass and if the reconstructed K+K��� mass is within 20 MeV/c2 of the

nominal D+
s mass. Reconstructed D+ candidates are required to have a vertex

separated from the interaction point by more than �ve times the resolution of the

D+ decay distance.

Reconstructed D+ candidates are combined with an identi�ed lepton from the

same hemisphere using the same selection criteria as in the D�+`� event selection.
An additional requirement is placed on the distance between the D+ vertex and

the D+`� vertex projected onto the D+ direction which is required to be greater

2The D�+`� vertex is determined from the lepton and the D0 candidates.

3



than �0:5 mm. The selection results in a sample of 1609 D+`� candidates with a

reconstructed D+ mass within 2.5 standard deviations (� = 8 MeV/c2) of the D+

nominal mass.

3.3 ! reconstruction

The reconstruction of the ! variable is performed on an event by event basis using

the B meson direction and the neutrino energy [6]. The B meson direction is de-

termined from the vector joining the D(�)+`� vertex and the primary vertex. The

resolution is inversely proportional to the decay length, and is approximately one

degree at a decay-length of three millimeters. The neutrino energy is estimated

with a rms precision of 2.6 GeV from the missing energy in the hemisphere contain-

ing the D(�)+`� candidate [15]. The rms resolution in ! is 0.07 for both channels

corresponding to 13% of the allowed kinematical ranges, 1 < ! < 1:504 for the

B
0
! D�+`��` channel and 1 < ! < 1:589 for the B

0
! D+`��` channel.

4 Sample composition and background rejection

4.1 Background sources

The two main classes of background sources that contribute to the D(�)+`� sample
are physics background events where the D(�)+ and the lepton candidates are both
real and combinatorial background events. Combinatorial background events come

from either a fake D(�)+ in association with a real or a fake lepton, or a fake lepton
in association with a real D(�)+.

Physics background processes contributing to the D�+`� and D+`� samples and

their measured or estimated branching ratios are listed in Table 1. Processes in-
volving a D�+ meson in the �nal state contribute3 to both D�+`� and D+`� samples
while processes involving a D+ meson contribute to the D+`� sample only. Some
of these processes have not been measured and are estimated from other measure-
ments or by analogy with known decays. The branching ratios of B�

! D(�)+��`��`,

B
0
! D(�)+�0`��` and Bs

0
! D(�)+K0`��` are estimated from measured values [16]

of Br(B�

! D(�)+��`��`) and Br(B
0
! D0��`��`), using isospin and avour SU(3)

symmetry. The branching ratios of B
0
! D(�)+���� are estimated from the inclusive

measurement Br(b! X���� ) [17], assuming that three-fourths of b! X���� involve

a D�+ meson and the other one-fourth involve a D+ meson. The branching ratios
of the inclusive double charmed B decays B! D�+Xc and B! D+Xc are based on
measurements [18] of B! D(�)+DX.

For the D�+`� combinatorial background, fake D�+'s arise from the combination

of a fake D0 with a random slow pion or from the combination of a real D0 with a

random slow pion. The �rst combination leads to a smooth D0 mass distribution

3The decay process B
0
! D�+`��` is the signal in the D�+`� sample, and the main physics

background component in the D+
`
� sample. The Br(B

0
! D�+`��`) value in Table 1 is the one

measured from the D�+`� sample (see section 5.1).
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Table 1: Branching fraction of physics background processes used in this analysis.

Channels contributing Branching Channels contributing Branching

to D�+`� and D+`� fraction (%) to D+`� fraction (%)

B�

! D�+��`��` 1:25 � 0:22 B�

! D+��`��` 0:32 � 0:22

B
0
! D�+�0`��` 0:63 � 0:11 B

0
! D+�0`��` 0:16 � 0:11

Bs
0
! D�+K0`��` 1:25 � 0:22 Bs

0
! D+K0`��` 0:32 � 0:22

B
0
! D�+���� 2:06 � 0:41 B

0
! D+���� 0:69 � 0:14

B! D�+Xc 13:0 � 3:70 B! D+Xc 4:00 � 3:30

B
0
! D�+`��` 5:53 � 0:58

under the D0 mass peak in the D�+`� sample. It is �tted with a second order

polynomial function and its rate is estimated from the integral of the �tted function

within the D0 mass window. The rate of the second type of combination is estimated

by assuming that the probability to associate a random soft pion to a genuine
D0`� pair is the same as to associate a second soft pion to a reconstructed D�+`�

combination. This leads to a contribution of less than 1% of the signal at 95%
con�dence level. The fake lepton combinatorial background is estimated by applying
a 1% probability of hadron misidenti�cation (based on Ref. [14]) to D�+-hadron

combinations selected with the same criteria as D�+`� combinations.

The D+`� combinatorial background is estimated in a similar way. In addition,
reections from D+

s ! K�K+�+ are reduced to less than 2% of the signal, as esti-

mated from Monte Carlo, with speci�c cuts as described in Section 3. Reections
from �+

c! pK��+ and D�+
! D0(! K��+X)�+ are negligible.

4.2 Background rejection

The expected composition of the D�+`� and D+`� samples after event selection is
presented in Table 2. The background level is clearly high especially in the D+`�

sample: the fraction of D�+`� (D+`�) events originating from physics background
processes is 28% (32%) and from combinatorial background is 16% (42%).

Table 2: The D(�)+`� samples composition without (initial) and with (�nal) back-

ground rejection requirements.

D�+`� sample D+`� sample

Sample composition Initial Final Initial Final

Yield 1266� 36 741� 27 1562� 40 466� 23

B
0
! D�+`��` (D

�+
! D+�0) - - 249� 26 79� 8

B! D(�)+X`��` 263� 46 74� 13 163� 53 28� 10

B! D(�)+Xc 71� 20 15� 5 50� 22 7� 4

B
0
! D(�)+���� 23� 5 5� 1 31� 6 4� 1

Comb. background 204� 27 68� 9 661� 47 85� 6

Signal 705� 68 579� 32 408� 88 261� 23
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To reduce the level of background in the two selected samples, three additional

requirements are used. The contribution of the process B�

! D(�)+��`��` in both

samples is reduced by rejecting events where an additional charged particle is con-

sistent with the B vertex. Events with an additional charged track in a 45� cone

around the D(�)+`� direction, having the same charge as the lepton, momentum

greater than 0.5 GeV/c, one or more VDET hits in r� and z coordinates, and form-

ing an invariant mass with the D(�)+`� system lower than 5.3 GeV/c2 are selected.

They are rejected if the charged track passes closer to the B vertex than to the

interaction point and if its impact parameter with respect to the B vertex is less

than 4�. This requirement removes 77% of the B�

! D(�)+��`��` background while

keeping 96% of the signal. For the channels D+
! K��+�+ and D0

! K��+���+,

events with an additional track having a charge opposite to that of the lepton and

satisfying the same criteria as described above but with the impact parameter cal-

culated with respect to the D vertex instead of the B vertex, are rejected. This

requirement removes 30% of the remaining combinatorial background while keeping

99% of the signal.

To reject background D(�)+`� events with additional neutral particles originating
from B decay, a missing mass variable M2

miss quantifying the consistency between
the neutrino energy, the B direction of ight, the B mass and the D(�)+`� four-
momentum is used as described in Ref. [6]. Candidates with M2

miss greater than 1
GeV2=c4 are rejected. This requirement removes 49% of the B! D(�)+�0=K0`��`
while keeping 83% of the signal.

The contribution of background processes B
0
! D�+`��`, D

�+
! D+�0= (re-

ferred to hereafter as D+�0
�
`�) to the D+`� sample can be further reduced by reject-

ing D+`� pairs correlated with a �0 or a . Since Br(D�+
! D+) is small compared

to Br(D�+
! D+�0) [19], only �0 are considered. Due to the soft �0

�
momentum, no

explicit reconstruction of the �0
�
is attempted. Photons with energy greater than 500

MeV are selected in a 45� cone around the D+ direction. A mass di�erence variable

is de�ned as �M = M(D+) � (MD�+ + MD+)=2, which is expected to be close
to zero for photons coming from D+�0

�
`�. Events where at least one photon ful�lls

j�Mj < 20 MeV/c2 are rejected. This requirement removes 54% of the D+�0
�
`�

background while keeping 83% of the D+`� signal. Fig. 1 shows the mass di�erence
�M for signal and background events estimated as described in section 4.1.

The expected compositions of the D�+`� and D+`� samples after background
rejection requirements are described in Table 2. The contribution of physics and

combinatorial background events in the �nal D(�)+`� sample have been strongly

reduced. The expected fraction of physics background D�+`� (D+`�) events is 13%
(25%). The expected fraction of combinatorial background D�+`� (D+`�) events is
9% (18%). The reconstructed ! distributions of the �nal D�+`� and D+`� samples
are presented in Fig. 2 along with the main background contributions.

The reconstruction e�ciencies for B
0
! D�+`��` and B

0
! D+`��` decays are

estimated from Monte Carlo simulation. Di�erences in e�ciency of the VDET hits
and vertices probability requirements between data and Monte Carlo are investigated

in detail on inclusive D�+, D+, D�+`� and D+`� samples and corrections are applied

to the simulation e�ciencies [6]. The variation of the reconstruction e�ciencies as
a function of ! for all reconstructed decay channels is presented in Fig. 3.
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Figure 1: The reconstructed �M for data (points), and backgrounds (histograms).
If several photons are available, the one with �M closest to zero is selected. The
arrows indicate the excluded region. The rightmost bin contains overows and events

with no photon candidate. The vertical scale is broken for better readability.

5 Measurement of FD�+(1)jVcbj and FD+(1)jVcbj

The method used to extract FD�+(1)jVcbj and FD+(1)jVcbj from the di�erential event

rate dN(D�+`�)=d! and dN(D+`�)=d! is described in this section. The systematic

error quoted for each result is described in the next section.

5.1 Measurement of FD�+(1)jVcbj

The combinatorial background contribution to dN(D�+`�)=d! is measured from
data in each bin of ! as described in Section 4.1 while physics background contribu-

tions are taken from dedicated Monte Carlo simulation, with total number of events
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Figure 2: Reconstructed ! distributions for (a) B
0
! D�+`��` and (b) B

0
! D+`��`

event candidates. The points are data. The black histograms are the combinatorial
background contributions. The shaded histograms correspond to the various physics

backgrounds reconstructed from dedicated Monte Carlo. The D+�0
�
`� contribution

in (b) is not shown, since it is to be measured from data (see section 5.2).

as given in Table 2.

The physics function which describes the dN(D�+`�)=d! distribution of the �nal

B
0
! D�+`��` sample after background subtraction is

�(!) = 2
Nq�q

�q�q

�b�b
�had

Br(b! B0)Br(D�+
! D0�+)Br(D0

! Kn�)
�B0

�h

d�D�+(!)

d!
�(!) ;

where Br(D0
! Kn�) is the branching ratio of the D0 decay. Its value for the three

decay channels is given in Table 3. The quantity �q�q = 97:40 � 0:24% [13] is the

hadronic event selection e�ciency and �(!) is the !-dependent selection e�ciency.
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Figure 3: Reconstruction e�ciency for (a) B
0
! D�+`��` decay and (b)

B
0
! D+(�0

�
)`��` decay as a function of !. The curves are the second order poly-

nomial �ts used to parameterize the e�ciency in the �t.

The latter is parameterized for each D0 decay channel by a second order polynomial.

The di�erential decay width d�D�+=d! is given in Eq. 1.

The unknowns in the physics function �(!) are jVcbj and FD�+(!). The depen-

dence of FD�+(!) on ! is assumed to be linear:

FD�+(!) = FD�+(1)[1� a2D�+(! � 1)] :

A binned maximum likelihood �t is performed on the dN(D�+`�)=d! distribution.
The �tting function is the convolution of the physics function �(!) and the !-

dependent resolution function.

The results are given in Table 4. Fig. 4a shows the result of the �t. The
corresponding product FD�+(!)jVcbj is shown in Fig. 4b. The values of FD�+(!)jVcbj
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Table 3: Branching fractions and lifetimes used [19]. The quoted errors are used for

the estimation of systematic uncertainties.

Branching fractions (%)

�b�b=�had 22:12 � 0:20

Br(b! B0) 37:8� 2:2

Br(b! B0
s) 11:2� 1:9

Br(D�+
! D0�+) 68:3� 1:4

Br(D�+
! D+�0) 30:6� 2:5

Br(D�+
! D+) 1:1+2:1

�0:7

Br(D0
! K��+) 3:83 � 0:12

Br(D0
! K��+���+) 7:5� 0:4

Br(D0
! K0

s�
��+) 2:7� 0:2

Br(D+
! K��+�+) 9:1� 0:6

Lifetimes (ps)

�B0 1:56 � 0:06
�B+ 1:62 � 0:06
�B0

s
1:61 � 0:10

for speci�c values of q2 are useful for tests of the factorization in hadronic decays;
they are given in Table 5.

From the integrated physics function, the branching ratio of B
0
! D�+`��` is

measured to be

Br(B
0
! D�+`��`) = (5:53 � 0:26stat � 0:52syst)% :

5.2 Measurement of FD+(1)jVcbj

All background contributions to dN(D+`�)=d! are estimated as described in the

previous section except for the D�+`� component corresponding to the partially
reconstructed D+�0

�
`� decay. The value of FD+(1)jVcbj is extracted by �tting simul-

taneously the dN(D+`�)=d! and dN(D�+`�)=d! distributions so that the D+�0
�
`�

background component in dN(D+`�)=d! is determined from data.

Table 4: Results of the di�erent �ts described in the text. The systematic errors
are described in Section 6.

Channel FD(�)+(1)jVcbj(�10
�3) a2

D(�)+ Correlation

Linear �t

D�+` 31:9� 1:8stat � 1:9syst 0:31� 0:17stat � 0:08syst 92%
D+` 27:8� 6:8stat � 6:5syst �0:05� 0:53stat � 0:38syst 99%

Quadratic constrained �t

D�+` 32:0� 2:1stat � 2:0syst 0:37� 0:26stat � 0:14syst 94%

D+` 31:1� 9:9stat � 8:6syst 0:20� 0:98stat � 0:50syst 99%
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Figure 4: (a) The di�erential rate dN(D�+`�)=d! of B
0
! D�+`��` candidates after

all cuts and background subtraction. The points are data with statistical error bars,
and the histogram is the number of events predicted by the �t. (b) FD�+(!)jVcbj

as a function of !, the shaded band and the white bands indicating the statistical

and systematic uncertainties, respectively. The points are data after correction for

resolution e�ects.

The physics function describing the dN(D+`�)=d! distribution after subtracting
all backgrounds except the remaining D+�0

�
`� component is:

�(!) = 2
Nq�q

�q�q

�b�b
�had

Br(b! B0)Br(D+
! K��+�+)

�B0

�h

�

"
d�D+

d!
(!)�D+(!) + Br(D�+

! D+�0=)
d�D�+

d!
(!)�D�+(!)

#
:

The !-dependent selection e�ciencies �D+(!) for the B
0
! D+`��` signal and �D�+(!)

for the B
0
! D�+`��` background are both parameterized by second order polyno-
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Table 5: Values of FD+(!)jVcbj and FD�+(!)jVcbj for q
2 corresponding to the masses

of some particles (note that the same q2 corresponds to di�erent ! depending on the

decay), extracted from the results of the linear �t given in Table 4. The values are

also given for the maximum !. The �rst uncertainties are statistical and the second

are systematic. The entries are largely correlated.

FD�+(!)jVcbj(�10
�3) FD+(!)jVcbj (�10

�3)

! = 1 31:9 � 1:8� 1:9 27:8 � 6:8� 6:5
!(mD+

s
) 28:0 � 0:9� 1:5 28:2 � 2:3� 3:6

!(ma+1
) 27:6 � 1:1� 1:5 28:5 � 1:2� 2:6

!(m�+) 27:2 � 1:3� 1:4 28:5 � 1:6� 2:5
!(m�+) 26:9 � 1:4� 1:4 28:6 � 2:0� 2:5

!max
D�+ 26:9 � 1:4� 1:4 28:4 � 1:1� 2:6

!max
D+ - 28:6 � 2:1� 2:0

mials. The di�erential decay widths d�D�+=d! and d�D+=d! are given in Eqs. 1
and 2, respectively. The form factor FD+(!) in d�D+=d! is assumed to have a linear
dependence on !, as for FD�+(!) in d�D�+=d!:

FD+(!) = FD+(1)[1� a2D+(! � 1)] :

A binned maximum likelihood �t is simultaneously performed on the dN(D+`�)=d!
and dN(D�+`�)=d! distributions. The signal and background components of the
dN(D+`�)=d! distribution are convolved with di�erent !-resolution functions. The
!-resolution function for background D+�0

�
`� events is worsened due to the missing

�0. The four free parameters in the �t are FD+(1)jVcbj, a
2
D+, FD�+(1)jVcbj, and a2D�+.

The results for FD+(1)jVcbj and a2D+ are given in Table 4. Their statistical uncer-
tainties include by construction the uncertainty on the D�+`� contribution. Values
of FD�+(1)jVcbj and a2D�+ obtained from this simultaneous �t are indistinguishable
from those obtained from the previous �t (see Section 5.1) of the dN(D�+`�)=d!

distribution alone. Fig. 5a shows the result of the �t. The corresponding product

FD+(!)jVcbj is shown in Fig. 5b. Values of FD+(!)jVcbj for speci�c values of the q
2

are also given in Table 5.

From the integrated physics function �D+(!), the branching ratio of B
0
! D+`��`

is measured to be

Br(B
0
! D+`��`) = (2:35 � 0:20stat � 0:44syst)% :

5.3 Measurement of FD+(1)=FD�+(1) and jVcbj

Fig. 6 shows that the ratio of FD+(!) and FD�+(!) is consistent with unity over the

whole common range of !. At ! = 1 this ratio is measured from the results of the
previous �ts to be

FD+(1)=FD�+(1) = 0:87 � 0:22stat � 0:21syst;
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Figure 5: (a) The di�erential event rate dN(D+`�)=d! of B
0
! D+`��` candidates

after all cuts and background subtraction. The points are data with statistical
error bars. The dotted histogram is the contribution of the D0�+

�
`� background,

the dashed histogram is the contribution of the B
0
! D+`��` signal and the solid

histogram the sum of the two. (b) FD+(!)jVcbj as a function of ! (see caption of

Fig. 4 for details).

in agreement with the theoretical prediction [10] F th
D+(1)=F th

D�+(1) = 1:08 � 0:06th.

The same quantity is also measured to be consistent with unity with better

accuracy at !max
D�+ , the maximum value of ! for the B

0
! D�+`��` decay,

FD+(!max
D�+)=FD�+(!max

D�+) = 1:06 � 0:09stat � 0:09syst:

The independence of FD+(!)=FD�+(!) over the whole range of ! is also quan-

ti�ed by verifying that the di�erence of the �tted slopes is in agreement with the

theoretical value [9] (a2D+ � a2D�+)th ' 0:08,

a2D+ � a2D�+ = �0:36 � 0:58stat � 0:31syst:
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Figure 6: The measured ratio of FD+(!) and FD�+(!), with statistical error bars.

These are the �rst direct tests of the prediction of HQET that the same hadronic

form factor can describe the decays B
0
! D�+`��` and B

0
! D+`��`. This predic-

tion can be exploited to extract jVcbj from the two decays, by using the Isgur-Wise
function F0(!) itself. A second-order parameterization

F0(!) = 1� a20(! � 1) + c0(! � 1)2

is chosen and a theoretical constraint [9] c0 ' 0:72a20 � 0:09 is used. The form
factors FD�+(!) and FD+(!) are parameterized similarly, with slopes and curvatures
related to those of F0(!) by the relations [9] a2D�+ = a20 � 0:06, a2D+ = a20 + 0:02,
cD�+ = c0 � 0:06 � 0:06a20, cD+ = c0 + 0:01 + 0:02a20. These relations allow the

constraint between a20 and c0 to be transformed into constraints between a2
D(�)+ and

cD(�)+ . The results are given in Table 4. In spite of the increased uncertainty, this
result is chosen since it relies on a less arbitrary parameterization of the form factors
[9].

The measurement of jVcbj is done by �tting directly the Isgur-Wise function

with the parameterization given above and taking the normalizations at ! = 1 to be
F

th
D�+(1) = 0:91� 0:03th (see Ref. [9] and references therein) and F th

D+(1)=F th
D�+(1) =

1:08�0:06th. The �tted values of the two remaining free parameters, which are 95%

correlated, are:

jVcbj = (34:4 � 1:6stat � 2:3syst � 1:4th)� 10�3 ;

a20 = 0:30 � 0:12stat � 0:14syst � 0:13th ;

where the third error arises from the theoretical uncertainty on the inputs.
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Table 6: Systematic uncertainties. All contributions are given in percent with re-

spect to the measured value except for a2D+ and a2D�+, where absolute uncertainties

are quoted.
Source FD�+(1)jVcbj a2D�+ BrD�+ FD+(1)jVcbj a2D+ BrD+

Branch. ratios

Br(D! Kn�) 2.0 - 3.8 10.0 0.13 9.5

Br(D�+
! D0�+) 1.4 - 2.8 6.0 0.11 2.7

�bb=�had 0.5 - 0.9 0.5 - 0.9
Br(b! B0) 2.9 - 5.8 2.9 - 5.8

Subtotal 3.8 - 7.5 12.0 0.17 11.5

Background

B�

! D�X`��` 1.7 0.02 2.2 9.8 0.18 4.3

B! D(�)+Xc 0.3 - 0.7 2.3 0.04 1.4

B
0
! D(�)+���� 0.2 - 0.4 1.8 0.04 0.5

Fake D(�) 0.8 - 1.6 2.2 0.01 2.2
Fake lepton 0.7 - 0.4 1.1 0.02 0.5

Subtotal 2.0 0.02 3.5 10.5 0.20 5.1

Simulation

Fragmentation 1.7 0.02 2.3 3.6 0.03 4.7

` e�ciency 1.0 - 2.0 2.0 0.01 2.0
Vertex e�ciency 1.5 - 2.9 11.2 0.13 10.5
Photon e�ciency - - - 6.0 0.04 6.0
E�ciency shape 0.6 0.02 0.3 4.5 0.10 0.4

MC statistics 1.6 0.05 1.6 8.4 0.19 3.9
! resolution 1.5 0.05 - 4.7 0.10 -
Subtotal 3.4 0.08 4.5 17.1 0.27 13.7

B0 lifetime 2.6 - 1.5 3.3 0.01 1.4

Total 6.1 0.08 9.5 23.5 0.38 18.6

6 Systematic uncertainties

The various sources of systematic uncertainties are summarized in Table 6. They are

described in more detail below. Since F(1)jVcbj is proportional to the square root of

the branching fraction of the B decay, it will be half as sensitive than the branching
fractions to quantities like other branching fractions and e�ciencies, provided the

slope a2 is una�ected. This is generally true for the D�+`� channel, where the signal

and the background have similar shapes. For the D+`� channel however, the signal

vanishes rapidly at low !, while the background is roughly constant. Any systematic

uncertainty a�ecting the background level will a�ect both the normalization and
the slope, with a comparatively higher impact on F(1)jVcbj than for the D�+`�

channel. Correlations between the D�+`� and the D+`� measurements are taken into

account in the determination of all uncertainties. The correlation between the total

systematic uncertainties on F(1)jVcbj and a2 is 48% for the D�+`� channel and 93%

for the D+`� channel. The systematical uncertainty on the ratio FD+(1)=FD�+(1)
is largely dominated by the uncertainty on FD+(1). The systematical uncertainties
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on jVcbj and a20 are similar to the uncertainties on FD�+(1)jVcbj and a2D�+ but with a

larger sensitivity to the background and to the simulation.

Branching fractions: The systematic uncertainties related to the fraction of

hadronic Z decays to bb pairs and the D�+, D0 and D+ branching fractions are

estimated by the e�ect of their variation within the quoted uncertainties in Table 3.

Correlations in the measured D0 branching fractions are taken into account. The

branching ratios Br(D�+
! D0�+) and Br(D�+

! D+�0=) are also taken to be fully

anti-correlated.

Backgrounds: The contribution of each physics background is varied within

uncertainties given in Table 1, taking into account their possible correlation. The

fraction of narrow resonant D(�)+�=K`��` decays in the Monte Carlo simulation is

varied between 0 and 100% (with a central value of 46% [16]) to account for the lack

of knowledge of the non-resonant part.

The use of a �rst order polynomial instead of a second order one to describe the

fake D background component in the D mass spectrum �t changes the background
estimate slightly. The contribution of fake D�+ events in the D�+`� sample and of
the reection from D+

s ! K�K+�+ in the D+`� sample are varied by 100% of their

estimated contribution given in Section 4.1. The uncertainty on the fake lepton
mis-identi�cation probability (electron or muon) is estimated to be 20%, based on
Ref. [14].

Simulation: The mean B hadron energy has been measured by ALEPH to
be xB = 0:715 � 0:015 [15] relative to the beam energy. The quoted uncertainty
corresponds to the variation of the e�ciency when xB is varied within errors. The
uncertainty on the lepton e�ciency is taken to be 2%, based on Ref. [14].

The data vs Monte Carlo e�ciency ratio of the VDET hits and vertex probability
requirements mentioned in Section 4.2 are varied within errors.

Photon reconstruction a�ects the selected D+`� sample in two ways. The e�ciency
for associating the D+ with a random photon a�ects directly the D+`� e�ciency.
This e�ect is checked by comparing in data and Monte Carlo the probability to asso-
ciate a random photon to D0�+

�
`� events, where no photon is expected. The photon

reconstruction e�ciency directly a�ects the level of remaining D+�0
�
`� events. This

e�ect is checked by comparing the number of D+�0
�
`� events passing and failing

the photon rejection cut on data and Monte Carlo, as illustrated by the agreement
between data and Monte-Carlo in Fig. 1. The quoted uncertainty corresponds to
the statistical error of these two successful checks.

The uncertainty related to the ! resolution is taken to be half of the change in

parameters when the �t is performed with a perfect resolution. Degrading the !

resolution by arbitrarily shifting the missing energy or smearing the vertices inside

their estimated uncertainty or by not using the soft pion in the D�+`� channel does

not change the result by more than this uncertainty.

The uncertainty related to the dependence of the e�ciency with ! corresponds to

the change if the �t is performed with a linear instead of quadratic parameterization

of the e�ciency vs !.

B lifetimes: A change in B0 lifetime a�ects F(1)jVcbj in two correlated ways.

An increase in the lifetime directly decreases the partial width corresponding to a
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�xed branching ratio. However the branching ratio also decreases because the re-

quirement on the decay length above 1 mm favour long lifetime events. A change

in the B+ and B0
s lifetimes within errors also a�ects the proportion of physics back-

ground but this has a negligible e�ect on the �nal results.

7 Conclusion

The di�erential decay rates d�=d! for the decays B
0
! D�+`��` and B

0
! D+`��`

are measured. Using a linear ! dependence for the hadronic form factors FD�+(!)

and FD+(!), the values of FD�+(1)jVcbj and FD+(1)jVcbj and of the slopes a2D�+ and

a2D+ are:

FD�+(1)jVcbj = (31:9 � 1:8stat � 1:9syst)� 10�3 ;

a2D�+ = 0:31 � 0:17stat � 0:08syst ;

and

FD+(1)jVcbj = (27:8 � 6:8stat � 6:5syst)� 10�3 ;

a2D+ = �0:05 � 0:53stat � 0:38syst :

The values of FD�+(1)jVcbj and a2D�+ are in agreement with the previous ALEPH
measurement [6] updated for new D0 branching ratios [19] and are more precise.

The ratio of the form factors FD�+(!) and FD+(!) at ! = 1 and ! = !max
D�+ and

the di�erence of their slopes are measured to be

FD+(1)

FD�+(1)
= 0:87 � 0:22stat � 0:21syst ;

FD+(!max
D�+)

FD�+(!max
D�+)

= 1:06 � 0:09stat � 0:11syst;

a2D+ � a2D�+ = �0:36 � 0:58stat � 0:31syst :

These measured values are in agreement with theoretical predictions from HQET.
They represent the �rst direct tests of HQET prediction of the universality of the
Isgur-Wise function.

jVcbj is usually derived from FD�+(1)jVcbj, although the linear parameterization
of the form factor is arbitrary. It is however possible to use a quadratic param-
eterization of the form factor with only a small loss of precision using theoretical

relations between the slope and curvature of the hadronic form factors and their

calculated values at ! = 1. jVcbj and the slope of the Isgur-Wise function are then
measured to be

jVcbj = (34:4 � 1:6stat � 2:3syst � 1:4th)� 10�3 ;

a20 = 0:30 � 0:12stat � 0:14syst � 0:13th :

The integrated spectra of the two semileptonic B0 decay channels yield the fol-

lowing branching fractions:

Br(B
0
! D�+`��`) = (5:53 � 0:26stat � 0:52syst)% ;

Br(B
0
! D+`��`) = (2:35 � 0:20stat � 0:44syst)% :
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